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Abstract: The brain is a plastic entity that can undergo dynamic changes throughout the lifespan as a
result of training. Attention-deficit/hyperactivity disorder (ADHD) is commonly treated with psychos-
timulant medication, and the prevalence of ADHD medication prescription is a topic of heated scien-
tific debate. In addition, cognitive training is frequently provided to patients with ADHD. Although
psychostimulant effects have been thoroughly investigated, no previous studies have assessed the neu-
ral effects of cognitive training in ADHD. We applied fMRI-paradigms of response inhibition and
selective attention to chart the effects of a 10-day cognitive training program in 19 unmedicated
ADHD children receiving either cognitive or control training. The two resulting longitudinal datasets
were analyzed using whole-brain random-effects general linear models. Although we observed no
increases of activity in the control group, both fMRI-datasets revealed enhanced activity after cognitive
training in neural structures closely related to ADHD pathophysiology. On the inhibition paradigm,
our results indicated increases in orbitofrontal, superior frontal, middle temporal, and inferior frontal
cortex. The attentional task was characterized by increased activity in the cerebellum, which correlated
with improvement on in-scanner measures of attention. Our findings provide preliminary evidence

Additional Supporting Information may be found in the online
version of this article.

Contract grant sponsor: Centro para el Desarrollo Tecnológico
Industrial; Contract grant number: IDI-2005-0390; Contract grant
sponsor: Spanish Government (MEC).

*Correspondence to: Elseline Hoekzema, Unitat de Recerca en
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that cognitive training enhances activity in neural structures typically affected by the disorder. Similar
results have been obtained following methylphenidate administration, suggesting that training of cog-
nitive functions may mimic the effects of psychostimulant medication on the brain. These findings pos-
tulate a neural account for the potency of cognitive training in ADHD, and hold clinical implications,
supporting the inclusion of training programs in standard ADHD-treatment. Hum Brain Mapp 31:1942–
1950, 2010. VC 2010 Wiley-Liss, Inc.

Keywords: attention deficit hyperactivity disorder; training; cerebellum; frontal lobe; fMRI; attention;
inhibition
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD), a neu-
rodevelopmental disorder characterized by symptoms of
inattention, impulsivity, and hyperactivity, bears a consid-
erable impact on brain structure and function. Converging
evidence has pinpointed a constellation of focal biochemi-
cal, morphological, and functional aberrations in the
ADHD brain, potentially reflecting a primary disruption in
catecholaminergic neurotransmission [for reviews, see Bie-
derman et al., 2005; Giedd et al., 2001; Nigg et al., 2005].
These neural deficits have predominantly been localized to
the frontal lobes, striatum, and cerebellum, implicating
dysregulation of the frontostriatal and cerebellar circuits in
ADHD pathophysiology [Biederman et al., 2005; Giedd
et al., 2001; Nigg et al., 2005].

ADHD is commonly treated with psychostimulant medi-
cation, and prevalence rates of ADHD medication pre-
scription are a topic of heated debate in the scientific
community [e.g. Basu, 2006; Bonn, 1999; Breggin, 2001;
Faraone et al., 2001; Lancet Editors, 2007; Waschbusch
et al., 2004]. In addition to pharmacological remedies, psy-
chiatric treatment frequently comprises training programs,
and advances on training-induced brain plasticity advo-
cate their pertinence. Research findings indicate that the
nervous system can undergo dynamic modifications in
structure and function based on learning throughout the
lifespan, which allow the brain to process, encode, and
implement new knowledge and skills [Buonomano et al.,
1998; Poldrack 2000]. Animal studies have shown that
sensory experience can induce macro- and microscopic
changes in the brain, including alterations in gene tran-
scription, receptor expression, synaptic density, and corti-
cal map organization [Buonomano et al., 1998]. In humans,
neuroimaging studies indicate that training of cognitive
functions and basic skills can render alterations in gray
matter volumes and synaptic activity, which can be quan-
tified using magnetic resonance imaging (MRI) [Draganski
et al., 2004; Olesen et al., 2004; Pascual-Leone et al., 2005].

In this study, we applied functional MRI paradigms to
assess the effects of short-term cognitive training on neural
activity. Cognitive training is a type of training that
directly targets cognitive skills, originally developed to
enhance rehabilitation after brain damage [Cicerone et al.,
2000]. It comprises one of the standard training methods

provided to ADHD subjects, and behavioral studies have
indicated improvement in ADHD symptoms and cognitive
performance [for review, see Toplak et al., 2008]. This is
the first study to assess the neural effects of cognitive
training in ADHD subjects. We analyzed blood oxygen-
ation-dependent (BOLD) signals, as an indicator of neural
activity, in a sample of 19 unmedicated ADHD children of
the combined subtype, who were subjected to 10 daily 45-
min sessions of either control or cognitive training (see
Methods). MRI sessions were performed before and after
the training period. The MRI acquisitions incorporated an
fMRI paradigm of response inhibition and an fMRI para-
digm of selective attention, rendering two longitudinal
fMRI datasets. We hypothesized that cognitive training
would modulate activity in neural structures that are (1)
implicated in ADHD pathophysiology; (2) involved in the
cognitive task assessed by the respective fMRI-paradigm.

MATERIALS AND METHODS

Subjects and Treatment Protocol

Twenty-seven children diagnosed with ADHD com-
bined subtype, referred from outpatient clinics at Vall
d’Hebron hospital, were recruited for this study. All sub-
jects met DSM-IV diagnostic criteria for ADHD combined
subtype, as assessed by semistructured diagnostic inter-
views conducted by a team of psychologists and psychia-
trists. In addition, Conner’s scales were administered to
both parents and teachers (mean � SD: father, 92.36 �
5.46; mother, 88.06 � 11.75; teacher, 90.20 � 11.63) [Con-
ners 1990; Farré-Riba et al., 1997]. Exclusion criteria com-
prised comorbidity with neurological disorders, other
psychiatric disorders, cerebral damage, extreme prematur-
ity and low IQ’s (<80, WISC-R). The subjects had never
been exposed to cognitive training, and they were either
medication-naive or medication-free for at least 15 days
prior to their participation. Five subjects had to be
excluded from the sample because of inability to attend all
training and MRI sessions. In addition, upon visual inspec-
tion of the MRI data by a radiologist, three subjects were
removed from the data and two subjects could only be
included in one of the functional tasks because of move-
ment-related artifacts (ghosting) occurring in either one of
the sessions.
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This reduced our final subject group to 19 children for
each functional task. The sample consisted of two ADHD
groups, with matching demographic characteristics for
age, IQ, gender, Conner’s scores and prior exposure to
medication (Mann–Whitney mean � SD: Contr, 11.22 �
3.11; 110.67 � 16.4; 8M/1F; 87.46 � 12.13; three medica-
tion-naive patients. Exp. selective-attention: 11.10 � 2.56;
108.50 � 18.67; 8M/2F; 91.14 � 4.89; three medication-
naive patients. Exp. inhibition: 11.10 � 2.56; 108.50 �
18.67; 8M/2F; 90.00 � 4.89; three medication-naive
patients; all P-values >0.4).

Both ADHD groups were subjected to 10 daily 45-min
training sessions, performed in an ambulatory setting. One
group was provided with cognitive training, a type of
training that directly targets cognitive skills, which was
originally developed to enhance cognitive rehabilitation af-
ter cerebral damage [Cicerone et al., 2000]. This method
comprises one of the standard training programs provided
to patients with ADHD, and behavioral studies have
observed improvement in symptoms and cognitive per-
formance in ADHD patients after cognitive training, which
were maintained at a 3-month follow-up [Klingberg et al.,
2005; Toplak et al., 2008].

During the training sessions, the children performed pa-
per and pencil exercises, under guidance of a trained cog-
nitive training therapist. The cognitive training program
implemented exercises that stimulate working memory,
cognitive flexibility, attention, planning and problem solv-
ing, offered in order of increasing difficulty [Garcı́a-Sán-
chez, 2001; Garcı́a-Sánchez et al., 2002]. The tasks were not
arranged according to the targeted cognitive process but
were presented intermixedly. Some examples of tasks
employed during these sessions are labyrinths (planning),
word list recall (memory), detecting the missing numbers
from numerical lists (attention), creating lists of objects
sharing certain characteristics (cognitive flexibility), and
code deciphering (problem solving). The training sessions
did not encompass exercises of the kind applied during
the in-scanner fMRI paradigms.

The other subject group participated in a series of social
training sessions, described in detail by Inglés [Inglés
Saura 2003], which focused on the comprehension and
application of social norms and standards. The main goals
of this program are to explain the meaning and value of
interpersonal skills, to aid in the differentiation between
aggressive, passive, and assertive behavior, and to
improve the capacity to say no and express negative emo-
tions such as aggravation or uneasiness. The sessions
included the presentation of information on social rules
and standards (e.g. watching informative videos), and per-
forming exercises to implement these rules (e.g. role-play-
ing exercises). This type of training, employed as control
training in our study, is sometimes applied to improve
interpersonal abilities in ADHD children. Treatment was
conducted by one of two trained therapists [V. Tremols; J.
Kyra], according to the treatment manuals [Garcı́a-Sán-
chez, 2001; Garcı́a-Sánchez et al., 2002; Inglés Saura, 2003].

The study was approved by the Hospital Universitari Vall
d’Hebron Ethics Committee, and informed consent was
obtained from the children and the parents or legal guardians.

MRI Sessions

MRI acquisitions were performed on a Philips head-only
1.5T scanner, equipped with a standard quadrature radio-
frequency coil. For anatomical reference, a high-resolution
T1-weighted image was acquired using a fast spoiled gra-
dient recalled pulse sequence (TR ¼ 20 ms, TE ¼ 4.6 ms,
FA ¼ 30�, matrix size: 256 � 256, 100 slices, voxel size:
0.86 mm � 0.86 mm � 1.4 mm, acquisition time 303000). An
echo-planar sequence was employed to create T2*-
weighted functional volumes, each comprising 30 four-
mm-thick slices acquired approximately parallel to the
bicommissural plane (TR ¼ 3,000 ms, TE ¼ 50 ms, FA ¼
90�, in-plane resolution 3.59 � 3.59, gap ¼ 0.5, matrix size:
64 � 64, FOV ¼ 230 mm, acquisition time 800800).

During the fMRI acquisitions, we employed fMRI-suita-
ble functional paradigms of response inhibition and selec-
tive attention, which have previously been applied to
children of the same age [Booth et al., 2003]. Presentation
software (version 9.10; http://www.neurobs.com) was
used to present figures on the screen, depicting red trian-
gles (targets), blue triangles, or red trapezoids (distracters).

To measure attentional processes, we employed a dis-
crimination task of visuospatial selective attention during
the functional acquisition, involving the visual search for a
conjunction target in a field of distracters [Booth et al.,
2003]. Subjects were instructed to press either the left or
the right button, depending on whether the red triangle
was present in the screen (50% probability). The task
involved blocks of selective attention, comprising trials
with multiple figures (a 3 � 3 matrix of nine figures), and
blocks of nonselective attention, during which only trials
with one figure were presented. Each condition was pre-
ceded by a 3-s instruction screen. A total of 108 stimuli
was provided during this functional paradigm. The stimuli
were displayed for 1,400 ms, followed by a variable inter-
stimulus interval between 450 and 750 ms, resulting in a
mean trial duration of 2,000 ms.

Response inhibition was assessed with a stimulus-con-
trolled Go-NoGo paradigm [Booth et al., 2003]. The task
comprised Go- and NoGo-trials, and involved one
response-button and picture stimuli representing a 3 � 3
matrix of nine figures. During the Go-condition, which
was applied to create a pre-potent response tendency, the
participants pressed the button every time a stimulus
appeared on the screen. For the NoGo-condition, the par-
ticipants were instructed to press the button for all stimuli,
but withhold their response if the red triangle was pre-
sented on the screen (50% probability). The Go-NoGo par-
adigm comprised 108 stimuli, and the pictures (1,400 ms
duration) were alternated with the presentation of a blank
screen, which lasted between 450 and 750 ms. Preceding
each condition, a 3-s instruction screen was presented.
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Participants were encouraged to respond as quickly as
possible. Before entering the scanner, all subjects received
instructions and performed a practice session outside the
scanner.

Data Analyses

MRI image processing and statistical analyses were
conducted with Statistical Parametric Mapping software
(SPM2; www.fil.ion.ucl.ac.uk/spm) implemented in
Matlab (version 6.5; www.mathworks.com). The first three
volumes of each session were discarded to remove non-
steady-state effects. Subsequently, we performed a series
of temporal interpolation over each voxel’s time course
using sinc functions. Spatial interpolation was applied to
correct for head motion, employing parameters derived
from a six-parameter rigid body transformation with a
least squares algorithm. Analyses of variance (ANOVA)
indicated no significant difference between the two subject
groups on any of the translation or rotation movement pa-
rameters in either session (all means between �1 and 1
mm, P values >0.2). For each subject, the T1-weighted
image was registered to the mean functional EPI, and sub-
sequently segmented, rendering gray matter, white matter
and cerebrospinal fluid partitions. During the segmenta-
tion step, sample-specific tissue prior probability maps
were applied to replace the default adult-based tissue pri-
ors, which are less suitable for pediatric samples. A 12-pa-
rameter affine transformation algorithm followed by
nonlinear warping was then employed to register the gray
matter segment to a gray matter ADHD children template
created for this study, to optimize the transformation for
the tissue of interest and ensure high-resolution transfor-
mation. The resulting transformation matrix was applied
to the EPI timeseries, interpolating the images to 2 � 2 � 2
cubic voxels. Finally, EPI images were smoothed by
imposing a 10-mm FWHM isotropic kernel on the space
domain.

At the first level of analysis, voxel-wise changes in
BOLD response across conditions were assessed for each
subject and session separately, according to the general
linear model. Time courses for selective attention/non-
selective attention and Go/NoGo conditions were intro-
duced into separate models, comprising two regressors of
interest for each of the functional paradigms, and addi-
tional regressors were included to account for residual
effects of movement and temporal inhomogeneities. To
maximize sensitivity, we employed distributed sampling
during the acquisition phase and applied regressors based
on temporal basis functions, as recommended by Price
et al. [Henson 2004; Price et al., 1999]. The regressors of
interest were convolved with the canonical hemodynamic
response function implemented in SPM, and optimal
parameter estimates were computed using a least squares
function. The linear contrasts ‘‘selective attention > non-
selective attention’’ and ‘‘NoGo > Go’’ were applied to
estimate effect sizes for each participant and generate sta-
tistical parametric maps.

Subsequently, the first-level parameter estimates for the
selective attention > non-selective attention and NoGo >
Go contrasts were entered into a second-level repeated
measures ANOVA, comprising a random-effects analysis.
We applied a whole-brain approach to extract the changes
in neural activity after the training period (group �
session interaction effects). The whole-brain functional
activation maps were constructed by selecting clusters
with per-voxel probability value below 0.001 and a mini-
mum spatial extent of 80 mm3 (corresponding to 10 contig-
uous 2 � 2 � 2 cubic voxels), a frequently employed
threshold adopted from the source article of our in-scanner
tasks [Booth et al., 2003; Forman et al., 1995].

To assess if the changes in neural activity observed after
cognitive training were associated with cognitive improve-
ment, we performed regression analyses on the post-pre-
difference variables of the experimental group and applied
regions of interest of the functional clusters significantly
enhanced by cognitive training in the second-level
ANOVAs. These regression analyses incorporated the indi-
vidual post-pre difference variable of the behavioral meas-
ures that were improved after the training period in the
group receiving cognitive training. We analyzed the be-
havioral variables in SPSS (version 12; www.spss.com) by
means of nonparametric tests (normality assumptions
assessed with Shapiro–Wilk), and the error rates for target
and nontarget trials for each of the paradigms were
extracted with a Presentation script. In addition to the be-
havioral measures, the individual post-pre contrast images
(computed from the pre- and post-NoGo > Go and selec-
tive attention > non-selective attention images) were
entered into the regression models. To correct for multiple
comparisons, we applied FWE-correction to the region of
interest analyses (P < 0.05).

RESULTS

To map the effects of cognitive training on brain activ-
ity, we applied whole-brain random-effects repeated-meas-
ures analyses to the EPI timeseries. These analyses
incorporated the NoGo > Go and selective attention >
non-selective attention contrast images computed from the
pre- and posttraining MRI data.

For the task of response inhibition, we observed exclu-
sive changes of neural activity in the right inferior frontal
cortex, left medial orbitofrontal cortex, left superior frontal
cortex, and right middle temporal cortex (Group � session
interaction effects: inferior frontal: 56x14y18z, F1,36 ¼ 26.09,
P < 0.001, 360 mm3; orbitofrontal: �2x50y–12z, F1,36 ¼
28.20, P < 0.001, 136 mm3; superior frontal: �18x54y4z,
F1,36 ¼ 25.83, 216 mm3; middle temporal: 48x–38y–10z, F1,36
¼ 27.61, P < 0.001, 336 mm3), and main-effects contrasts
indicate that these changes in neural activity correspond to
the results for the main-effects contrast ‘‘post-cognitive
training > pre-cognitive training’’ (Table I and Fig. 1A,C).

The task of selective attention was characterized by a
change in BOLD signal in the right superior posterior
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lobule of the cerebellum (group � session interaction
effect: 10x-78y-18z, F1,36 ¼ 18.66, P < 0.001, 112 mm3), a
region demonstrating effects of opposite direction in the
training groups, with a decrease in the control group, but
an increase after cognitive training (Fig. 1B,C and Table I).
The ADHD group receiving control training did not dis-
play increases of activity in any region on either of the
two functional paradigms. Mean and individual parameter
estimates and contrast values before and after cognitive
training, as well as individual percent signal changes, are
provided in Supporting Information Tables I–III and Sup-
porting Information Figures 1 and 2.

To assess if within-group changes in neural activity
co-varied with the degree of cognitive improvement, we
performed regression analyses on variables quantifying
the change after the cognitive training period. These varia-
bles constituted subtraction images of the post and pre
contrast images (NoGo > Go and selective attention >
non-selective attention) and the post-pre difference vari-
able of the in-scanner measures of cognitive performance
that were improved after the period of cognitive training.

Behavioral analyses on the measures of in-scanner task
performance indicated reductions in error rates for the con-

ditions of interest of both in-scanner fMRI paradigms after
cognitive training, albeit not bonferroni-corrected, but no
changes in the control group (Wilcoxon signed ranks, mean
� SD, inhibition paradigm: omission: pre: 8.10 � 10.74,
post: 1.90 � 2.03; Z1,18 ¼ �2.02, P < 0.05; selective attention
paradigm: target incorrect: pre: 5.90 � 4.28, post: 4.00 �
3.56; Z1,18 ¼ �1.97, P < 0.05; target omission: pre: 1.30 �
1.42, post: 0.80 � 1.23; Z1,18 ¼ �2.24, P < 0.05. Analyses of
the other measures did not render significant results (Inhibi-
tion paradigm: commission errors. Selective attention para-
digm: non-target errors (omission and incorrect responses),
P > 0.05). The post-pre difference variables of the behav-
ioral measures were entered into the regression models.

The results of the regression analyses revealed a nega-
tive correlation between the increase of activity after cogni-
tive training in the right superior posterior cerebellum and
the decreased measure of incorrect responses on the task
of selective attention in the experimental group (Fig. 2,
24x-52y-20z, R1,8 ¼ �0.84, 168 mm3, P < 0.05), suggesting
that enhancement of the activity in this region is associ-
ated with behavioral improvement after cognitive training.
No significant correlation was found for the improved
measure of inhibition performance.

TABLE I. Full Results of Whole-Brain Random-Effects Analyses

Training Brain region

Talairach

Cluster size (mm3) t Px y z

Response inhibition

Cognitive Training
Decrease —
Increase R frontal inferior cortex* 58 14 20 912 5.53 <0.001

L frontal superior cortex* �18 56 8 456 4.58 <0.001
L frontal med. orbital cortex* �4 50 �14 160 4.76 <0.001
R temporal mid. cortex* 50 �38 �12 544 4.98 <0.001

Control training
Decrease —
Increase —

Selective Attention

Cognitive Training
Decrease L precuneus �10 �72 52 184 4.01 <0.001

R precuneus 18 �60 48 928 4.34 <0.001
R superior parietal cortex 12 �68 54 928 4.41 <0.001

Increase R superior posterior cerebellum* 30 �46 �22 200 4.09 <0.001
Midbrain �6 �10 �22 496 5.24 <0.001

2 �14 �22 4.64 <0.001

Control Training
Decrease R superior posterior cerebellum* 8 �78 �20 216 4.12 <0.001
Increase —

The table describes the complete results of the whole-brain random-effects analyses of the selective attention and response inhibition
fMRI-paradigms, as well as the direction of the changes in neural activity after training (df 1,36). Main-effects changes in BOLD signal
corresponding to group x session interaction effects are indicated with an asterisk, and results in italic reflect the main-effects changes
that did not surface in the group x session interaction contrast.
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DISCUSSION

On the paradigm of response inhibition, our results indi-
cate increases of activity after cognitive training in the left
orbitofrontal, right middle temporal, and bilateral dorsolat-
eral prefrontal cortex, more specifically the left superior
frontal and right inferior frontal cortex. The frontal lobe
plays a key role in ADHD, and converging research find-
ings demonstrate aberrations in frontal grey matter vol-
ume, metabolism and hemodynamics, predominantly
pinpointed to orbitofrontal and inferior frontal regions
[Aron et al., 2005; Biederman et al., 2005; Giedd et al.,
2001; Nigg et al., 2005; Van’t Ent et al., 2007].

Response inhibition relies on frontal lobe functioning,
and various frontal regions have been implicated in inhibi-
tory control [Dillon et al., 2007]. However, the right infe-
rior frontal cortex is generally regarded as the core
structure of the neural system regulating response inhibi-
tion, and right inferior frontal hypoactivation is considered
the neural correlate of a less efficient inhibitory system
[for review, see Aron et al., 2004]. In ADHD subjects, this
structure exhibits especially severe structural and func-
tional abnormalities, and right inferior hypoactivity is
associated with the inhibitory deficits characteristic for
ADHD patients [for review, see Aron et al., 2005].

On the task of selective attention, we found increases of
activity after cognitive training in the right superior poste-

rior cerebellum, which were associated with improvement
on in-scanner measures of attention, and a decrease of ac-
tivity in this cerebellar subdivision in the control group.
The cerebellum is a structure thought to be directly related
to AHDH pathophysiology, and ADHD patients are char-
acterized by stable and progressive gray matter volume
loss in this structure and considerable metabolic and he-
modynamic abnormalities [Giedd et al., 2001; Nigg et al.,
2005].

Although the cerebellum has traditionally been regarded
as a neural device dedicated to motor control, research
findings indicate a role for the posterior cerebellum in the
acquisition and modulation of cognitive processes by
adjusting the responsiveness in other brain systems
[Akshoomoff et al., 1997; Steinlin, 2007]. Attention is one
of the cognitive processes thought to operate under cere-
bellar control, and neuroimaging studies have pointed to
cerebellar involvement in the coordination and direction of
selective attention [Akshoomoff et al., 1997; Le et al., 1998].
The finding of decreased activity in the cerebellum in the
control group was unexpected, as we hypothesized the
control children would not display any changes of activity
on the fMRI tasks. The source of this change can only be
speculated upon, but considering the role of the posterior
cerebellum in cognitive learning and modulation, we pos-
tulate this reflects a reduction in the required modulation
and acquisition of attentional functions when performing

Figure 1.

Statistical parametric maps depicting increases in BOLD response after cognitive training.

Whole-brain random effects analyses. (A) Regions of increased activation on the task of

response inhibition after cognitive training; (B) regions of increased activation on the task of

selective attention after cognitive training; (C) regions of increased activation on the task of

response inhibition displayed on surface maps.
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the same task a second time without training of these
functions in between.

Albeit not evident in the interaction results, additional
parietal and mesencephalic changes of activity suggest
alterations in the posterior attention system, which modu-
lates processes of selective attention by regulating coordi-
nated interactions between frontal, parietal and midbrain
systems [Posner et al., 1990]. The cerebellum is tightly
linked to this network and forms part of a complete loop
connecting the cerebellum and parietal cortex via cere-
bello-thalamico and cortico-pontine-cerebellar circuits.

Taken together, both our fMRI-datasets indicate
increases of activity after training of cognitive functions.
Although we cannot completely exclude the contribution
of other factors besides the training type to these results,
we have undertaken steps to minimize the bias introduced
by potential confounding factors: (A) to account for the

effect of training per se, a control training program of
identical duration and frequency was implemented; (B) to
minimize the habituation effect, the training programs did
not encompass exercises of the kind applied during the
fMRI paradigms; (C) to address the impact of task repeti-
tion, a well-matched control group undergoing identical
fMRI paradigms was included. Therefore, we attribute the
observed changes in activity to the training type factor.

The encountered increases of activity after cognitive
training concern brain structures typically affected by the
disorder. Although results on ADHD have not always
been consistent, converging research findings appoint the
frontal lobes, striatum, and cerebellum as the primary sites
of impairment in the ADHD brain, harboring a predomi-
nant share of the established syndrome-associated neural
deficits [Biederman et al., 2005; Carmona et al., 2009;
Giedd et al., 2001; Nigg et al., 2005]. Our findings of

Figure 2.

Correlations between cognitive performance and brain activity.

Statistical parametric map (A) and scatterplot (B) depicting a

negative correlation between the post-pre signal change in the

right superior posterior cerebellum after cognitive training

(post-pre contrast image) and decreased error rate (post-pre

difference) on the task of selective attention after cognitive

training. For illustrative purposes, the functional activation map

was thresholded at P < 0.05 and masked with ROI of posttrain-

ing change in cerebellar activity. (C) An intensity color plot illus-

trating the distribution of the change in neural activity and

degree of behavioral improvement in voxel [24, �52, �20]

across subjects (Cluster 3.0, Java Treeview). Blue and red colors

reflect individual post-pre error rate and post-pre MRI signal

change after cognitive training respectively, with the intensity

indicating the relative strength of the change. The left to right

intensity range, from light blue to dark blue on one hand and

from dark red to light red on the other hand, illustrates the op-

posite distribution of the two variables across subjects. *Individ-

ual parameter estimates and behavioral values before and after

cognitive training are provided in Supporting Information Table I.
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fronto-temporo-cerebellar increase provide preliminary
evidence that cognitive training targets critical syndrome-
associated neural structures, and suggest it alleviates cog-
nitive deficits in ADHD children by enhancing the activity
in dysregulated brain circuits. These results hold clinical
implications, advocating the inclusion of training pro-
grams targeting cognitive functions in standard ADHD-
treatment, and stress the need for large-scale clinical stud-
ies to further define the behavioral impact of cognitive
training methods.

The results obtained in our study are in line with previ-
ous neuroimaging research on learning-induced plasticity
[Olesen et al., 2004], demonstrating increases in neural ac-
tivity after training of higher-order cognitive functions.
The signal changes were observed after a 2-week training
period, indicating that alterations in synaptic activity can
already be detected after a relatively short exposure to
cognitive training. These results illustrate the capacity of
the nervous system for rapid adjustments in response to
changes in cognitive demands.

Interestingly, the structures of enhanced activity in our
study comprise targets of psychostimulant medication,
which is thought to exert its clinical effects by enhancing
cerebello-thalamo-frontal circuits [Volkow et al., 2002], and
our results pose the possibility that cognitive training and
psychostimulant medication act on similar neural circuitry.
Frontostriatal structures constitute major binding sites of
methylphenidate, which exerts its primary impact via D-
threo-methylphenidate binding to dopamine transporters
[Volkow et al., 2002]. In addition, molecular imaging stud-
ies have shown consistent increases in cerebellar blood
flow and metabolism after methylphenidate administra-
tion, potentially reflecting methylphenidate affinity for
noradrenergic and dopaminergic transporters[Volkow
et al., 2002]. Neuroimaging studies assessing psychostimu-
lant impact in ADHD children have also demonstrated
increases of neural activity in frontal and cerebellar struc-
tures after methylphenidate administration, which corre-
late with the degree of symptom improvement, suggesting
that these methylphenidate-induced increases underlie the
therapeutic efficacy of psychostimulant medication [e.g.
Anderson et al., 2002; Epstein et al., 2007; Loo et al., 2004;
Vaidya et al., 1998]. Of special interest is a study by Vai-
dya et al., [1998], who assessed methylphenidate effects in
very similar experimental conditions, employing a stimu-
lus-controlled Go-NoGo fMRI paradigm and ADHD chil-
dren of the same age. Similar to our results, their findings
included BOLD signal increases in superior frontal, infe-
rior frontal and orbitofrontal cortex, regions also affected
by cognitive training in our study. Hence, our findings
provide preliminary indications that training of cognitive
functions in ADHD patients may mimic the neural effects
of psychostimulant medication. However, future research
should establish methylphenidate and cognitive training
response within the same experimental setup to accurately
assess the similarity and relative extent of these effects as
well as the interaction between the treatment methods.

To resume our findings, both datasets revealed
enhanced activity after cognitive training in neural struc-
tures closely related to ADHD pathophysiology. On the
task of response inhibition, we found exclusive increases
in middle temporal, orbitofrontal, superior frontal and in-
ferior frontal regions. The right inferior frontal cortex,
which exhibits especially severe deficits in ADHD subjects,
is considered the core structure of the neural inhibition de-
vice. The task of selective attention was characterized by
increased activity in the cerebellum, a structure implicated
in the coordination and direction of attentional focus, and
this cerebellar increase was associated with improvement
on in-scanner measures of attention.

This is the first study to establish neural effects of a cog-
nitive training program in ADHD. Our findings provide
preliminary evidence that training of cognitive functions
targets critical syndrome-associated structures, and indi-
cate it may improve cognitive performance by enhancing
dysregulated fronto-cerebellar circuits. Interestingly, simi-
lar results have been demonstrated following methylphe-
nidate administration, suggesting that cognitive training
may mimic the effects of psychostimulant medication on
the brain. On the whole, our results postulate a neural
account for the potency of cognitive training in ADHD
patients, and hold clinical implications, supporting the
pertinence of training programs as part of standard
ADHD-treatment. Large-scale studies are needed to con-
firm our findings and further elucidate the effects of cogni-
tive training on brain activity.
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