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Abstract

Attention Deficit Hyperactivity Disorder (AD/HD) is a neurodevelopmental disorder mainly characterized by impairments in cognitive functions.
Functional neuroimaging studies carried out in individuals with AD/HD have shown abnormal functioning of the anterior cingulate cortex (ACC)
during tasks involving selective attention. In other respects, there is mounting evidence that neurofeedback training (NFT) can significantly
improve cognitive functioning in AD/HD children. In this context, the present functional magnetic resonance imaging (fMRI) study was conducted
to measure the effect of NFT on the neural substrates of selective attention in children with AD/HD. Twenty AD/HD children—not taking any
psychostimulant and without co-morbidity-participated to the study. Fifteen children were randomly assigned to the Experimental (EXP) group
(NFT), whereas the other five children were assigned to the Control (CON) group (no NFT). Subjects from both groups were scanned 1 weel
before the beginning of the NFT (Time 1) and 1 week after the end of this training (Time 2), while they performed a Counting Stroop task. At Time
1, for both groups, the Counting Stroop task was associated with significant loci of activation in the left superior parietal lobule. No activation
was noted in the ACC. At Time 2, for both groups, the Counting Stroop task was still associated with significant activation of the left superior
parietal lobule. This time, however, for the EXP group only there was a significant activation of the right ACC. These results suggest that in AD/HD
children, NFT has the capacity to normalize the functioning of the ACC, the key neural substrate of selective attention.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Attention Deficit Hyperactivity Disorder (AD/HD), a frequent in prefrontal areas implicated in the control of attentional pro-
developmental disorder of childhood, affects 3—7% of childrercesses in AD/HD individualfl,15]. Of note, a functional MRI
and often continues into adulthodd]. It is mainly charac- (fMRI) study has demonstrated a dysfunction of the anterior
terized by inattention, hyperactivity, and impulsivity. Thesecingulate cortex (ACC) in adults with AD/HD while they per-
symptoms reflect impairments in cognitive functions. Thesdormed a Counting Stroop ta$#], a variant of the Stroof80].
functions have been largely associated with the brain systenihis task, which involves selective attention and response inhibi-
found in the prefrontal lobes. In line with this, structural mag-tion, exploits the conflict between a well-learned behavior (i.e.,
netic resonance imaging (MRI) studies have found significanteading) and a decision rule that requires this behavior to be
volumetric reduction of the prefrontal cortices in children with inhibited. Converging lines of evidence from positron emission
AD/HD [8,13,22] In addition, single photon emission computed tomography (PET) and fMRI indicate that the dorsal division of
tomography (SPECT) studies have shown decreased perfusitime ACC (or ACcd, Brodmann area—BA-244 and 32) plays
a pivotal role in the various cognitive processes implicated in
the Stroop tasks,6].
* Corresponding author. Tel.: +1 514 343 7651; fax: +1 514 340 3548. The results of several clinical studies conducted during
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biofeedback)—an operant conditioning procedure whereby afeble 1
individual learns to self-regulate the electrical activity of his/herNeuropsychological and CPRS-R data

own brain—may be efficient in treating children with AD/HD Time 1 Time 2
[14,16-21,25,26,28,32—-34]n this context, the present fMRI

CON EXP CON EXP

study was conducted to measure the effect of NFT, in children—

with AD/HD, on the neural substrates of the selective attentionap'dit Span R

processes involved in the Counting Stroop task. g"eDan I‘S g'g S'i l; ';3
Twenty AD/HD children comprised the study sample. These ' ' ' '

AD/HD children were randomly assigned to either an Experi-'V’:Aean 62 s 64 o

mgntal (EXP) group or a control (CON) group. Fifteen AD/HD ¢ 24 22 33.4 18

children composed the EXP group (4 girls and 11 boys, meaEPRS R inattention

age: 10.2, S.D.: 1.3, range: 8-12) and five AD/HD children Mean 23.4 716 712 58

comprised the CON group (5 boys, mean age: 10.2, S.D.: 0.8, g p. 9.9 8.4 121 79
range: 9-11). The EXP group received NFT whereas the COI|\_I| -
. . peractivity

group received no treatment. The parents of the subjects gavéq\,lean 75.8 79.4 73.8 643
written informed consent and the study—which was conducted s p. 9.9 10.8 93 18.9
n accorda.nce with the DECIar.atlon of Helsinki—was apprqved ON: control; EXP: experimental; IVA: Integrated Visual and Auditory Con-
by the et_hICS research committees of _the Centre hospitalier C{%uous Performance Test; CPRS-R: Conners Parent Rating Scale—Revised.
I'Universite de Montéal (CHUM), Hopital Notre-Dame, and  * p<.0s.
Hopital Ste-Justine (a pediatric hospital affiliated with Univer-" P <0.005.
site de Monteal). Inclusion criteria for all subjects were: (1) = P<0.001.
age 8-12 years; (2) right-handedness (Edinburgh Handedness
Inventory,[23]); (3) 1Q > 85 (based on th@echsler Intelligence ~ one—four identical words appear on the screen. They were told
Scale for Children—Revised; WISC-R); and (4) a diagnosis of also to report, through button-press, the number of words in each
AD/HD based on the DSM-1V criteria (DSM-I\[10]). Exclu-  set, independently of what the words were. During “Neutral”
sion criteria for all subjects were the presence of: (1) any currerttlocks, the words consisted of names of common animals (dog,
Axis | psychiatric diagnosis other than AD/HD; (2) a learning cat, bird, or mouse) whereas during “Interference” blocks, the
disability; (3) a neurologic disorder; (4) a neuropsychiatric dis-stimuli were the number words “one,” “two,” “three,” or “four”.
order. Subjects were instructed that the sets would change every 1.5s.

No subjects were taking psychostimulants during the studyuring the functional scan, which started with nine sec of fixa-
(subjects in both EXP and CON groups were treated withion on a cross, six 30-s blocks of the Neutral words alternated
methylphenidate before the beginning of the study—none of thaith six Interference blocks. Subjects completed 20 trials dur-
subjects did undergo cognitive training before this study). Clining each (Neutral/Interference) block, i.e. 120 total trials of each
ical and neuropsychological assessments were performed at thge during the functional scan session. The order of presenta-
Hopital Ste-Justine’s AD/HD Clinic. Assessment included: (1)tion of the blocks was counterbalanced across subjects. Using
psychiatric, medical, and neurologic evaluations by a board cethe E-Prime software (version 1.1, Psychology Software Tools,
tified child psychiatrist; (2) structured diagnostic interview with Inc., Pittsburgh, PA), stimuli were produced on an IBM Aptiva
the Structured Clinical Interviey29] and an AD/HD symp- P3 600 MHz and projected, via a Plus U4136 color LCD projec-
tom checklist from DSM-IV[10]. Neuropsychological testing tor (Tokyo, Japan). Subjects viewed the stimuli on a tilted mirror
included the Digit Span subtest of the Wechsler Intelligenceplaced in front of their head.
Scale for Children—Revised (WISC-36] to assess attention NFT was based on a protocol previously proposed by Lubar
span, the Integrated Visual and Auditory Continuous Perforand Lubaf18]. It was conducted over a period of 13 weeks and
mance Test (IVA, version 4.3) to evaluate visual and auditorya half (40 sessions, three training sessions per-week). The train-
attention[35], and the Conners Parent Rating Scale—Reviseihg was divided in two phases (20 sessions in each phase): in the
(CPRS-R) (Attention Quotient and Response Control Quotient)irst phase, subjects in the EXP group were trained to enhance
to obtain parental reports of subjects’s behavioral problemghe amplitude of the SMR (12-15Hz) and decrease the ampli-
regarding specifically inattention and hyperactiji®y. Scaled tude oftheta activity (4—7 Hz); in the second phase, EXP subjects
scores were used for data analysis. learned to inhibit the amplitude of their theta waves (4—7 Hz) and

The Digit Span, the IVA, and the CPRS-R were administeredncrease the amplitude of their beta 1 waves (15-18 Hz). NFT
at Time 1 (1 week before the beginning of the NFT) and Time 2was provided using the Lexicor NRS-24 Biolex program (ver-
(1 week after the end of the NFT). At Time 1 the EXP and CONsion 2.40) (Lexicor, Boulder, CO) and the Procomp + Biograph
groups did not differ cognitively and behaviorallyaple J). program (version 2.1) (Thought Technology Ltd, Montreal,
Within- and between-group comparisons were performed usin@anada) (for each subject, these systems were used in an alter-
two-tailedr-tests. nating manner). Each session lasted 60 min. EEG was recorded

The behavioral protocol used was based on the protocdtom CZ, with reference placed on the left earlobe and ground
developed by Bush et a[6] with respect to the Counting electrode on the right earlobe. A sampling rate of 128 Hz with
Stroop task. Subjects were instructed that they would see sets &fs epochs was utilized. Skin impedance was less thaf2.5 K
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The relevant frequencies were extracted from EEG recording&ble 2
and feed back using an audio—visual online feedback loop in thgounting Stroop task

form of a video game. Each session was subdivided in 2-min Time 1 Time 2
periods (that were gradually increased up to 10 min). During

) . X . T CON EXP CON EXP
these periods, subjects were either attempting to maintain a state :
of relaxation, solve mathematical problems or read texts. Nel\j”a' trials sa.4 81 c06 &7
. . . . ean . . .
Twenty-eight slices (4 mm thick) were acquired on a 1.5T 3Db 24 255 043 18.3

system (Sonata, Siemens Electric, Erlangen, Germany) every
2.65s using an echo-planar (EPI) pulse sequence. Followfterference trials e 462 ]
ing functional scanning, high-resolution anatomical data were S.eDén 241 238 gg’:g 12.9
acquired using a gradient echo pulse sequence. _

Data were analyzed using Statistical Parametric Mapping©ON: control; EXP: experimental.
software (SPM2, Wellcome Department of Cognitive Neurol- P<0.05.
ogy, London, UK). The images for all subjects were spatially
normalized into an MRI stereotactic spaf&l]. To identify  (Table 1. In addition, at Time 2, the scores on the Inatten-
the brain regions associated with the Counting Stroop task #on and Hyperactivity components of the CPRS-R significantly
“random-effects model” was implemented to compare the brailecreased, compared to Time 1 (InattentiBr:0.001; Hyper-
activity associated with the Interference trials and that assocactivity: P <0.05) (Table J).
ated with the Neutral trials (Interference minus Neutral). At For the Neutral trials at Time 1, the average accuracy scores
Time 1 and Time 2 this model was implemented to producgpercentage of correct responses) were not statistically different
the Interference minus Neutral contrasts for both EXP and COMetween CON (58.4%, S.D.: 24) and EXP (48.1%, S.D.: 24)
groups (within-group statistical comparison). In addition, forsubjects {able 3. At Time 2, the average accuracy score of the
the Interference minus Neutral contrast, a two-samgkst CON subjects (59.6%, S.D.: 24.3) was comparable to that of
was carried out to compare the mean blood oxygenation levelFime 1. For the EXP group, this score was significantly greater
dependent (BOLD) response within each group at Time 2 versu@ < 0.05) at Time 2 (67%, S.D.: 18.3) than TimeTable 2.
Time 1. Height threshold was set2& 0.001 ¢=3.09), uncor- For the Interference trials, the pattern was very similar, i.e.
rected for multiple comparisons. Only clusters showing a spatight Time 1 the average accuracy scores (percentage of correct
extent of at least five contiguous voxels were kept for imageesponses) of the CON (55.8%, S.D.: 24.1) and EXP (48.2%,
analysis. S.D.: 23.8) groups were comparablable 2. At Time 2, the

At Time 1, there was no significant difference between CONaverage accuracy score of the CON subjects (56.8%, S.D.: 24.3)
and EXP subjects with respect to the average scores on the Digias not different than that of Time 1. For the EXP group, this
Span, the IVA, and the CPRS-Rgble ). This indicates that score was significantly higheP& 0.05) at Time 2 (68%, S.D.:
before EXP subjects start the NFT, inattention and hyperactivity. 3.9) than Time 1Table 2.
were comparable in both groups. At Time 2, the scores of the For the CON group, the Interference minus Neutral contrast
CON subjects on the three tests were not significantly differenproduced a significant locus of activation in the left superior pari-
than those at Time ITable 1. For the EXP group, however, the etal lobule (BA 7) Table 3andFig. 1). At Time 2, this contrast
scores on the Digit Span and the IVA significantly increased awas associated with another locus of activation in the left supe-
Time 2, relative to Time 1 (Digit Spaw®.< 0.05; IVA: P<0.005) rior parietal lobule (BA 7) Table 3andFig. 1). The two-sample

Table 3
Interference vs. neutral contrast at Time 1 and Time 2
Group Region Brodmann area Talairach coordinates (mm) Z-statistic
x y z
Time 1
EXP L Superior parietal lobule 7 —36 —46 50 3.83
CON L Superior parietal lobule 7 -16 -80 37 3.44
Time 2
EXP R ACcd 32 3 27 35 4.54
L Caudate nucleus —12 12 14 4.34
L Superior parietal lobule 7 -23 —60 30 3.60
L Substantia nigra —12 —19 -5 3.02
CON L Superior parietal lobule 7 -12 —-56 41 3.93

Stereotaxic coordinates are derived from the human atlas of Talairach and To{8hpamd refer to medial-lateral positiar) felative to medline (positive =right),
anterior—posterior positiory) relative to the anterior commissure (positive = anterior), and superior—inferior posjjioeldtive to the commissural line (posi-
tive = superior). Designation of Brodmann areas for cortical areas are also based on this atlas. CON: control; EXP: experimental; L: left; R: right.
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Interference minus Neutral

TIMEI TIME2

Fig. 1. Statistical activation maps (Interference minus Neutral Contrast) at Time 1 and Time 2. Images are sagittal sections for the data agsragej@ets: At
Time 1, significant loci of activation were noted in the left superior parietal lobe for both the CON (A) and EXP (B) groups. At Time 2, activatiorsveexenah
this cortical region for both the CON (C) and EXP (F) groups. In addition, for the EXP group, significant loci of activation were detected in the ddb¥) Ag3c
well as the left caudate nucleus and left substantia nigra (E).

t-_test cor_wducted to compare B(_)LI_D_ responses at Time 1 and EXP Group
Time 2 did not reveal anything significant. ) .
For the EXP group, the Interference minus Neutral contrast Time 2 vs. Time 1
produced a significant locus of activation in the left superior pari-
etal lobule (BA 7) Table 3andFig. 1). At Time 2, this contrast
produced another locus of activation in the left superior parietal
lobule (BA 7) (Table 3andFig. 1). In addition, significant loci
of activation were noted in the right ACcd (BA 32), left caudate
nucleus and left substantia nigreable 3andFig. 1). Of note,
a two-sample-test revealed that BOLD activation in the right
ACcd (BA 32) and left caudate nucleus was significantly greater §
at Time 2 than Time 1Table 4andFig. 2).
The Time 2 versus Time 1 comparison of the average scoreSg. 2. Statistical activation maps (Interference minus Neutral Contrast) at Time
on the Digit Span, the IVA, and the CPRS-R indicate that the2 vs. Time 1 for the EXP group. Images are sagittal sections for the data averaged
neurofeedback protocol used here led to a significant reductic?fross subjects. Significant loci of activation were noted in the right ACcd (A)
. . . and left caudate nucleus (B).
of primary symptoms of AD/HD, such as inattention and hyper-
activity. These neuropsychological and behavioral findings are
consistent with those of previous studies which showed thathat neurofeedback may constitute an effective treatment for
NFT can lead to clinically significant improvement of atten- children with AD/HD. Yet, one cannot exclude the possibility
tion, motor control, and impulse regulation in AD/HD chil- thatthe cognitiveimprovementinthe EXP group and the absence
dren[14,16-21,25,26,28,32—34Dur neuropsychological and of cognitive improvementinthe CON group may be ascribable to
behavioral findings provide further empirical support to the viewthe fact that CON subjects did not receive an attentional training

n

4
3
4
1

Table 4
EXP Group: Time 1 vs. Time 2
Group Region Brodmann area Talairach coordinates (mm) Z-statistic
X y b4
EXP R ACcd 32 3 30 27 3.42
L Caudate nucleus -12 17 8 3.16

Stereotaxic coordinates are derived from the human atlas of Talairach and Tournoux (1988) and refer to medial-lateralxposititve(to medline (posi-
tive =right), anterior—posterior positiom)(relative to the anterior commissure (positive = anterior), and superior—inferior posjtiatative to the commissural line
(positive = superior). Designation of Brodmann areas for cortical areas are also based on this atlas. CON: control; EXP: experimental; Lhteft; R: rig



220 J. Lévesque et al. / Neuroscience Letters 394 (2006) 216-221

lasting the same time duration than the NFT received by EXRReferences
subjects. Further studies are awaited to tackle this important
issue. [1] D.G. Amen, B.D. Carmichael, High-resolution brain SPECT imaging in

N . L ADHD, Ann. Clin. Psychiatry 9 (1997) 81-86.
eurally, for both grO_UpS of Su,bJe:CtS_' ”9 actlvat|op of the [2] R.A. Barkley, Attention Deficit Hyperactivity Disorder: A Handbook for
ACCd was detected at Tlme 1. ThIS f|nd|ng IS COmpath|e Wlth Diagnosis and Treatment’ Guilford PreSS' New York’ 1996.
the results of a fMRI study recently carried by Bush ef4jl. In [3] AJ. Bobb, F.X. Castellanos, A.M. Addington, J.L. Rapoport, Molec-
this study, adults with AD/HD failed to activate the ACcd while ular genetic studies of ADHD: 1991 to 2004, Am. J. Med. Genet. B
they performed a Counting Stroop task. For the EXP group at . Neuropsychiatr. Genet. 132 (2005) 109-125.
Time 2, however, significant loci of activation were noted in the [4] G. Bush, J.A. Frazier, S.L. Rauch, L.J. Seidman, P.J. Whalen, M.A.
; ! » SIg . - Jenike, B.R. Rosen, J. Biederman, Anterior cingulate cortex dysfunc-
right ACcd (BA 32), left caudate, and left substantia nigra. FOr  tjon in attention-deficit/hyperactivity disorder revealed by fMRI and the
the CON group, no activation was detected in these three brain Counting Stroop, Biol. Psychiatry 45 (1999) 1542-1552.
regions. With regard to the ACcd, a large body of functional [5] G. Bush, P. Luu, M.l. Posner, Cognitive and emotional influences
neuroimaging data indicates that this brain region exerts a key ;‘zza”te”or cingulate cortex, Trends Cogn. Sci. 4 (2000) 215-
rOI_e in the (_:ogn_ltlve proc_esses In\_mlved In Fhe Stl’OOp tESﬂ, [6] G. Bush, P.J. Whalen, B.R. Rosen, M.A. Jenike, S.C. Mclnerney, S.L.
being crucially involved in selective attention, the selection of * ~ rauch, The counting Stroop: an interference task specialized for func-
an appropriate response, and the suppression of inappropriate tional neuroimaging—validation study with functional MRI, Hum. Brain
responsef24]. Given this, we submit that the better performance _ Mapp. 6 (1998) 270-282. _ _ o
of the EXP subjects at Time 2 versus Time 1 was ascribable to thé’] P- Calabresi, A. Pisani, N.B. Mercuri, G. Bernardi, The corticostriatal
normalization foIIOWing NET. of neural activity in the ACcd. a projection: from .synaptlc plasticity to dysfunctions of the basal ganglia,
! K . ! Trends Neurosci. 19 (1996) 19-24.
central component the anterior attentional system. [8] F.X. Castellanos, J.N. Giedd, W.L. Marsh, S.D. Hamburger, A.C.
The significant activations of the left caudate and left sub-  vaituzis, D.P. Dickstein, S.E. Sarfatti, Y.C. Vauss, J.W. Snell, N. Lange,
stantia nigra seen in EXP subjects at Time 2 suggest that the D. Kaysen, A.L. Krain, G.F. Ritchie, J.C. Rajapakse, J.L. Rapoport,
normalizing effect of NFT upon ACcd was mediated, at least Quantitative brain magnetic resonance imaging in attention-deficit hyper-
. . . . . activity disorder, Arch. Gen. Psychiatry 53 (1996) 607—616.
partlally, bY do_pamlne. \_/a”O‘?S lines Of_ e\_/ldence Sques’{_ that 9] C.K. Conners, K.C. Wells, J.D.A. Parker, G. Sitarenios, J.M. Diamond,
a dysfunction in dopaminergic transmission in fronto-striatal =~ 3w, Powell, A new self-report scale for the assessment of adolescent
circuits is related to AD/HD. Thus, AD/HD symptoms can be psychopathology: factor structure, reliability, validity and diagnostic sen-
treated with methylphenidate, a potent blocker of the reuptake of _ sitivity, J. Abnorm. Child Psychol. 25 (1997) 487-497. _
dopamine which increases the availability of this neuromodulaltl Diagnostic and Statistical Manual of Mental Disorders—Fourth Edi-
. . tion (DSM-1V), American Psychiatric Association, Washington, DC,
tor into the extraneuronal spaf¥2,27] In addition, molecular
genetic evidence suggests an association between AD/HD apdj r.J. Dolan, P. Fletcher, C.D. Frith, K.J. Friston, R.S. Frackowiak, P.M.
polymorphism of the dopamine transporter gene, as well as the Grasby, Dopaminergic modulation of impaired cognitive activation in the
dopamine D4 and D5 receptor genes (for a review, [88e anterior cingulate cortex in schizophrenia, Nature 378 (1995) 180-182.
Lastly, dopamine modulation of frontal activity during the per- [12] S. Dresel, J. Krause, K.H. Krause, C. LaFougere, K. Brinkbaumer, H.F.

f f the St task has b . v d trated Kung, K. Hahn, K. Tatsch, Attention deficit hyperactivity disorder: bind-
ormance ot the Stroop task has been previously demonstrate ing of [99MTCc]TRODAT-1 to the dopamine transporter before and after

. methylphenidate treatment, Eur. J. Nucl. Med. —. .
[11] _ _ S _ _ hylphenid Eur. J. Nucl. Med. 27 (2000) 15181524
There is some evidence indicating that dopamine underlie3] S. Durston, H.E. Hulshoff Pol, H.G. Schnack, J.K. Buitelaar, M.P. Steen-
the integrative properties of the fronto-striatal circuits, which ~ huis, R.B. Minderaa, R.S. Kahn, H. van Engeland, Magnetic resonance
may serve as a support of synaptic plasticity processes, such imaging of boys with attention-deficit/hyperactivity disorder and their

L ; . . ffected siblings, J. Am. Acad. Child Adolesc. Psychiatry 43 (2004
as long-term potentiatiofr]. Given this, we posit that the neu- ;gg_gzg SIpngs m- Aca ' olesc. Psychiatry 43 (2004)

rOfeem_)aCk protocol US_e_d hel’e led to_the_neuromodu_lation_bm] T. Fuchs, N. Birbaumer, W. Lutzenberger, J.H. Gruzelier, J. Kaiser,
dopamine of neural activity in the anterior cingulate—striatal cir-  Neurofeedback treatment for attention-deficit/hyperactivity disorder in
cuit. We also hypothesize that this neuroplastic phenomenon children: a comparison with methylphenidate, Appl. Psychophysiol.

implicated long-term potentiation as well as D4 and D5 recep-, __ Biofeedback 28 (2003) 1-12. .
tors [15] B.N. Kim, J.S. Lee, M.S. Shin, S.C. Cho, D.S. Lee, Regional cerebral

perfusion abnormalities in attention deficit/hyperactivity disorder. Statis-
tical parametric mapping analysis, Eur. Arch. Psychiatry Clin. Neurosci.
252 (2002) 219-225.

Acknowledgements [16] J.D. Kropotov, V.A. Grin-Yatsenko, V.A. Ponomarev, L.S. Chutko, E.A.
Yakovenko, 1.S. Nikishena, ERPs correlates of EEG relative beta training

. . . in ADHD children, Int. J. Psychophysiol. 55 (2005) 23-34.
This work was Squorted by grants from the Fondation LUCI(TN] M. Linden, T. Habib, V. Radojevic, A controlled study of the effects of

et André_ Chagnon and the mt_emational Society for Neuronal " ggG biofeedback on cognition and behavior of children with attention

Regulation (ISNR). We would like to acknowledge Dr. Isabelle  deficit disorder and learning disabilities, Biofeedback Self-Regul. 21

Fortier and her team (®pital Ste-Justine) for the recruitmentand ~ (1996) 35-49. o

cognitive evaluation of the participants, as well as Dr. Phillipel18] J-O- Lubar, J.F. Lubar, Electroencephalographic biofeedback of SMR

Robaev. the child psvchiatrist who diaanosed the participants and beta for treatment of attention deficit disorders in a clinical setting,
o Y: : pSy g g_ . p p Biofeedback Self-Regul. 9 (1984) 1-23.

(Hopital Ste-Justine). We also thankélnie Veilleux and the  [19] J.F. Lubar, M.N. Shouse, EEG and behavioral changes in a hyperkinetic

staff of the Departement de radiologie, CHUM @gital Notre- child concurrent with training of the sensorimotor rhythm (SMR): a

Dame, for their proficient technical assistance. preliminary report, Biofeedback Self-Regul. 1 (1976) 293-306.



J. Lévesque et al. / Neuroscience Letters 394 (2006) 216-221 221

[20] J.F. Lubar, M.O. Swartwood, J.N. Swartwood, P.H. O'Donnell, Evalua-[28] M.N. Shouse, J.F. Lubar, Operant conditioning of EEG rhythms and
tion of the effectiveness of EEG neurofeedback training for ADHD in a ritalin in the treatment of hyperkinesis, Biofeedback Self-Regul. 4 (1979)
clinical setting as measured by changes in T.O.V.A. scores, behavioral 299-312.
ratings, and WISC-R performance, Biofeedback Self-Regul. 20 (1995]29] R.L. Spitzer, J.B. Williams, M. Gibbon, M.B. First, The Structured
83-99. Clinical Interview for DSM-III-R (SCID). I: history, rationale, and

[21] V.J. Monastra, D.M. Monastra, S. George, The effects of stimulant ther- description, Arch. Gen. Psychiatry 49 (1992) 624-629.
apy, EEG biofeedback, and parenting style on the primary symptom¢$30] J.R. Stroop, Studies of interference in serial verbal reactions, J. Exp.
of attention-deficit/hyperactivity disorder, Appl. Psychophysiol. Biofeed- Psychol. 18 (1935) 643-662.
back 27 (2002) 231-249. [31] J. Talairach, J.P. Tournoux, Co-Planar Stereotactic Atlas of the Human

[22] S.H. Mostofsky, K.L. Cooper, W.R. Kates, M.B. Denckla, W.E. Kauf- Brain: 3-Dimensional Proportional System: An Approach to Cerebral
mann, Smaller prefrontal and premotor volumes in boys with attention- Imaging, Thieme, New York, 1988.
deficit/hyperactivity disorder, Biol. Psychiatry 52 (2002) 785-794. [32] M.A. Tansey, EEG sensorimotor rhythm biofeedback training: some

[23] R.C. Oldfield, The assessment and analysis of handedness: the Edinburgh effects on the neurologic precursors of learning disabilities, Int. J. Psy-
Inventory, Neuropsychologia 9 (1971) 97-113. chophysiol. 1 (1984) 163-177.

[24] B.S. Peterson, P. Skudlarski, J.C. Gatenby, H. Zhang, A.W. Andersor[33] M.A. Tansey, Brainwave signatures—an index reflective of the brain's
J.C. Gore, An fMRI study of Stroop word-color interference: evidence functional neuroanatomy: further findings on the effect of EEG sen-
for cingulate subregions subserving multiple distributed attentional sys- sorimotor rhythm biofeedback training on the neurologic precur-
tems, Biol. Psychiatry 45 (1999) 1237-1258. sors of learning disabilities, Int. J. Psychophysiol. 3 (1985) 85—

[25] T. Rossiter, The effectiveness of neurofeedback and stimulant drugs in ~ 99.
treating AD/HD: part Il. Replication, Appl. Psychophysiol. Biofeedback [34] L. Thompson, M. Thompson, Neurofeedback combined with training
29 (2004) 233-243. in metacognitive strategies: effectiveness in students with ADD, Appl.

[26] T.R. Rossiter, T.J. LaVaque, A comparison of EEG biofeedback and Psychophysiol. Biofeedback 23 (1998) 243-263.
psychostimulants in treating attention deficit hyperactivity disorders, J35] T.P. Tinius, The Integrated Visual and Auditory Continuous Performance
Neurotherapy 1 (1995) 48-59. Test as a neuropsychological measure, Arch. Clin. Neuropsychol. 18

[27] J.K. Seamans, C.R. Yang, The principal features and mechanisms of (2003) 439-454.
dopamine modulation in the prefrontal cortex, Prog. Neurobiol. 74[36] D. Wechsler, Manual for Wechsler Adult Intelligence Scale—Revised,
(2004) 1-58. The Psychological Corporation, San Antonio, TX, 1981.



	Effect of neurofeedback training on the neural substrates of selective attention in children with attention-deficit/hyperactivity disorder: A functional magnetic resonance imaging study
	Acknowledgements
	References


