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NEW RESEARCH

Cortical Gray Matter in Attention-Deficit/
Hyperactivity Disorder: A Structural
Magnetic Resonance Imaging Study

Martin J. Batty, Ph.D, Elizabeth B. Liddle, Ph.D, Alain Pitiot, Ph.D, Roberto Toro, Ph.D,
Madeleine J. Groom, Ph.D, Gaia Scerif, Ph.D, Mario Liotti, M.D., Ph.D,

Peter F. Liddle, MBBCh., Ph.D, Tomáš Paus, M.D., Ph.D, Chris Hollis, MRCPsych, Ph.D

Objective: Previous studies have shown smaller brain volume and less gray matter in
children with attention-deficit/hyperactivity disorder (ADHD). Relatively few morphological
studies have examined structures thought to subserve inhibitory control, one of the diagnostic
features of ADHD. We examined one such region, the pars opercularis, predicting a thinner
cortex of the inferior frontal gyrus (IFG) in children with ADHD. Method: Structural images
were obtained from 49 children (24 control; 25 ADHD combined subtype) aged 9 though 15
years. Images were processed using a volumetric pipeline to provide a fully automated
estimate of regional volumes of gray and white matter. A further analysis using FreeSurfer
provided measures of cortical thickness for each lobe, and for 13 regions in the frontal
lobe. Results: Relative to controls, children with ADHD had smaller whole brain volume
and lower gray matter, but not white matter, volumes in all lobes. An analysis of frontal
regions showed a significant interaction of group by region. Planned contrasts showed
bilateral thinner cortex in the pars opercularis in children with ADHD. Conclusions:
Children with ADHD showed both diffuse and regional gray matter abnormalities. Consistent
with its putative role in response inhibition, the cortex of the pars opercularis was thinner in
children with ADHD who, as expected, had significantly poorer inhibitory performance on a
Go/No-go task. These differences held for both hemispheres raising the possibility that a
developmental abnormality of IFG might drive development of inhibition difficulties. J. Am.
Acad. Child Adolesc. Psychiatry, 2010;49(3):229–238. Key Words: Attention-deficit/hyper-
activity disorder, MRI, Cortical thickness, Inferior frontal gyrus, Gray matter.
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A ttention-deficit/hyperactivity disorder
(ADHD) is a common neurodevelopmen-
tal disorder affecting between 3% and 5%

of children and young persons. It is characterized
by pervasive and developmentally inappropriate
levels of inattention, impulsivity, and hyperactiv-
ity and wide-ranging behavioral and cognitive
impairments, including deficits in working mem-
ory, inhibitory control, and altered motivational
style.1 Disinhibited behavior is one of the diag-
nostic criteria for ADHD combined subtype, and
children with ADHD typically perform more
poorly than controls on tasks that require inhibi-
tion or suppression of a pre-potent response.2

This can be readily observed using paradigms
such as the Go/No-go and Stop-Signal task in
which subjects are required to make speeded

responses to frequently presented targets while i
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ithholding responses to rarer “No-go” or
Stop” trials. Both tasks are thought to tap inhib-
tory behavioral control, a process generally con-
idered to be supported by fronto-cortical re-
ions.3

The frontal lobe is an important focus of
esearch in ADHD for a number of reasons.
onverging evidence implicates dopaminergic
ysfunction of fronto-striatal circuits in the
athogenesis of the disorder.4 Studies using

unctional magnetic resonance imaging (fMRI)
ave shown differential task-related response in
rontal regions in both children4 and adults5 with
DHD, relative to matched controls, in para-
igms requiring response inhibition. Further ev-

dence of the importance of the frontal lobes in
DHD comes from MR-based anatomical stud-
es. Although interpretation of the anatomical
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BATTY et al.
findings is complicated by differences in meth-
odology, clinical subtype and comorbidities (re-
viewed by Krain et al.6), children with ADHD
appear to have smaller volumes of prefrontal7

and striatal4,8 gray matter (GM) as compared
with typically developing children. Moreover,
the presence of a relationship between perfor-
mance in “inhibitory” tasks and fronto-striatal
volume4 suggests a close association between the
structural development of the fronto-cortical sys-
tems and cognitive functions implicated in
ADHD symptoms.

Several fronto-cortical regions, including the
ventrolateral prefrontal, dorsolateral prefrontal,
and anterior cingulate cortex (ACC), are impor-
tant in attention. In particular, several studies
have highlighted the role of the ventrolateral
regions of the inferior frontal gyrus (IFG)—par-
ticularly the right IFG—as being crucial for in-
hibiting behavioral responses.9,10 The IFG com-
prises three adjacent regions: pars opercularis
Brodmann area (BA 44), pars triangularis (BA
45), and pars orbitalis (BA 47/12). Using a group
of patients with lesions confined to the right
frontal lobe, Aron et al.9 investigated the putative
role of the IFG in response inhibition. They
hypothesized that damage to IFG, but not other
structures, would correlate with performance on
a Stop-signal task. As predicted, there was a
significant positive correlation between the ex-
tent of IFG damage and Stop Signal Reaction
Time (SSRT), an inferred measure of the time
taken to countermand a motor response. Closer
examination of specific regions within IFG re-
vealed that the damage of the pars opercularis,
but not the pars triangularis, was a significant
predictor of SSRT.

Further support for the importance of the pars
opercularis in inhibitory control is provided by a
recent repetitive transcranial magnetic stimula-
tion (rTMS) study10 in which rTMS was applied
over three regions of the right hemisphere: IFG
(pars opercularis), middle frontal gyrus (MFG)
and angular gyrus (AG). Participants completed
two blocks of a Stop-signal task, each block
preceded by a 15-minute period of 1Hz rTMS.
Inhibitory performance was impaired only after
applying rTMS over the IFG. Finally, as one
might expect of a disorder in which inhibitory
performance is compromised, structural11,12 and
functional4,13 abnormalities in IFG have been
noted in children with ADHD.
Although these findings highlight the signifi- d
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ance of the IFG in inhibitory control, a number
f other regions appear to be important for this
unction, including pre–supplementary motor
rea (preSMA) and right dorsolateral prefrontal
nd inferior parietal areas, with activation in the
atter two regions being particularly pronounced

hen working memory load is high.14 In addi-
ion, fMRI signal in frontal (anterior cingulate),
triatal and medial temporal regions has been
hown to correlate with Stop Signal Reaction
ime (SSRT) in children with ADHD.15 In sup-
ort of this more “global” model of inhibitory
eficits in ADHD, reductions in total brain vol-
me7,16 and gray matter (GM) volume17 are
mong the most consistent structural findings in
DHD. In addition, thinner cerebral cortex in

hildren with ADHD, as compared with typically
eveloping children, has been found both glo-
ally and locally, most notably in frontal and
entral regions.18 Overall, the heterogeneity of
ndings in ADHD suggests that the disorder is

ikely to be characterized by widespread changes
n cortical GM.12,19 Because the attention system
f the human brain is thought to involve a
umber of distinct but interconnected regions,20

nd because of the frequent occurrence of comor-
id disorders in ADHD21 in which the neural
ases are largely unknown, an examination of
lobal changes in brain structure should prove
seful.

Here, we used MRI to obtain a number of
lobal and regional measures of brain structure

n a clinical group of children and adolescents
ith ADHD characterized by clinical impulsivity/
yperactivity and inattention (DSM-IV combined
ubtype) and in healthy controls. In accordance
ith previous studies and the heterogeneous

ature of the disorder, we predicted smaller
rain volume and global reductions in GM in
articipants with ADHD. In addition, based on

he putative role of the IFG in inhibitory
ontrol9,10,22 and the occurrence of inhibitory
eficits in the disorder,23 we predicted lower
ortical thickness in the right pars opercularis in
articipants with ADHD.

ETHOD
articipants
thical approval was granted by the local Research
thics Committee and Research and Development
epartments of the Nottinghamshire Healthcare and
incolnshire Partnership NHS Trusts. After complete

escription of the study, written informed consent and
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CORTICLE GREY MATTER IN ADHD
verbal assent was obtained from parents and children,
respectively. Thirty children with ADHD and 33 con-
trols taking part in an fMRI/EEG study (reported
elsewhere24) underwent MRI scanning. Eleven chil-
dren (five subjects with ADHD and six controls) were
excluded because of excessive movement during scan-
ning and three further controls were removed from the
FreeSurfer analysis due to poor registration of their
scans. Thus, data from 52 subjects were included in the
volumetric analysis and 49 subjects were included in
the cortical thickness analysis; 25 ADHD (24 male;
mean age, 12.48 years; SD, 1.86) and 24 controls (23
male; mean age, 12.82; SD, 1.69). Details of clinical and
demographic data are summarized in Table 1.
ADHD Group. Children and adolescents with a clin-
ical diagnosis of ADHD were recruited from child
psychiatry and community paediatric clinics. An ini-
tial telephone call to parents screened for broad inclu-
sion criteria (9 through 15 years, right handed, cur-
rently taking and responsive to stimulant medication)

TABLE 1 Clinical and Demographic Characteristics of Su

AD
N �

Gender M�24
Age (y) 12.48
Weight (kg) 42.84
Duration of stimulant medication (mo) 38.1 (2
D=a 1.16
FSIQ 89.84
Total digit span scaled 7.72
TOWRE: Total Score 89.56
Conners Parent DSM total 81.40
SES classification (n)

Higher professional
Lower professional
Self-employed
Manual/unemployed 1

Co-morbid diagnoses
ODD 1
CD
DCD
RD
GAD

Depressionb

Specific phobia

Note: Some subjects had more than one comorbidity. ADHD � attention
coordination disorder; DSM � Diagnostic and Statistical Manual of M
anxiety disorder; ODD � oppositional defiant disorder; RD � readin
Efficiency.

aD prime scores are taken from a Go/No-go task using 24 matched pai
bMild depressive episode.
and exclusion criteria (presence or history of psycho- p
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is, epilepsy or Tourette syndrome, diagnosis of mod-
rate or severe learning disability, current use of
onstimulant or other psychotropic medication except
elatonin). Eligible participants were invited to attend

n assessment session in which we administered the
evelopment and Well Being Assessment [DAWBA]25

nd a battery of questionnaires were administered:
ocial Communication Questionnaire [SCQ],26

trengths and Difficulties Questionnaire [SDQ],27 and
onners long form.28 Permission to access the child’s
edical records and contact their school was obtained,

nd teacher versions of the DAWBA, SDQ, and Con-
ers were also completed for each child.

ADHD diagnosis was confirmed or overturned
ollowing a clinical consensus diagnostic meeting in-
olving CH and another experienced child and ado-

escent psychiatrist. This included a full review of the
hild’s medical history, parent and teacher DAWBA
ranscripts (including computer generated predic-
ions) and questionnaires. Only right-handed partici-

ts

Group

p Value
Control
N � 24

1 M�23, F�1 n/s
) 12.82 (1.69) .52
0) 48.38 (11.87) .17

n/a n/a
1.68 .012

5) 104.67 (14.74) .0003
) 9.75 (3.05) .018
4) 98.63 (13.99) .097
) 44.79 (6.17) 4.21E-23

.89
1
5
1

17

0 n/a
0 n/a
0 n/a
0 n/a
0 n/a
0 n/a
0 n/a

/hyperactivity disorder; CD � conduct disorder; DCD � developmental
l Disorders; FSIQ � full-scale intelligence quotient; GAD � generalized
rder; SES � socioeconomic status; TOWRE � Test of Word Reading

HD participants off medication; Cohen’s Dz effect size � 0.76).
bjec

HD
25

, F�

(1.86
(15.3
3.7)

(11.6
(2.76
(22.3
(7.50

1
5
1
8

1
7
1
1
3
1
3

-deficit
enta

g diso

rs (AD
ants with a DSM-IV diagnosis of ADHD combined

231www.jaacap.org



a
i
a
i
s
i
(
�
a
S
w
l
m
f
b
l
w
C
a
b
a
B
p
e

F
s
u
G
F
i
a

v
a
a
a
c
t
t
S
G
u
r
p
f
m

R
P
T
o
g
c
l

BATTY et al.
subtype and an established positive response to stim-
ulant medication (assessed using symptom severity
and clinical interview ratings on and off medication)
were included. Diagnosed or suspected comorbidities
were investigated where necessary, and any partici-
pants with psychosis, bipolar disorder, major depres-
sion, Tourette syndrome, Autistic Disorder/Asperg-
er’s Disorder, major head trauma or epilepsy were
excluded. Participants with comorbid oppositional de-
fiant disorder (ODD), conduct disorder (CD), and
anxiety disorder were included. A separate session
assessed intelligence, reading ability and handedness
using, respectively, Weschler Abbreviated Scale of
Intelligence (WASI), Test of Word Reading Efficiency
(TOWRE), and Annett Handedness Questionnaire.
Any subjects with a full scale IQ �70 were excluded.
Non-ADHD Control Group. Letters detailing the
study were sent to approximately 600 families of
children in primary and secondary schools in the
Nottinghamshire region. From an initial sample who
volunteered to take part, we selected a group of
right-handed controls matched for age (�6 months),
sex, and parental socio-economic status (SES) to a
member of the ADHD group. Parental SES was as-
sessed using the eight groups identified in the ONS
SES manual (ONS, v 1.1, 2004), combined to form four
subgroups (Table 1) to enable accurate demographic
matching. Parents completed the same battery of ques-
tionnaires used in the ADHD assessment, including a
shortened version of the DAWBA. Potential partici-
pants with attention scores �1 SD above the mean on
the SDQ or Conners (n � 6), or with known or
suspected autistic or other major psychiatric disorders
(assessed using the SCQ and DAWBA) or a FSIQ �70
were excluded from the study.

Participants undertook additional tasks (not re-
ported in this paper) on two separate days as part of
the fMRI/EEG study, in which testing was conducted
on and off stimulant medication, the order of which
was counterbalanced across subjects. Therefore, ap-
proximately half on the structural scans for the ADHD
group were taken while the subjects were on medica-
tion (n � 13), while the remainder (n � 12) were
scanned following a �36-hour stimulant-medication
withdrawal. No effects of medication status at the time
of scanning on brain structure were predicted for the
ADHD group; controls were never medicated.

MRI Acquisition and Analysis
T1-weighted (T1W) brain images in the sagittal plane
were obtained with a Philips Achieva 1.5-T MRI scanner
with an eight-channel SENSE head coil using a 3D TFE
sequence with the following parameters: 160 contiguous
slices; TR/TE 9.9/3.7 ms; matrix size, 256 � 256; voxel
size, 1 � 1 � 1 mm. Head movement was minimized by
the use of foam pads placed within the head coil.

The acquired images were processed using a pipeline

adapted from the Montreal Neurological Institute (MNI) o
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pproach.29 First, we corrected nonuniformity in the
ntensity of T1-weighted (T1W) images using the N3
lgorithm.30 After nonuniformity correction, the T1W
mages were linearly and nonlinearly registered onto the
tandard stereotaxic space. The template brain used here
s the average brain computed from a population
SYS333) comprising 183 female adolescents (age [mean

SD], 183 � 24 months; FSIQ, 105 � 12) and 150 male
dolescents (age, 183 � 22 months; FSIQ, 105 � 13).31 The
YS333 template is aligned with the MNI-305 template,32

hich is aligned with the Talairach and Tournoux at-
as.33 The tissues were then classified into GM, white

atter (WM), and cerebrospinal fluid (CSF) using the
ully automated landmark-based MNI classifier.34 By
ack-projecting these tissue maps and a standard-space

obar atlas onto the native space of the original MR scans,
e could quantify the overall amount of GM, WM, and
SF for each lobe in each subject. This provided a fully
utomated estimate of lobar volumes of GM and WM. A
rain mask of the SYS333 template, obtained by manu-
lly adjusting the automatic extraction produced by the
ET algorithm (FSL software), was also nonlinearly back-
rojected onto the native space of each scan to provide an
stimate of brain size for each subject.

Estimates of cortical thickness were obtained using
reeSurfer.35 For each subject, GM, WM, and noncortical
tructures were segmented and a triangular mesh was
sed to measure the distance from the pial surface to the
M/WM boundary for each hemisphere.36 For both the
reeSurfer and the volumetry pipeline, a quality control

nspection assessed for gross structural abnormalities,
ccuracy of registration, and presence of artifacts.

All statistical analyses were conducted using SPSS
.16 (SPSS Inc., Chicago, IL). Volumes of WM and GM
nd mean cortical thickness were computed for each lobe
nd combined across the left and right hemispheres. To
scertain the presence of group differences in frontal
ortex, particularly inferior frontal gyrus (IFG), we also
ested differences between the two groups in cortical
hickness in 13 frontal regions segmented by the Free-
urfer. If the data violated the assumptions of sphericity,
reenhouse-Geisser adjusted degrees of freedom were
sed and a corrected p value was reported (pGG). All
eported analyses include data from all eligible partici-
ants. When the analyses were repeated omitting the one

emale ADHD–control pair, the pattern of results re-
ained the same.

ESULTS
articipant Characteristics
here were no significant differences in age, sex,
r socioeconomic status (SES) between the two
roups (Table 1). Because GM and WM volume
hanges during development are well estab-
ished, and as pairwise matching was not used in

rder to maximise subject numbers, AGE was
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CORTICLE GREY MATTER IN ADHD
used as a covariate (linear and quadratic) in all
analyses. Only one analysis was improved by the
inclusion of a quadratic term and in all analyses,
the findings remained robust when this term was
included. Controls (CTRL) had higher mean Full
Scale Intelligence (FSIQ) than children with
ADHD (105, SD � 15 vs. 90, SD � 12 respec-
tively); t (50) � 4.27, p � .0003 and FSIQ was also
used as a covariate in all subsequent analyses.

Brain Volume
An analysis of covariance (ANCOVA) using the
between subjects factor GROUP (ADHD vs.
CTRL) and the covariates AGE and full-scale IQ
(FSIQ), returned significant main effects of
GROUP [F (1, 48) � 9.61, p � .003] and AGE [F (1,
48) � 15.52, p � .0003] but not FSIQ [F�1].
Participants with ADHD had smaller total brain
volume than CONTROLS (ADHD � 1273.42 cm3,
SD � 118.19; CTRL � 1387.89 cm3 SD � 112.12).
Age was a significant predictor of brain volume,
with larger brains in the older children. Including
a quadratic term for age did not improve the fit of
the model.

Gray Matter
Absolute GM volumes for each lobe were entered
into a multivariate analysis of covariance. There
were significant main effects of AGE, F (4, 45) �
6.03, p � .001 and GROUP, F (4, 45) � 5.71, p �
.001. Younger children had lower GM volume
than older children, and children with ADHD
had less GM than CONTROLS. Univariate anal-
ysis showed smaller GM volumes in all four
lobes in ADHD, as compared with CONTROLS:
Frontal [F (1, 48) � 17.78, p � .0001]; Parietal [F
(1, 48) � 14.90, p � .0003]; Temporal [F (1, 48) �
8.01, p � .007] and Occipital [F (1, 48) � 10.60, p

TABLE 2 Absolute Gray Matter Volumes by Lobe and G

ADH

Mean (cm3)

Total frontal GM absolute 232.87
Total parietal GM absolute 113.23
Total temporal GM absolute 161.03
Total occipital GM absolute 67.30

Note: ADHD � attention-deficit/hyperactivity disorder; GM � gray matte
� .002] (Table 2). Although this GM difference is t
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artially accounted for by the reduction in brain
olume in the ADHD group, when brain volume
as entered as a covariate and total GM volume

or the four lobes was entered as a dependent
ariable, ADHD participants still had smaller
relative) GM volumes [F (4, 44) � 2.91, p � .032].
sing univariate statistics, only parietal [F (1, 47)
4.76, p � .034] (ADHD � 117.06 cm3, SD �

.25; CTRL � 123.57 cm3, SD � 10.08) and frontal
obe [F (1, 47) � 6.67, p � .0013] (ADHD � 240.42
m3, SD � 15.90; CTRL � 253.08 cm3; SD � 15.75)
elative GM volumes were significantly different
etween the two groups. The same was also true
hen total surface (cortical) area was entered as
covariate (instead of brain volume). Overall,

otal relative GM volume is significantly lower in
DHD children, as compared with CONTROLS,

fter covarying for surface area (or brain vol-
me), surface ratio, and mean thickness.

hite Matter
hen the analysis was repeated using WM vol-

me, there was no main effect of GROUP (F�1).
he smaller brain volume in the ADHD cases
ppears to be driven by lower GM volume in all
obes.

ortical Thickness
ortical thickness measures derived from Free-
urfer were analysed in a series of ANCOVAs.
ata from three control subjects were not in-

luded in this analysis because of poor registra-
ion of their scans. To test our a priori hypothesis
hat children with ADHD would show abnor-

alities in the Inferior Frontal Gyrus, specifi-
ally, the pars opercularis, a repeated-measures
NCOVA was conducted with HEMISPHERE as
within-subjects factor and GROUP as a be-

Group

Control

SD Mean (cm3) SD

21.67 260.07 21.55
12.09 127.16 12.01
15.91 174.43 15.82
8.76 75.79 8.71
roup

D

ween-subjects factor, using the covariates Age

233www.jaacap.org
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and FSIQ. Hemisphere was included in this anal-
ysis owing to the putative lateralised role of the
right pars opercularis in inhibitory control. The
ANCOVA returned a significant main effect of
GROUP, F (1, 45) � 6.00, p � .018; children with
ADHD had significantly thinner cortex in the
pars opercularis than CONTROLS (2.71 mm, SD
� .14 vs 2.81 mm, SD � .14 respectively). There
was no significant difference in the thickness of
the pars opercularis between the left and right
hemisphere, as evidenced by the nonsignificant
GROUP � HEMISPHERE interaction (F � 1.1)
but univariate analysis conducted on each hemi-
sphere separately showed a significant main ef-
fect of GROUP in the right hemisphere, F (1, 45)
� 5.79, p � .02,and a trend in the left hemisphere,
F (1, 45) � 3.30, p � .076. Including a quadratic

FIGURE 1 Developmental trajectory of cortical thickness o
(quadratic fit). ADHD � attention-deficit/hyperactivity disord
term for age improved the fit of the model, t
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hereby the left pars opercularis had a nonsig-
ificant positive value and the right pars opercu-

aris had an inverted U function (significant
uadratic effect) of age, peaking at around 148
onths (Figure 1).
Mean cortical thickness across the 13 frontal

ortical regions (caudal anterior cingulate, caudal
iddle frontal, frontal pole, lateral orbitofrontal,
edial orbitofrontal, paracentral, pars opercu-

aris, pars orbitalis, pars triangularis, precentral,
ostral anterior cingulate, rostral middle frontal,
nd superior frontal) were then entered into a 2
GROUP) � 13 (REGION) � 2 (HEMISPHERE)
epeated-measures ANCOVA using the covari-
tes AGE, and FSIQ and returned a significant
EGION � GROUP interaction, F (5.82, 262.04)

2.49, p(GG) � .024. In a planned comparison,

right pars opercularis in ADHD and control groups
f the
er.
he thickness of the pars opercularis was com-
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CORTICLE GREY MATTER IN ADHD
pared with the mean thickness of all the other
frontal areas and a significant effect was found, F
(1, 45) � 4.58, p � .038. Children with ADHD had
thinner cortex in the pars opercularis relative to
CONTROLS in both hemispheres. The effect
sizes for each of the 13 regions are presented in
Figure 2. As predicted, the largest effect was for
pars opercularis (Cohen’s D � 0.6).

A vertex-based analysis using the between-
subjects factor GROUP failed to reveal any sig-
nificance difference in cortical thickness for any
voxels in any of the lobes after correcting for
multiple comparisons across the entire cerebral
cortex.

Behavioral Correlate
On a Go/No-go task, inhibition rates were sig-
nificantly lower in children with ADHD than
controls (Table 1). Pearson correlations were
computed separately for each group to determine
whether there was an association between mean
cortical thickness of the pars opercularis and

FIGURE 2 Ranked effect sizes for mean differences in c
groups after controlling for FSIQ and Age. Positive effect
sizes mean thicker cortex in ADHD. ADHD � attention-de
quotient.
discriminability (measured using D prime scores) W
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n the Go/No-go task from the 39 children with
vailable D prime data. In the children with
DHD, task performance did not correlate with

hickness of the pars opercularis (r � .201, n � 21,
� .383), whereas in the control group, there
as a nonsignificant trend (r � .44, n � 18, p �

071).

ISCUSSION
onsistent with previous studies,16,17 the mean

otal brain volume in children with ADHD was
ess than that of the typically developing con-
rols. In addition, GM (but not WM) volume was
ower in all four lobes. Smaller global GM vol-
mes have been observed in other studies,17

articularly in frontal areas, as reviewed else-
here.19,37

The global lower GM volume in the ADHD
roup might be explained using a model of
elayed brain maturation.38 In both typically
nd atypically developing children, GM and

al thickness for frontal regions in ADHD and control
indicate thinner cortex in ADHD and negative effects
hyperactivity disorder; FSIQ � full-scale intelligence
ortic
sizes
ficit/
M development follows a similar trajectory,
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with GM increases in childhood followed by a
reduction in adolescence. Shaw et al.38 mea-
sured the peak age at which cortical thickness
occurred as a proxy for cortical maturation.
Peak cortical thickness in children with ADHD
was found to lag by approximately 4 years
relative to controls, with the largest difference
(�5 years) observed in prefrontal cortex, sug-
gestive of a maturational lag. However, cortical
thinning in networks thought to subserve at-
tention has also been found in adults with
ADHD,39 indicating that developmental struc-
tural anomalies in ADHD might persist into
adult life rather than normalise with age. In
support of this view, Castellanos et al.16 used a
longitudinal design and found that volume
abnormalities present in children with ADHD
continued into adulthood. Although the neuro-
biological underpinnings of these group differ-
ences in GM are unknown, they could be
related, for example, to fewer synapses and/or
reduced dendritic branching in children with
ADHD, with corresponding decreases in cere-
bral metabolism accompanied by a reduction in
the numbers of glial cells.40 Whereas wide-
spread reductions in GM appear robust and are
of interest in their own right, we were partic-
ularly interested in determining whether corti-
cal abnormalities in specific structures associ-
ated with control of inhibition might also be
present in ADHD. We began with an a priori
interest in the frontal lobe, specifically, the pars
opercularis, because of its putative role in
inhibitory control.9,10,22 As hypothesized, the
cortex was thinner throughout the frontal lobe
in the children with ADHD, but was signifi-
cantly thinner in the pars opercularis, which
also had the greatest effect size. Of note, and in
accord with its proposed role in inhibitory
function, not only did the children with ADHD
show structural differences in the pars opercu-
laris, but their performance on a Go/no-go task
was also significantly poorer (d= scores in Table
1). Furthermore, although there was a nonsig-
nificant trend for performance to be positively
correlated with cortical thickness in the pars
opercularis in the control group, no such trend
was observed in the ADHD group. This finding
is not wholly unexpected, given that partici-
pants were selected on the basis of having good
(control participants) or poor (ADHD partici-
pants) inhibitory control. Thus, the weak or

absent association between structure and be- m
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aviour in each group is likely to reflect homo-
eneity within groups. Similar findings were
videnced in a study by Durston et al.13 Using
MRI, children and adolescents with ADHD,
heir unaffected siblings and controls under-
ook a Go/No-go task. Correlations between
ight IFG and performance were evident in
ontrols and unaffected siblings only and not
n participants with ADHD. In the current
tudy, thinner cortex was present in both the
eft and right hemisphere in the children with
DHD. Our finding of a larger effect in right

FG but no significant hemispheric difference,
s consistent with prior functional imaging
tudies of Go/No-go tasks, which more com-
only show engagement of right IFG14 but in

ome instances report engagement of bilateral
FG.41

The strengths of this study include a well-
efined clinical sample, the inclusion of only
ombined type ADHD and careful matching of
ontrols. There are, however, also some limita-
ions. Although the sample size is larger than that
f many similar studies, it lacked the statistical
ower required to explore multiple a priori re-
ions or to detect small effects post hoc.16,38

lthough the groups were carefully matched in
erms of demographic factors, they were not

atched for IQ. However, as participants came
rom similar areas and backgrounds, the lower
Q scores in the ADHD group are likely to be a
onsequence of the disorder rather than other
actors such as social disadvantage, and thus
eflect “typical” ADHD. Indeed, attention and
earning problems are highly interrelated and
ypically coexist.42 As expected,21 comorbidity—
articularly behavioral disorders—was present

n most participants with ADHD, all of whom
ere taking long-term stimulant medication.
onetheless, when the analysis was repeated

ncluding only those participants with external-
sing disorders (ODD/CD), the results remained
obust despite the reduction in sample size. This
nding is in keeping with other studies in which
omorbid behavioral disorders such as opposi-
ional defiant disorder and conduct disorder
ave evidenced relatively little additional effect
n brain structure in ADHD.15

With respect to medication, in one of the
argest morphologic studies to date,16 no signifi-
ant differences were found between medicated
nd treatment-naive subjects, suggesting that

edication has little effect on brain structure. In
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contrast, Semrud-Clikeman et al.43 found reduc-
tions in right anterior cingulate cortex volume in
treatment-naive relative to medicated ADHDs
and controls, raising the intriguing possibility
that medication may “normalize” deficient struc-
tures by strengthening connections within the
structure in much the same way that synaptic
plasticity may increase the size of local structures
through demand.44 Further support for this no-
tion is provided in a recent study by Shaw et al.,45

who found more rapid cortical thinning in excess
of age-appropriate rates in children with ADHD
not taking stimulant medication. If so, then the
morphological reductions observed in our
ADHD participants may be an underestimate of
the true effects of ADHD rather than a conse-
quence of stimulant medication.

Our findings demonstrate that an ADHD com-
bined type subgroup, with clinical features in-
cluding impulsivity/hyperactivity have both a
generalized deficit in gray matter compared with
healthy controls, but there is some evidence of
nonuniformity, with the deficits being most

marked in IFG. Future work using a single het-

12. Sowell ER, Thompson PM, Welcome SE, Henkenius AL, Toga
AW, Peterson BS. Cortical abnormalities in children and adoles-
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1

1

1

1

2

2
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rogeneous group with a spectrum of severity of
mpulsivity deficits would enable us to test for
he anatomical correlates of impulsivity in
DHD. &

Accepted November 19, 2009.

Drs. Batty, E. Liddle, Pitiot, Groom, P. Liddle, Paus, and Hollis are with
the University of Nottingham. Dr. Toro is with the Pasteur Institute, Paris,
France. Dr. Scerif is with the University of Oxford. Dr. Liotti is with
Simon Fraser University, Canada. Dr. Paus is also with the Montreal
Neurological Institute, Montreal, Quebec, Canada.

This study was supported by a grant from the Wellcome Trust (grant
number: 076448/Z/05/Z).

We are grateful for the assistance of Drs Carolyn Nahmen and Rachel
Duffy in the clinical assessment of patients, John Totman and Carolyn
Costigan for scanning, Dr Pierre-Yves Herve for assistance with
FreeSurfer, and the comments of two anonymous reviewers. We also
extend our gratitude to the families who took part.

Disclosure: Drs. Batty, E. Liddle, Pitiot, Toro, Groom, Scerif, Liotti, P.
Liddle, Paus, and Hollis report no biomedical financial interests or
potential conflicts of interest.

Correspondence to: Dr. Batty, Developmental Psychiatry, E Floor,
South Block, Queen’s Medical Centre, Derby Road, NG7 2UH,
United Kingdom; e-mail: martin.batty@nottingham.ac.uk.

0890-8567/10/Crown Copyright ©2010 Published by Elsevier Inc
on behalf of American Academy of Child and Adolescent Psychiatry.
All rights reserved.
DOI: 10.1016/j.jaac.2009.11.008
REFERENCES
1. Sonuga-Barke EJS. Psychological heterogeneity in AD/HD—a

dual pathway model of behaviour and cognition. Behav Brain
Res. 2002;130:29-36.

2. Slaats-Willemse D, Swaab-Barneveld H, de Sonneville L, van der
Meulen E, Buitelaar J. Deficient response inhibition as a cognitive
endophenotype of ADHD. J Am Acad Child Adolesc Psychiatry.
2003;42:1242-1248.

3. Paus T. Mapping brain maturation and cognitive development
during adolescence. Trends Cogn Sci. 2005;9:60-68.

4. Casey BJ, Castellanos FX, Giedd JN, et al. Implication of right
frontostriatal circuitry in response inhibition and attention-defi-
cit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry.
1997;36:374-383.

5. Bush G, Frazier JA, Rauch SL, et al. Anterior cingulate cortex
dysfunction in attention-deficit/hyperactivity disorder revealed
by fMRI and the counting stroop. Biological Psychiatry. 1999;45:
1542-1552.

6. Krain AL, Castellanos FX. Brain development and ADHD. Clin
Psychol Rev. 2006;26:433-444.

7. Mostofsky SH, Cooper KL, Kates WR, Denckla MB, Kaufmann
WE. Smaller prefrontal and premotor volumes in boys with
attention-deficit/hyperactivity disorder. Biol Psychiatry. 2002;52:
785-794.

8. Qiu AQ, Crocetti D, Adler M, et al. Basal ganglia volume and
shape in children with attention deficit hyperactivity disorder.
Am J Psychiatry. 2009;166:74-82.

9. Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW.
Stop-signal inhibition disrupted by damage to right inferior
frontal gyrus in humans. Nature Neuroscience. 2003;6:115-116.

10. Chambers CD, Bellgrove MA, Stokes MG, et al. Executive “brake
failure” following deactivation of human frontal lobe. J Cogn
Neurosci. 2006;18:444-455.

11. Castellanos FX, Giedd JN, Marsh WL, et al. Quantitative brain
magnetic resonance imaging in attention-deficit hyperactivity
disorder. Arch Gen Psychiatry. 1996;53:607-616.
cents with attention-deficit hyperactivity disorder. Lancet.
2003;362:1699-1707.

3. Durston S, Mulder M, Casey BJ, Ziermans T, van Engeland H.
Activation in ventral prefrontal cortex is sensitive to genetic
vulnerability for attention-deficit hyperactivity disorder. Biol
Psychiatry. 2006;60:1062-1070.

4. Simmonds DJ, Pekar JJ, Mostofsky SH. Meta-analysis of Go/
No-go tasks, demonstrating that fMRI activation associated with
response inhibition is task-dependent. Neuropsychologia. 2008;
46:224-232.

5. McAlonan GM, Cheung V, Cheung C, et al. Mapping brain
structure in attention deficit-hyperactivity disorder: a voxel-based
MRI study of regional grey and white matter volume. Psychiatry
Res Neuroimaging. 2007;154:171-180.

6. Castellanos FX, Lee PP, Sharp W, et al. Developmental trajectories
of brain volume abnormalities in children and adolescents with
attention-deficit/hyperactivity disorder. J Am Med Assoc. 2002;
288:1740-1748.

7. Carmona S, Vilarroya O, Bielsa A, et al. Global and regional gray
matter reductions in ADHD: a voxel-based morphometric study.
Neurosci Lett. 2005;389:88-93.

8. Shaw P, Lerch J, Greenstein D, et al. Longitudinal mapping of
cortical thickness and clinical outcome in children and adoles-
cents with attention-deficit/hyperactivity disorder. Arch Gen
Psychiatry. 2006;63:540-549.

9. Seidman LJ, Valera EM, Makris N. Structural brain imaging of
attention-deficit/hyperactivity disorder. Paper presented at: Con-
ference on Advancing the Neuroscience of Attention-Deficit/
Hyperactivity Disorder (ADHD); Feb 28, 2004, Boston, MA.

0. Posner MI, Petersen SE. The attention system of the human brain.
Annu Rev Neurosci. 1990;13:25-42.

1. Biederman J. Attention-deficit/hyperactivity disorder: a selective
overview. Paper presented at: Conference on Advancing the
Neuroscience of Attention-Deficit/Hyperactivity Disorder
(ADHD); Feb 28, 2004, Boston, MA.
2. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right
inferior frontal cortex. Trends Cogn Sci. 2004;8:170-177.

237www.jaacap.org

mailto:martin.batty@nottingham.ac.uk


3

3

3

3

3

4

4

4

4

4

4

BATTY et al.
23. Barkley R. Behavioural inhibition, sustained attention, and exec-
utive functionings: constructing a unified theory of ADHD.
Psychol Bull. 1997;121:65-94.

24. Groom MJ, Scerif G, Liddle PF, et al. Effects of motivation and
medication on electrophysiological markers of response inhibi-
tion in children with attention deficit/hyperactivity disorder. Biol
Psychiatry 2007;61:1361-1369.

25. Goodman R, Ford T, Richards H, Gatward R, Meltzer H. The
Development and Well-Being Assessment: Description and initial
validation of an integrated assessment of child and adolescent
psychopathology. J Child Psychol Psychiatry Allied Disc. 2000;
41:645-655.

26. Rutter M, Bailey A, Berument S, Couteur AL, Lord C, Pickles A.
Social Communication Questionnaire. Los Angeles, CA: Western
Psychological Services; 2003.

27. Goodman R. Psychometric properties of the strengths and diffi-
culties questionnaire. J Am Academy Child Adolesc Psychiatry.
2001;40:1337-1345.

28. Conners CK. Conners’ Rating Scales—Revised Technical Manual.
North Tonawanda, NY: Multi-Health Systems; 1997.

29. Zijdenbos AP, Forghani R, Evans AC. Automatic “pipeline”
analysis of 3-D MRI data for clinical trials: application to multiple
sclerosis. IEEE Trans Med Imaging. 2002;21:1280-1291.

30. Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for
automatic correction of intensity nonuniformity in MRI data.
IEEE Transact Med Imaging. 1998;17:87-97.

31. Pausova Z, Paus T, Abrahamowicz M, et al. Genes, maternal
smoking, and the offspring brain and body during adolescence:
design of the Saguenay Youth Study. Hum Brain Mapping.
2007;28:502-518.

32. Evans A, Collins D, Mills S, Brown E, Kelly R, Peters T. 3D
statistical neuroanatomic models from 305 MRI volumes. Paper
presented at: Proceedings of the IEEE Nuclear Science Sympo-
sium and Medical Imaging Conference 1993.

33. Talairach J, Tournoux P. Co-Planar Stereotaxic Atlas of the Human
Brain. New York, NY: Thieme Medical Publishers; 1988.
34. Cocosco CA, Zijdenbos AP, Evans AC. A fully automatic and
robust brain MRI tissue classification method. Paper presented at:

JOURN

238 www.jaacap.org
5th International Conference on Medical Image Computing and
Computer-Assisted Intervention; Sep 25–28, 2002, Tokyo, Japan.

5. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis—I.
Segmentation and surface reconstruction. Neuroimage. 1999;9:
179-194.

6. Toro R, Perron M, Pike B, et al. Brain size and folding of the
human cerebral cortex. Cerebr Cortex. 2008;18:2352-2357.

7. Valera EM, Faraone SV, Murray KE, Seidman LJ. Meta-analysis of
structural imaging findings in attention-deficit/hyperactivity dis-
order. Paper presented at: 52nd Annual Meeting of the American-
Academy-of-Child-and-Adolescent-Psychiatry Oct, 2005; To-
ronto, ON, Canada.

8. Shaw P, Eckstrand K, Sharp W, et al. Attention-deficit/hyperac-
tivity disorder is characterized by a delay in cortical maturation.
Proc Natl Acad Sci U S A. 2007;104:19649-19654.

9. Makris N, Biederman J, Valera EM, et al. Cortical thinning of the
attention and executive function networks in adults with atten-
tion-deficit/hyperactivity disorder. Cerebr Cortex. 2007;17:1364-
1375.

0. Paus T, Keshavan M, Giedd JN. Opinion: Why do many psychi-
atric disorders emerge during adolescence? Nat Rev Neurosci.
2008;9:947-957.

1. Liddle PF, Kiehl KA, Smith AM. Event-related fMRI study of
response inhibition. Hum Brain Mapping. 2001;12:100-109.

2. Mayes SD, Calhoun SL, Crowell EW. Learning disabilities and
ADHD: overlapping spectrum disorders. J Learn Disabil. Sep–Oct
2000;33:417-424.

3. Pliszka SR, Lancaster J, Liotti M, Semrud-Clikeman M. Volumet-
ric MRI differences in treatment-naive vs chronically treated
children with ADHD. Neurology. 2006;67:1023-1027.

4. Maguire EA, Gadian DG, Johnsrude IS, et al. Navigation-related
structural change in the hippocampi of taxi drivers. Proc Natl
Acad Sciences U S A. 2000;97:4398-4403.

5. Shaw P, Sharp WS, Morrison M, et al. Psychostimulant treatment
and the developing cortex in attention deficit hyperactivity dis-

order. Am J Psychiatry. 2009;166:58-63.

AL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 49 NUMBER 3 MARCH 2010


	Cortical Gray Matter in Attention-Deficit/Hyperactivity Disorder: A Structural Magnetic Resonance Imaging Study
	METHOD
	Participants
	ADHD Group
	Non-ADHD Control Group

	MRI Acquisition and Analysis

	RESULTS
	Participant Characteristics
	Brain Volume
	Gray Matter
	White Matter
	Cortical Thickness
	Behavioral Correlate

	DISCUSSION
	REFERENCES


