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Abstract: Background. Problems with cognitive flexibility have been observed in patients with attention deficit
hyperactivity disorder (ADHD) and in patients with conduct disorder (CD), characterized by the violation of
societal rules and the rights of others. Functional magnetic resonance imaging (fMRI) of cognitive switching,
however, has only been investigated in patients with ADHD, including comorbidity with CD, finding frontos-
triatal and temporoparietal underactivation. This study investigates disorder-specific functional abnormalities
during cognitive flexibility between medication-naı̈ve children and adolescents with noncomorbid CD and
those with noncomorbid ADHD compared to healthy controls.Methods. Event-related fMRI was used to com-
pare brain activation of 14 boys with noncomorbid, childhood-onset CD, 14 boys with noncomorbid ADHD,
and 20 healthy comparison boys during a visual–spatial Switch task. Results. Behaviorally, children with
ADHD compared to children with CD had significantly slower reaction times to switch compared to repeat tri-
als. The fMRI comparison showed that the patients with ADHD compared to both controls and patients with
CD showed underactivation in right and left inferior prefrontal cortex. No disorder-specific brain underactiva-
tion was observed in patients with CD. Only when compared with controls alone, the disruptive behavior
group showed reduced activation in bilateral temporoparietal and occipital brain regions. Conclusions. The
findings extend previous evidence for disorder-specific underactivation in patients with ADHD compared to
patients with CD in inferior prefrontal cortex during tasks of inhibitory control to the domain of cognitive flexi-
bility. Inferior prefrontal underactivation thus appears to be a disorder-specific neurofunctional biomarker for
ADHDwhen compared with patients with CD.Hum BrainMapp 31:1823–1833, 2010. VC 2010Wiley-Liss, Inc.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is char-
acterized by symptoms of inattention, impulsiveness, and
hyperactivity (DSM IV) [American Psychiatric Association,
1994]. ADHD is associated with neuropsychological defi-
cits in tasks of inhibitory control, including motor and
interference inhibition, but also cognitive switching, meas-
uring the inhibition of previously valid stimulus-response
associations [Rubia et al., 2007a,b; Rubia et al., 2001; Will-
cutt et al., 2005]. Although many functional magnetic reso-
nance imaging (fMRI) studies have used tasks of motor
and interference inhibition, finding predominantly fronto-
striatal underactivations [Dickstein et al., 2006; Durston
et al., 2003, 2006; Rubia et al., 1999, 2005], to our knowl-
edge, only a previous study from our own group has
investigated the neural substrates of cognitive switching in
ADHD patients, reporting reduced activation in bilateral
inferior prefrontal and temporoparietal brain regions
[Smith et al., 2006].

Conduct disorder (CD) is defined by the violation of the
rights of others and societal rules (DSM IV) [American
Psychiatric Association, 1994]; it overlaps clinically, behav-
iorally, and cognitively with ADHD. About 30% of chil-
dren with CD have comorbidity with ADHD, which can
reach up to 50%, when oppositional defiant disorder
(ODD) is also present [Banaschewski et al., 2005; Spencer
et al., 1999]. Comorbid patients are often considered severe
cases of ADHD [Banaschewski et al., 2005], and the notion
of a separate neurobiological basis for CD has been
debated [Taylor et al., 1991]. Structural and functional
studies have shown abnormalities of the paralimbic system
that comprises the orbitofrontal cortex, superior temporal
lobe, and underlying limbic brain regions, known to medi-
ate emotion and motivation [Blair et al., 2006]. Thus, struc-
tural studies have found reduced volume and gray matter
of the temporal and orbitofrontal cortices in children with
CD [Huebner et al., 2008; Kruesi et al., 2004]. Limbic vol-
ume reductions have been observed in the hippocampus,
the insula, and the amygdala [Huebner et al., 2008; Sterzer
et al., 2004].

There is evidence that the patients with CD, like ADHD
patients, are impaired in tasks of cognitive flexibility such
as switching and reversal tasks [Banaschewski et al., 2005;
Blair et al., 2006; Lueger and Gill, 1990; Toupin et al.,
2000]. The majority of fMRI studies in CD, however, have
been on emotion-processing tasks, finding abnormal acti-
vation in limbic and paralimbic regions. Thus, children
with CD have shown to have more pronounced deactiva-
tion in right dorsal anterior cingulate gyrus during the
viewing of pictures with negative valence, which was
interpreted by the authors as reduced inhibition of emo-
tional behavior [Sterzer et al., 2005]. The anterior cingulate
deactivation furthermore correlated negatively with the
aggressive behavior scores and remained when controlling
for attention scores [Sterzer et al., 2005]. In two more
recent studies, children with CD and callous-unemotional

traits showed reduced amygdala and hippocampus activa-
tion during the processing of fearful facial expressions
compared to healthy children [Jones et al., 2009; Marsh
et al., 2008]. Only one fMRI study, however, has investi-
gated the neurofunctional substrates of cognitive flexibility
in the CD subtype of children with psychopathic traits
during a reversal task, finding abnormally enhanced ven-
tromedial orbitofrontal activation during errors in the task
[Finger et al., 2008].

Few studies have compared the neurofunctional sub-
strates between the two disorders. A series of studies from
our group found disorder-specific underactivation in
noncomorbid patients with ADHD when compared with
healthy boys and boys with noncomorbid CD in left, right,
or bilateral inferior prefrontal cortices during cognitive
control tasks, including motor and interference inhibition,
attention allocation, and sustained attention [Rubia et al.,
2008, 2009b,c]. We also observed enhanced, presumably
compensatory activation in the cerebellum in children
with ADHD that was reduced in children with CD [Rubia
et al., 2009c]. CD patients, on the other hand, demon-
strated disorder-specific activation reductions of the para-
limbic system, such as the orbitofrontal cortex during
reward [Rubia et al., 2009c], the insula, hippocampus, and
anterior cingulate during sustained attention [Rubia et al.,
2009c] and the superior temporal lobe during motor inhi-
bition [Rubia et al., 2008]. Two studies compared the CD
subgroup of severely disruptive children with psycho-
pathic traits with children with ADHD as well as controls;
one found enhanced orbitofrontal activation compared to
healthy and ADHD children during errors in a reversal
task [Finger et al., 2008] and the other reduced amygdala
activation during fear [Marsh et al., 2008]. There was also
reduced functional connectivity between the amygdala
and ventrolateral orbitofrontal cortex in the callous-
unemotional group compared to healthy and ADHD chil-
dren, which correlated with symptom severity [Marsh
et al., 2008].

In this study, given evidence for shared deficits in func-
tions of cognitive flexibility in the two disorders, we
wanted to explore differences and commonalities in the
neural substrates of cognitive flexibility during a visual–
spatial switching task between carefully selected medica-
tion-naı̈ve children with noncomorbid combined hyperac-
tive-inattentive subtype of ADHD and with noncomorbid
childhood-onset CD. A switching task was chosen, given
the evidence for deficits in switching task performance in
both disorders [Banaschewski et al., 2005; Blair et al., 2006;
Lueger and Gill, 1990; Toupin et al., 2000; Willcutt et al.,
2005]. Furthermore, cognitive switching has been shown to
activate ventrolateral prefrontal brain regions [Derrfuss
et al., 2005; Rubia et al., 2006; Smith et al., 2004] that are
known to be impaired in children with ADHD [Dickstein
et al., 2006; Rubia et al., 1999, 2005b, 2008; Smith et al.,
2006] with some evidence for impairment in children with
CD during tasks of cognitive flexibility [Finger et al.,
2008]. We included only the childhood-onset CD subtype,
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given evidence for more severe neuropsychological and
behavioral impairments [Frick and Ellis, 1999]. Given our
previous evidence for reduced inferior prefrontal activa-
tion in children with ADHD during this task [Smith et al.,
2006] and, furthermore, for disorder-specific underacti-
vation of inferior prefrontal activation in patients with
ADHD compared to patients with CD during other tasks
of cognitive control [Rubia et al., 2008, 2009b,c], we
hypothesized that ADHD children would also show disor-
der-specific bilateral inferior prefrontal underactivation
compared to patients with CD during cognitive switching.
Based on previous evidence for disorder-specific abnor-
malities in areas of the paralimbic system in patients with
CD behaviors compared to ADHD patients during tasks of
cognitive control [Rubia et al., 2008, 2009b,c] and of rever-
sal learning [Finger et al., 2008], we hypothesized that
patients with CD would show underactivations in areas of
the paralimbic system such as the orbitofrontal, cingulate,
and superior temporal cortices during task performance.

METHODS

Subjects

Forty-eight male, right-handed adolescent boys between
9 and 17 years participated in the study. Patients were 28
adolescents with a clinical diagnosis of either CD (N ¼ 14)
or ADHD, combined hyperactive-inattentive subtype (N ¼
14) (see Table I), recruited from parent support groups,
clinics, and advertisement. Clinical diagnosis of combined
subtype of ADHD without the diagnosis of CD/ODD and
of CD without any clinical ADHD diagnosis (DSM IV)
[American Psychiatric Association, 1994] was established
through interviews with a child psychiatrist using the
standardized structured Maudsley diagnostic interview
[Goldberg and Murray, 2002]. Exclusion criteria were
comorbidity with other psychiatric disorders, learning dis-

ability, specific reading disorder, neurological abnormal-
ities, epilepsy, drug or substance abuse (including
nicotine), and previous exposure to stimulant medication.
All patients with ADHD scored above threshold on the
hyperactivity/inattention scale of the Strength and Diffi-
culty Questionnaire (SDQ) [Goodman and Scott, 1999],
whereas all patients with CD scored above threshold on
the conduct problems scale of the SDQ (behavioral ratings
range from 1 to 10) (see Table I). All patients with CD had
an early onset of CD below the age of 10 and also met cri-
teria for ODD. All the patients exhibited overt antisocial
behavior (tantrums, fighting, destructiveness, aggression,
etc) rather than just covert behavior (lying, stealing, decep-
tiveness, and truanting) and hence fit criteria for the im-
pulsive-aggressive subtype, although this categorization
was not undertaken formally.

Control subjects were 20 children and adolescents with
no history of prior diagnosis of ADHD, any other mental
or neurological disorder, or of neurotropic medication or
drug and substance abuse. They scored below threshold
on the SDQ total scale and subcomponent scales of hyper-
activity/inattention and conduct problems (see Table I).

All participants scored above cut-off in the Raven’s
Standard Progressive Matrices Intelligence Questionnaire
(IQ) [Raven, 1960].

Written informed consent/assent from parents was
given for all participants, and the study was approved by
the local Ethical Committee.

The ADHD group has previously been compared to a
larger group of 27 healthy controls [Smith et al., 2006].

One-way ANOVA showed no significant group differen-
ces in age or IQ estimate (see Table I). As expected, groups
differed significantly in the hyperactivity/inattention and
conduct problems subscale scores of the SDQ. Post hoc t-
test [corrected using least significance difference (LSD)]
revealed that ADHD boys scored significantly higher than
both controls and CD boys on the hyperactivity/

TABLE I. Multiple univariate ANOVA group comparisons for age, IQ, and the measures on the SDQ (Strength and

Difficulty Questionnaire) for problems with hyperactivity/inattention and conduct disorder

Healthy controls
(N ¼ 20) ADHD (N ¼ 14) CD (N ¼ 14) ANOVA

Psychometric measurement Mean (SD) Mean (SD) Mean (SD) F (df ¼ 2) P value Between groups

Age in years, months 13, 5 (1, 9) 13, 3 (1, 10) 12, 6 (2, 3) 1 n.s.
IQ estimate 105 (14) 100 (14) 100 (13) 0.9 n.s.
SDQ hyperactiviy/inattention 3 (1) 9 (2) 7 (3) 27 <0.0001 C < ADHD**

C > CD**
CD < ADHD*

SDQ conduct 1 (1) 4 (2) 8 (2) 38 <0.0001 C < ADHD**
C < CD**

CD > ADHD**

Between-group post hoc comparisons correcting for multiple testing using LSD; *P < 0.05; P < 0.01.
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inattention subscale. CD boys scored significantly higher
on the conduct problems subscale than both control and
ADHD boys (see Table I).

fMRI Paradigm: Switch Task

The 6-min task was explained to the participants and
practiced once before scanning. The task was then pre-
sented to the subjects in the scanner via a mirror from a
liquid crystal diode projector, and a key pad was used for
recording responses onto a PC.

A modified version of the Meiran switch task [Meiran,
1996] was used for this rapid, mixed trial, event-related
fMRI design. The task requires cognitive switching between
two spatial dimensions, with minimal working memory
load, and is described in detail elsewhere [Rubia et al.,
2006; Smith et al., 2004, 2006]. A target dot appeared in one
of four corners of a grid with an arrow in the middle of the
grid (mean ITI was 2.4 s). If the central arrow was horizon-
tal, the subject had to indicate whether the target was on
the left or right side of the grid (left or right button); if the
central arrow was vertical, subjects had to indicate whether
the target was in the lower or upper half of the grid (up or
down button). During switch trials (21%; N ¼ 32), the cen-
tral arrow changed position, which occurred after every
four to six repeat trials (79%; N ¼ 120), that is, at least four
repetition times apart for adequate separation of the hemo-
dynamic response (see Fig. 1).

The main dependent variable for task performance is
the Switch and Repeat reaction times and errors, both of
which are typically higher in the Switch than the Repeat
condition and has been denominated the Switch reaction
time cost and Switch error cost.

The event-related fMRI analysis subtracts activation
associated with repeat trials (where the arrow positions
did not change) from activation associated with switch tri-
als (where arrow positions changed and subjects had to
make a visual–spatial switch) (switch–repeat) [Rubia, 2006;
Smith et al., 2004, 2006].

Subjects Practiced the Switch Task Once Prior to
Scanning.

Analysis of performance data

Repeated measures ANOVA with trial type (switch,
repeat) as within-subject variable and group as dependent
variable was used for the main variables of the task (reac-
tion times and errors).

fMRI image acquisition

Gradient-echo echoplanar MR imaging (EPI) data were
acquired on a GE Signa 1.5T Horizon LX System (General
Electric, Milwaukee, WI) at the Maudsley Hospital, Lon-
don. Consistent image quality was ensured by a semiauto-
mated quality control procedure. A quadrature birdcage

head coil was used for RF transmission and reception. In
each of 16 noncontiguous planes parallel to the anterior–
posterior commissural, 152 T2*-weighted MR images
depicting BOLD (Blood Oxygen Level Dependent) contrast
covering the whole brain were acquired with TE ¼ 40 ms,
TR ¼ 1.8 s, flip angle ¼ 90�, in-plane resolution ¼ 3.1 mm,
slice thickness ¼ 7 mm, and slice-skip ¼ 0.7 mm. This EPI
dataset provided almost complete brain coverage.

fMRI image analysis

The fMRI data were analyzed with the XBAM software,
version 4, developed at the Institute of Psychiatry (http://
www.brainmap.co.uk). This method of analysis makes no
normality assumptions, which are usually violated in fMRI
data, but instead uses median statistics to control outlier
effects and permutation rather than normal theory based
inference. Furthermore, the most common test statistic is
computed by standardizing for individual difference in re-
sidual noise before embarking on second level, multisub-
ject testing using robust permutation-based methods. This
allows a mixed effects approach to analysis—an approach
that has recently been recommended following a detailed
analysis of the validity and impact of normal theory based
inference in fMRI in large number of subjects [Thirion
et al., 2007].

Individual level analysis

fMRI data were realigned to minimize motion-related
artefacts [Bullmore et al., 1999] and smoothed using a
Gaussian filter (full-width half maximum, 7.3 mm). Time-
series analysis of individual subject activation was per-
formed using XBAM, with a wavelet-based resampling
method previously described [Bullmore et al., 2001].
Briefly, we first convolved the experimental condition
(Switch–Repeat trials), with two Poisson model functions
(delays of 4 and 8 s). We calculated the weighted sum of
these two convolutions that gave the best fit (least-squares)
to the time series at each voxel. A goodness-of-fit statistic
(the SSQ-ratio) was then computed at each voxel consist-
ing of the ratio of the sum of squares of deviations from
the mean intensity value due to the model (fitted-time se-
ries), divided by the sum of squares due to the residuals
(original time series minus model time series). The appro-
priate null distribution for assessing significance of any
given SSQ-ratio was established using the wavelet-based
data resampling method [Bullmore et al., 2001] and apply-
ing the model-fitting process to the resampled data. This
process was repeated 20 times at each voxel and the data
combined over all voxels, resulting in 20 null parametric
maps of SSQ-ratio for each subject, which were combined
to give the overall null distribution of SSQ-ratio. The same
permutation strategy was applied at each voxel to pre-
serve spatial correlation structure in the data. Instead of
relying on asymptotic distributions such as t or F that
assume data normality, we use data-driven, permutation-
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based methods with minimal distributional assumptions
that have been shown to be more suitable for fMRI data
analysis in samples sizes similar to the ours [Zhang et al.,
2009]. Individual SSQ-ratio maps were transformed into
standard space, first by rigid body transformation of the
fMRI data into a high-resolution inversion recovery image
of the same subject and then by affine transformation onto
a Talairach template [Talairach and Tournoux, 1988].

Group level analysis

A generic activation group map was produced for the
experimental condition by calculating the median ob-
served SSQ-ratio over all subjects at each voxel in standard
space and testing them against the null distribution of me-
dian SSQ-ratios computed from the identically trans-
formed wavelet resampled (permuted) data [Brammer
et al., 1997]. Then, thresholding at any required level of
significance proceeds exactly as for normal t or F tests
where the observed statistic is tested against the appropri-
ate critical value from a theoretical rather than a data
derived distribution. For cluster-level testing, the images
are first thresholded at a voxel-wise P-value of 0.05 to give
maximum sensitivity and to avoid type II errors and then
grouped (using simple 3D contiguity) into 3D clusters.
Next, a cluster-mass threshold was computed from the
distribution of cluster masses in the wavelet-permuted
data such that the final expected number of type I error
clusters under the null hypothesis was <1 per whole
brain. In this analysis, less than one error clusters were
observed at a voxel-wise P-level of P < 0.05 and a cluster
P-level of <0.05. Cluster mass rather than a cluster extent
threshold was used to minimize discrimination against
possible small, strongly responding foci of activation [Bull-
more et al., 1999].

ANOVA group difference analysis

Analysis of variance was conducted to test for differen-
ces between the three groups using a randomization-based
test for voxel- and cluster-wise activation differences [Bull-
more et al., 1999, 2001]. First, the difference between the
mean SSQ-ratio values in each group was calculated at
each voxel. The mean ratio was then recalculated 1,000
times at each voxel following random permutation of
group membership, and the difference in SSQ-ratios was
calculated after each permutation. The same set of random
numbers was used for the permutation at each voxel to
preserve spatial correlations in each permuted map. The
probability of the original SSQ-ratio difference under the
null hypothesis of no effect of group membership is the
number of times we observed an SSQ-ratio difference as
large or larger than the original difference during the per-
mutation process, divided by the total number of permuta-
tions. If this value exceeded our threshold for voxel-level
activation, activated voxels were used to identify activa-
tion clusters, which were subjected to cluster analysis. For

these between-group comparisons, a P value of P < 0.05
for voxel and P < 0.05 for cluster comparisons was used.
Then, statistical measures of BOLD response for each par-
ticipant were extracted in each of the significant clusters of
the one way ANOVA analysis and post hoc t-tests (cor-
rected using LSDs) were conducted on these measures to
identify comparisons between the different groups.

RESULTS

Task Performance

Repeated measures ANOVA with trial type as within-
subject variable and group as dependent variable showed
that within all subjects there was a significant linear effect
of trial type on errors and reaction times, with all subjects
making more errors and having slower reaction times dur-
ing the switch compared to the repeat trials [F(1,45) ¼ 45;
P < 0.0001 for both reaction time and errors].

There was no significant interaction effect for group by
error [F(2,45) ¼ 0.5, P < 0.6]. There was, however, a signif-
icant interaction effect for group by mean reaction time
[F(2,45) ¼ 30, P < 0.009]. Post hoc t-tests (LSD corrected)
showed that this was due to a higher switch effect on reac-
tion times (i.e., Switch reaction time cost) for ADHD com-
pared to CD boys (P < 0.01). No other group differences
were observed. The findings show that switching was
harder for patients with ADHD than for patients with CD,
taking a higher toll on reaction times (see Table II).

Brain Activation

Movement

The head coil we use is relatively close fitting, and head
motion is therefore inherently difficult. We also used chin
straps and head pads to further minimize movement. All sub-
jects were within acceptable limits for head movement (below
1.5 mm). Repeated measures ANOVA showed no significant
group or group � motion effects in the extent of three-dimen-
sional motion in x, y, and z translation and rotation.

Within-Group Activations

Within-group activations for the contrast of Switch–
Repeat are shown in Figure 2.

TABLE II. Main variables of the Switch task by group

Measure

Controls
(N ¼ 20)

ADHD
(N ¼ 14) CD (N ¼ 14)

Mean SD Mean SD Mean SD

MRT repeat (ms) 689 139 777 106 675 180
MRT switch (ms) 799 133 861 113 686 113
Error repeat (%) 2 2 3 4 6 6
Error switch (%) 6 4 8 9 8 9

Note: MRT, mean reaction time.
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Controls activated right-inferior prefrontal cortex, reach-
ing into insula and putamen and in left-inferior prefrontal
cortex, reaching into caudate, putamen, globus pallidus,

and insula. They also activated left and right-superior
temporal/inferior parietal lobes, posterior cingulate, precu-
neus, and occipital regions, supplementary motor area
(SMA), and the cerebellar vermis.

Patients with CD activated right medial frontal, pre and
postcentral gyri, and inferior/superior parietal lobes, and
left-inferior parietal and pre and postcentral gyri.

Patients with ADHD activated bilateral pre- and post-
central and inferior parietal gyri and right thalamus

ANOVA Group Effects

There was a significant group effect for the ANOVA
analysis in two clusters: a cluster in right lateral inferior
prefrontal cortex, reaching into premotor cortex [BA 47/
45/6; Talairach coordinates (Tal. Coord.): 54;11;�2; 30 vox-
els, P < 0.03] and a cluster in left-inferior/dorsolateral pre-
frontal cortex [BA 45/46, Tal. Coord. �40;30;26; 37 voxels,
P < 0.05] (see Fig. 3). Post hoc analyses (LSD corrected)
showed that the right-inferior prefrontal activation cluster
was significantly reduced in patients in ADHD compared
to controls (P < 0.001) and compared to patients with CD
(P < 0.04). The cluster in left-inferior prefrontal cortex was
significantly reduced in patients with ADHD compared to
both controls (P < 0.012) and to patients with CD (P <
0.021) (see Fig. 3).

To explore whether children with CD would show brain
activation abnormalities when compared separately with

Figure 2.

Axial slices for the group activation maps for the three groups for the contrast of Switch versus

Repeat trials (P < 0.05 for voxel and cluster levels). Talairach z-coordinates are indicated for

slice distance (in mm) from the intercomissural line. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 1.

Visual-spatial Switch task. Subjects have to respond according to

the arrow direction in the middle of the grid and switch their

response according to the horizontal dimension (indicate

whether the dot is left or right of the grid) or the horizontal

dimension (indicate whether the dot is up or down of the grid).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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either healthy controls or ADHD children alone in two-
group ANOVA comparisons, which might have been
missed by the three-group ANOVA analysis, we compared
children with CD separately with healthy comparison chil-
dren and with children with ADHD at a more conserva-
tive P-value of P < 0.02 to adjust for multiple testing.

Children with CD showed significant reduced activation
compared to healthy children in right-inferior parietal
lobe, reaching into precentral gyrus (BA 40; Tal. coord.:
43;�33; 42; 95 voxels) in left-superior temporal/inferior pa-
rietal lobe (BA 38/40; Tal. Coord. �54; �30; 26; 73 voxels)
and in left precuneus and cuneus (BA 7/18/19; Tal
Coord.: �11; �89; 2; 187 voxels) (see Fig. 4a). No brain
regions showed increased activation in patients with CD
compared to healthy children.

Children with CD showed no significant underactivation
when compared with patients with ADHD. ADHD
patients, however, showed a significant underactivation
compared to patients with CD at the junction between left-
ventrolateral prefrontal and superior temporal gyri (BA
47/38; Tal.coord. �43; 4; �24; 149 voxels) (see Fig. 4b).

DISCUSSION

Patients with ADHD and those with CD did not signifi-
cantly differ from controls in their switch-task measures.
Patients with ADHD, however, had a significantly greater
Switch reaction time cost compared to patients with CD,
suggesting that the hyperactive/inattentive group found
the task more difficult than the disruptive group. The
three-group ANOVA fMRI comparison showed that only
patients with ADHD showed disorder-specific underacti-
vation in right and left inferior prefrontal cortex compared
to both healthy controls and patients with CD. Patients
with CD showed no disorder-specific deficits. Only when
compared with healthy controls alone, patients with CD
showed underactivations in left-superior temporal, bilat-
eral inferior parietal, and occipital brain regions. The
results extend previous findings of disorder-specific
underactivation in inferior prefrontal cortex in ADHD
patients compared to patients with CD during tasks of
cognitive control to the domain of cognitive flexibility. To-
gether with these previous findings, these data suggest
that inferior prefrontal underactivation appears to be a
specific neurofunctional biomarker of ADHD when com-
pared with patients with CD that is pervasive across tasks
of cognitive control.

Although all participants were slower and made more
errors during Switch trials, the Switch reaction time cost
was most pronounced in ADHD compared to CD patients.
In line with these findings, we have previously found
enhanced Switch costs during the same task in younger
children with ADHD [Rubia et al., 2007b], but not in
younger children with CD [Hobson, 2008]. Meta-analyses
show that children with ADHD have difficulties with cog-
nitive switching in more difficult switching tasks such as

the Wisconsin Card Sorting task (WCST) [Willcutt et al.,
2005]. In this study, we may not have found switching
deficits in the ADHD children compared to controls,
because the fMRI adaptation was easier than neuropsycho-
logical task versions, due to a higher number of repeat
trials interspersed with switch trials to allow for hemody-
namic separability of switch trials. Furthermore, the chil-
dren of this study were older, in the adolescent range,
compared to previously tested children in neuropsycho-
logical studies [Rubia et al., 2007b]. In children with CD,
the evidence for cognitive switching deficits is more con-
troversial. No deficits were found in simpler visual spatial
switching tasks [Blair, 2001], and the largest study did not
find deficits in the more difficult WCST [Klorman et al.,
1999]. Deficits seem to be more consistently observed dur-
ing reversal tasks that involve reward processing [Arono-
witz et al., 1994; Budhani and Blair, 2005; Fisher and Blair,
1998], known to be mediated by the orbitofrontal cortex
[Rolls, 2000], rather than switching tasks without reward
elements, that are mediated by the inferior prefrontal cor-
tex [Derrfuss et al., 2005; Rubia et al., 2006; Smith et al.,
2004].

The fMRI findings in part support this interpretation of
dissociative pathologies of inferior prefrontal underactiva-
tion in ADHD and orbitofrontal dysfunction in CD. The
visual–spatial switch task used in this study, known to be
mediated by inferior prefrontal cortex and its connection
to parietal and striatal regions [Rubia et al., 2006; Rubia
et al., in press; Smith et al., 2004, 2006; Woolley et al.,
2008], only elicited performance deficits and brain under-
activation in inferior prefrontal cortex in the ADHD com-
pared to the healthy or CD groups. The disorder-specific
underactivation in patients with ADHD in left and right
inferior prefrontal lobes is in line with previous findings.
Left and right inferior prefrontal cortex has consistently
been found to be underactivated in children with ADHD
compared to healthy controls during the same switch task
[Smith et al., 2006] as well as during other tasks of inhibi-
tory control [Dickstein et al., 2006; Durston et al., 2006;
Pliszka et al., 2006; Rubia et al., 1999, 2005]. Furthermore,
left and right inferior prefrontal underactivation was disor-
der-specific in partly overlapping groups of ADHD
patients when compared with controls and CD patients
during other executive function tasks, of motor response
inhibition [Rubia et al., 2008], interference inhibition
[Rubia et al., 2009b] and sustained attention [Rubia et al.,
2009c]. Right and left inferior prefrontal cortex was also
specifically underactivated in ADHD children when com-
pared with healthy and OCD children during the same
switching task and a response inhibition task [Rubia et al.,
in press]. The findings of this study therefore extend our
previous evidence for disorder-specificity of inferior pre-
frontal dysfunction in patients with ADHD compared to
CD to yet another domain of cognitive control and hence
suggest that inferior prefrontal dysfunction may be a dis-
order-specific neurofunctional biomarker of ADHD that is
pervasive across cognitive control tasks.
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Figure 4.

Axial sections showing the ANOVA between-group difference

effects in brain activation for the Switch task (Switch–Repeat tri-

als; P < 0.05 for voxel and P < 0.02 for cluster levels). Talairach z-

coordinates are indicated for slice distance (in mm) from the inter-

commissural line. (a) Reduced activation in patients with conduct

disorder compared to healthy controls in precunues, left superior

temporal/inferior parietal, and right inferior parietal lobes. No

areas of increased activation were observed in patients with CD

compared to healthy controls. (b) Reduced activation in left ven-

trolateral and superior temporal cortex in patients with ADHD

compared to patients with CD. No areas of increased activation

were observed in patients with CD compared to ADHD patients.

The left (right) side of the image corresponds to the left (right)

side of the brain. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 3.

(a) Axial sections showing the ANOVA between-group difference

effects in brain activation for the Switch task (Switch–Repeat tri-

als) (P < 0.05 for voxel and cluster levels). Talairach z-coordinates

are indicated for slice distance (in mm) from the intercommissural

line. (b) Below shown is the standardised BOLD response in the

left and right inferior prefrontal brain areas of ANOVA group

effects that differed between groups for the individual subjects of

the three groups as well as the means and the confidence intervals

for each group. The activation clusters in right and left inferior

prefrontal cortex were reduced in patients with ADHD compared

to patients with CD and healthy controls (who did not differ from

each other). The left (right) side of the image to the left (right)

side of the brain. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]



CD patients showed no disorder-specific underactiva-
tions in the three-group comparison. This is not in line
with our hypothesis of paralimbic dysfunctions in CD. It
differs from our previous findings of disorder-specific
underactivations in the same patients with CD when com-
pared with a larger group of ADHD patients and controls
in the orbitofrontal cortex during reward, in limbic and
paralimbic regions during sustained attention [Rubia et al.,
2009c], and in superior temporal and inferior parietal lobes
during inhibition failures [Rubia et al., 2008]. However, we
also did not observe disorder-specific brain abnormalities
in patients with CD compared to healthy and ADHD par-
ticipants during a Simon task of interference inhibition
and during attention allocation [Rubia et al., 2009b]. Like
with cognitive switching, interference inhibition in the
Simon task and attention allocation seem not to be key
dysfunctions in patients with CD [Banaschewski et al.,
2005; Herba et al., 2006]. It is thus likely that paralimbic
abnormalities in patients with CD are only observed dur-
ing tasks that are most sensitive to the pathology. This
would be in line with the observations of paralimbic
abnormalities in severely disruptive patients with psycho-
pathic traits compared to ADHD patients during functions
that have consistently been shown to be impaired in these
children such as a reward reversal [Finger et al., 2008] and
emotion processing [Marsh et al., 2008]. It thus appears
that disorder-specific brain dysfunctions in paralimbic
brain regions in patients with CD may only be observed in
tasks that have most consistently been shown to be sensi-
tive to CD such as sustained attention, motor inhibition,
reward-related functions, and emotion processing.

When we compared patients with CD to the healthy
control group alone, however, we observed brain dysfunc-
tions in the disruptive group in left superior temporal,
bilateral parietal, and occipital brain regions. The fact that
this was only observed in comparison to healthy controls
but not to ADHD patients suggests that the two patient
groups shared these dysfunction regions. The temporal
lobe has been found to be reduced in size in children with
CD [Huebner et al., 2008; Kruesi et al., 2004] and been
associated with aggression [Herzberg and Fenwick, 1988].
The parietal lobes are thought to mediate visual–spatial ex-
ecutive attention, necessary for cognitive switching [Rush-
worth, 2006; Smith et al., 2004]. Precuneus and cuneus
were also underactivated in CD patients compared to con-
trols during the switch trials and are important areas for
visual–spatial attention to saliency [Mesulam et al., 2001;
Small et al., 2003]. We have previously found superior
temporal and inferior parietal regions as well as precuneus
and posterior cingulate gyri to be underactivated in
patients with CD compared to healthy controls (but, like
in this study, shared with ADHD) during other attention
functions that require visual–spatial attention to saliency
such as error monitoring during inhibition failures [Rubia
et al., 2008] and interference inhibition [Rubia et al.,
2009b]. A weakness of the activation in the temporoparie-
tal junction could possibly be related to visual–spatial ex-

ecutive attention deficits in patients with CD. Shared
abnormal precuneus activation has also been observed in
children with psychopathic traits and with ADHD during
errors in a reversal task [Finger et al., 2008]. Reduced tem-
poroparietal and precuneus/posterior cingulate activation
is a consistent finding in ADHD patients during tasks that
require visual–spatial attention to saliency such as reward,
error monitoring, and oddball tasks [Rubia et al., 2005,
2007a, 2008, 2009a,b,c; Stevens et al., 2007; Tamm et al.,
2006], and it appears that this deficit may be shared with
CD.

A limitation of this study is the relatively small subject
numbers. A strength, however, is the careful selection of
representative patient subgroups of each disorder, of
childhood-onset CD and of the hyperactive-inattentive
combined subtype of ADHD, who differed from each
other in conduct and ADHD problems. CD is considered a
highly heterogenous disorder [Frick and Ellis, 1999] and,
in this study, we have tested the childhood-onset CD sub-
type to maximize homogeneity. Other subtypes, however,
have been suggested, such as those associated with pre-
dominant psychopathic and those with predominant im-
pulsive-aggressive traits [Frick and Ellis, 1999]. Although
not formally assessed, patients of this study exhibited
overt rather than just covert antisocial behavior and hence
would fit criteria for the impulsive-aggressive subtype. We
did not test for psychopathic traits, as our sample would
have been too small for further subtype analyses. It is con-
ceivable, however, that disruptive patients with psycho-
pathic traits show different neurobiological abnormalities
than those with predominant impulsive-aggressive traits
during cognitive switching. A typical design feature of
cognitive switching tasks is that switch trials are typically
less in number than repeat trials. The reduced number of
switch compared to repeat trials in this task design makes
switch trials also rare, oddball trials compared to the more
frequent repeat trials and may hence coactivate brain sys-
tems of visual–spatial attention to saliency. Abnormal acti-
vation in relation to switch trials in the patient groups
could therefore potentially at least in part also reflects
abnormalities in visual–spatial attention allocation
systems.

In conclusion, we show, in this fMRI study of cognitive
switching, that only children with ADHD have disorder-
specific dysfunctions when compared with patients with
CD, in right and left inferior prefrontal cortices. This
extends our previous findings of disorder specificity of
these brain regions in ADHD patients when compared
with patients with CD during three other executive func-
tion tasks, of sustained attention, and of motor and inter-
ference inhibition [Rubia et al., 2008, 2009b,c] and when
compared with patients with OCD during the same task
[Rubia et al., in press]. The findings of this study, there-
fore, together with the previous evidence, confirm and
extend disorder-specific neurofunctional deficits in ADHD
patients in the inferior prefrontal cortex during cognitive
control tasks. Replication in larger samples and
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comparisons with other childhood disorders, however, are
necessary to further establish the disorder-specificity of
this dysfunction. This study represents a further step to-
ward the clarification of the specificity of the underlying
pathophysiology of these two behaviorally overlapping
disorders. Disentangling the underlying pathophysiology
of these two disorders will hopefully aid to a more objec-
tive diagnosis and help with the development of disorder-
tailored treatment.
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