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Background: Current theories suggest a role for frontal-striatal circuits in the pathogenesis of attention-deficit/byperactivity disorder
(ADHD).

Methods: We used magnetoencephalography (MEG) to measure event-related brain activity during a simplified version of the
Wisconsin Card Sorting Test in children with DSM-IV combined type ADHD (ADHD-C) or predominantly inattentive type ADHD
(ADHD-PD and in age- and intelligence-matched control children.

Results: In control children, set-shifting cues evoked a bigher degree of activation in the medial temporal lobe (MTL) between 200 and
300 msec than non-shifting cues, with MTL activation predicting later activity in left anterior cingulate cortex (ACC) (at 400—500
msec). This MTI-ACC response pattern was diminished in children with ADHD. By contrast, children with ADHD showed early activity
in regions barely activated in control children, such as left inferior parietal lobe and posterior superior temporal gyrus.
Conclusions: These preliminary data support theories of frontal dysfunction in ADHD but also suggest that deficits in higher-level

JSfunctions might be secondary to disruptions in earlier limbic processes.
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physiological underpinnings of attention-deficit/hyperac-

tivity disorder (ADHD). Affecting 3% to 5% of all school-
aged children (Buitelaar 2002; Kaplan et al 1994), ADHD is
characterized by hyperactivity/impulsivity and/or inattention that
interferes with normal functioning in various settings (American
Psychiatric Association 1994).

Neuroimaging studies of ADHD have reported anatomical as
well as functional abnormalities, particularly in frontostriatal
circuitry (Casey et al 1997; Castellanos 2002; Hesslinger et al
2002; Kates et al 2002; Mostofsky et al 2002; Overmeyer et al
2001; Sowell et al 2003). Neuropsychological studies and current
theories regarding ADHD are consistent with frontostriatal find-
ings, emphasizing a core deficit in executive functions in these
children (Pineda et al 1998; Sergeant et al 2002; Shallice et al
2002). Executive functions have been defined as those skills
necessary for purposeful, goal-directed activity (Mateer and
Williams 1991). Behaviorally, they can be operationalized as
self-regulatory abilities, allocation of attentional resources, and
the ability to act on feedback or other knowledge (Mateer and
Williams 1991), all skills that depend on prefrontal cortex
integrity (Malloy and Aloia 1998).

The Wisconsin Card Sorting Test (WCST) (Grant and Berg 1948;
Heaton 1981) has been widely used to assess prefrontal cortex
dysfunction (Milner 1963; Stuss et al 2000); however, recent neuro-
imaging studies have shown that performance in the WCST (Monchi
et al 2001; Peridnez et al 2004), as well as in other task-switching

T here is increasing interest in understanding the neuro-
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paradigms (Luks et al 2002), recruits not only prefrontal cortex but
a widespread network encompassing prefrontal (mid-ventrolateral,
mid-dorsolateral, and anterior cingulate) as well as posterior cortices
and subcortical structures. These brain regions contribute differen-
tially to the multiple subcomponent processes that underlie overall
task performance (Monchi et al 2001), which cluster into two
overarching processing stages: task preparation and task execution
(Meiran et al 2000; Rubinstein et al 2001).

These neuroimaging studies have highlighted many of the brain
regions implicated in set-shifting; however, the temporal profile of
the observed activations remains unclear. Magnetoencephalogra-
phy (MEG) might enable characterization of the temporal dynamics
of the brain networks subserving set-shifting, because MEG com-
bines high temporal and high spatial resolution. To our knowledge,
only one previous whole-head MEG study has explored the spatio-
temporal brain dynamics of a modified version of the WCST in
adults (Peridnez et al 2004). In this study, inferior frontal gyrus,
anterior cingulate cortex (ACC), and supramarginal gyrus showed
shifting-related activations in a temporally specific manner.

Previous neuroimaging studies in ADHD have reported de-
creased activity in ACC (Bush et al 1999; Etchepareborda et al 2004;
Fallgatter et al 2004; Zametkin et al 1990). This structure seems to
play a critical role in the preparatory set-shifting stage by monitoring
the early allocation of attentional resources for managing conflict
(Bush et al 1999; Fan et al 2003; Luks et al 2002).

We used MEG during performance of a modified and simpli-
fied version of the WCST (Diamond 2002; Zelazo et al 1995,
1996) in a pilot sample of well-characterized children with
DSM-IV combined type ADHD (ADHD-C) or predominantly
inattentive type ADHD (ADHD-PD and age- and intelligence-
matched control children. The study aimed to explore the
spatiotemporal profile of activation in children with ADHD and
potential subtype differences in a task involving prefrontal
cortex. We hypothesized that children with ADHD would dem-
onstrate less functional activity in ACC in the earliest preparatory
set-shifting stage.

Methods and Materials

Participants
One 10-year-old boy with ADHD-C could not be retained in
the study because of repeated requests for rest breaks during
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MEG recording and excessive head motion. The remaining
sample consisted of 17 right-handed children subdivided into
three groups according to DSM-IV diagnostic criteria: five boys
with ADHD-C, four boys and two girls with ADHD-PI, and six
age- and intelligence-matched control children (four boys, two
girls). The ADHD and control groups did not differ significantly
in terms of age, gender, or intelligence measures (Table 1).

Children with ADHD were recruited from a clinic specializing
in attention-deficit disorders—the Valencian Institute of Pediatric
Neurology. Participants were included if they met full DSM-IV
diagnostic criteria (American Psychiatric Association 1994) for
ADHD-C or ADHD-PI. Diagnosis was determined by a clinician
expert in ADHD (ME) on the basis of structured interviews
conducted with parents that included all the DSM-IV symptoms
for ADHD. Additionally, teacher ratings had to exceed 2 SD
beyond the mean of the normative population on the Conners
Rating Scales—Revised (Conners 1997). Exclusion criteria were
sensory and motor dysfunctions, autism, psychosis, mental retar-
dation, and treatment with medications other than methylpheni-
date. None of the control children used medication; all the
children with ADHD were being treated with methylphenidate,
which was stopped at least 48 hours before MEG data collection.
Written informed consent detailing the procedures of the study,
according to the Declaration of Helsinki (Lynoe et al 1991) and
approved by the Ethics Committee of the Complutense Univer-
sity of Madrid, was provided by a parent before MEG recordings
in all cases; all children provided oral assent and, as noted above,
one child exercised his right to withdraw his cooperation, thus
terminating that study.

Table 1. General Characteristics Of The Sample

Group Age(y) Gender Handedness VIQ PIQ FIQ
Control
12.6 F R 128 103 119
12.0 F R 119 112 118
139 M R 95 91 92
10.8 M R 130 111 124
12.1 M R 118 118 120
12.5 M R 109 114 113
Mean 123 116.5 108.2 114.3
SD 1.0 13.0 9.7 11.5
ADHD-C
10.6 M R 127 132 134
12.7 M R 72 95 80
10.0 M R 99 113 104
10.1 M R 96 94 94
10.3 M R 103 100 929
Mean 10.7 99.4 106.8 102.2
SD 1.1 19.6 16.0 19.9
ADHD-PI
9.5 M R 96 115 106
12.0 M R 104 97 101
13.8 F R 115 107 112
8.1 F R 107 106 107
12.8 M R 119 98 107
124 M R 84 100 90
Mean 114 104.2 103.8 103.8
SD 2.2 12.8 6.9 7.6

VIQ, verbal intelligence quotient; PIQ, performance IQ; FIQ, full scale 1Q;
F, female; M, male; R, right; ADHD-C, attention-deficit/hyperactivity disor-
der, combined type; ADHD-PI, predominantly inattentive type ADHD.
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Stimuli and Tasks

Brain magnetic activity was recorded while participants per-
formed a modified and simplified version of the WCST (WCST-M)
(Diamond 2002; Zelazo et al 1995, 1996). Two modifications were
made to the standard WCST to minimize the demands of cogni-
tive processes other than set-shifting: (1) the sorting rules were
disclosed to participants; and (2) they were advised that the
sorting rule would change randomly (Peridnez and Barcelo
2001). Furthermore, to reduce working memory load, only two
possible sorting rules (color and shape) were used instead of
three (color, shape, number).

Task protocol has been described in detail elsewhere (Barcel6
et al 2002; Etchepareborda et al 2004; Peridnez et al 2004).
Briefly, the task consisted of 250 trials, each of which began with
the four WCST key cards at the top of the screen, with the choice
card below. Subjects were instructed to match the choice card
with one of the four key cards by following one of the two
possible sorting rules (color or shape). The choice card remained
on the screen until subjects chose one of the four key cards. Two
response modes were required. Participants pressed a nonmag-
netic push-button device that recorded response time while also
verbally expressing their chosen card. Following each trial, 65-dB
auditory cues were randomly provided within 1000—2000 msec
after each response that indicated whether to shift or to repeat
the rule used in the previous trial (500-Hz tones signaled that the
rule would shift; 2000-Hz tones signaled non-shift). The sorting
rule was changed randomly after every two to five trials.

Stimuli were projected through a liquid crystal display video
projector (Sony VPL-X600E; Sony, Tokyo, Japan) situated outside
the shielded room onto a series of in-room mirrors, the last of
which was suspended approximately 1 m above the subject’s
face. Stimuli subtended 4.6° and 3.5° of horizontal and vertical
visual angles, respectively.

Data Collection and Analysis

The MEG signal was measured with a 148-channel whole-
head magnetometer (MAGNES 2500 WH; 4-D Neuroimaging, San
Diego, California) in a magnetically shielded room. The data
were submitted to a data analysis protocol that involves adaptive
and linear filtering between 0.1 and 20 Hz, rejection of artifact-
contaminated epochs, and whole-brain estimation at successive
4-msec intervals of the intracranial sources most likely responsi-
ble for the observed surface distribution of magnetic flux, using
the nonlinear Levenberg-Marquardt algorithm on a spherical
head model.

Details of these procedures can be found elsewhere (Breier et
al 1999b; Simos et al 1998). A minimum of 90 epochs was used
to calculate the average for each of the two conditions (shifting
condition, determined by shift cues and non-shifting condition,
determined by repeat cues). Each epoch was triggered by the
auditory cue, and the averaged MEG signal was analyzed from
100 to 700 msec after that cue. Activity source solutions were
considered satisfactory after meeting the following criteria: (1)
correlation coefficient = .9 between the observed and the best
predicted magnetic field distribution; (2) a goodness of fit = .9;
(3) 2 95% confidence volume < 5 cm?®; and (4) a dipolar moment
< 35 nAm. This procedure for obtaining spatiotemporal profiles
of activation during complex cognitive tasks has been validated
through clinical studies in which MEG-derived maps were com-
pared with the results of invasive brain mapping procedures with
excellent concordance (Maestd et al 2002; Papanicolaou et al
1999; Simos et al 1999). To determine the anatomical regions
where the activity sources were localized, equivalent current
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dipole coordinates were overlaid onto T1-weighted magnetic
resonance images (MRIs) obtained from every participant in a
separate session. The MEG-MRI overlay, described elsewhere
(Maesti et al 2002), was performed with the STAR program
(Schwartz et al 1999), which is part of the 4-D Neuroimaging
software.

The degree of activation was estimated by the number of
dipoles, because it has been found to be preferable to alternative
measures of strength, such as dipolar moment (Q) (Breier et al
19992a). The number of activity sources was then quantified for
the following brain regions: inferior frontal gyrus, encompassing
ventrolateral prefrontal cortex (Brodmann’s area [BA] 47/11) and
pars triangularis (BA 45); dorsolateral prefrontal cortex (BA
9/46); superior frontal gyrus (BA 8); premotor cortex and sup-
plementary motor area (BA 6); ACC (BA 24/32); posterior
cingulate cortex (BA 23/31); superior parietal lobe (BA 7);
inferior parietal lobe (IPL, BA 39/40); superior temporal gyrus
(STG, BA 22); posterior STG (pSTG, BA 41/42); inferior/middle
temporal gyrus (BA 20/21/37); and mesial temporal lobe (MTL).
The temporal course of regional activation was examined at two
levels of temporal resolution. First, we quantified activity sources
in each brain region within either of two 300-msec latency
windows (Campo et al 2005) (100-400 and 400-700 msec).
Second, we conducted higher temporal resolution quantification
by using six 100-msec latency windows (Maesti et al 2003)
covering the entire period of analysis (from 100 to 700 msec).

Statistical Analysis

A 2 X 3 repeated-measures analysis of variance, with Condi-
tion (shifting and non-shifting) as the within-subject factor and
Group (ADHD-C, ADHD-PI, and control) as the between-sub-
jects factor, was conducted to compare the number of activity
sources over each of the areas indicated above in each hemi-
sphere, as well as in each latency window. The results were
evaluated with the Huynh-Feldt method to control for inhomoge-
neities of variance among cell means. Main effect or interactions
significant at p < .05, two-tailed, were followed by post hoc
analyses, with the Bonferroni correction used for multiple compar-
isons. Regression analyses were conducted for areas showing
significant effects to explore temporal relationships. The effect size
statistic, g (Hedges and Olkin 1985), was computed with StatsDirect
version 2.4.4 (StatsDirect, Sale, Cheshire, United Kingdom) along
with exact 95% confidence intervals for the three sets of pairwise
comparisons for each region that yielded significant results.

Results

Behavioral Data

The ADHD-C group committed significantly more errors after
shift cues than the control group [#(9) = 2.49, p < .05]. In
addition, the ADHD-C group responded more slowly than the
control group after shift cues, whether responses were either
correct [1(9) = 2.97, p < .05] or incorrect [£(9) = 3.17, p < .05].
The ADHD-PI group showed the same tendency in response
time after shift cues as the ADHD-C group, but differences did
not reach significance [correct responses time, #(10) = 2.06, p =
.09; incorrect responses time, 1(10) = 2.08, p = .08].

Spatiotemporal Activation Profiles

Table 2 shows a case-by-case report of the number of activity
sources in the brain regions where significant differences were
found between groups.

First Temporal Analysis: 300-msec Latency Windows. There
was a main effect of Group on the left pSTG throughout the
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earlier latency window (100—400 msec) [F(2,14) = 7.18, p < .01].
Further analysis indicated that both ADHD-C [#(9) = 3.67, p <
.01] and ADHD-PI [#(10) = 3.38, p < .01] groups showed higher
numbers of activity sources compared with the control group
(Figure D.

Second Temporal Analysis: 100-msec Latency Windows. A
Condition X Group interaction not reaching significance was
found in the left IPL in the 100-200-msec latency window
[F(2,14) = 3.24, p < .07]. Follow-up analysis revealed a trend for
a larger number of activations in the shifting condition for the
ADHD-PI group compared with both the ADHD-C group [¢#(9) =
2.05, p < .07] and the control group [£(10) = 2.43, p < .05]
(Figure 1.

Throughout the 200-300-msec latency window, there was a
Condition X Group interaction in the left MTL [F(2,14) = 6.53,
p < .01], as well as in the right MTL [F(2,14) = 4.53, p < .05].
Further analysis indicated that the control group had more
activity in the MTL bilaterally in the shifting condition than in the
non-shifting condition [t(5) = 3.27, p < .05]. Furthermore, the
control group had significantly greater activation in the shifting
condition compared with both ADHD-C [#(9) = 2.27, p < .05]
and ADHD-PI [#(10) = 3.02, p < .05] groups (Figure 2).

During the 400-500-msec latency window, a Condition X
Group interaction was found in the left ACC [F(2,14) = 4.61, p <
.05]. Follow-up analysis indicated more activation in the shifting
condition compared with the non-shifting condition in the
control group [#(5) = 2.60, p < .05]. Moreover, the Control group
had a higher degree of activation in the shifting condition
compared with the ADHD-PI group [#(10) = 2.83, p < .05] and a

Table 2. Numbers Of Dipoles Per Region For Each Participant

Group pSTG IPL MTL ACC
Control
0 0 2 0
3 0 4 7
1 3 6 4
7 1 3 7
2 0 1 0
3 0 0 6
Mean 2.7 7 2.7 4.0
sD 24 1.2 2.2 33
ADHD-C
14 2 1 0
5 2 1 0
7 0 0 0
9 1 0 0
12 0 0 4
Mean 9.4 1.0 4 8
sD 3.6 1.0 5 1.8
ADHD-PI
14 7 0 0
8 9 0 0
5 0 0 1
15 7 0 0
6 3 0 0
8 1 0 0
Mean 9.3 4.5 0 2
sD 4.2 37 0 4

PSTG, left posterior superior temporal gyrus (100-400 msec); IPL, left
inferior parietal lobe (100-200 msec); MTL, medial temporal lobe (200-300
msec); ACC, left anterior cingulate cortex (400-500 msec); ADHD-C, atten-
tion-deficit/hyperactivity disorder, combined type; ADHD-PI, predomi-
nantly inattentive type ADHD.

www.sobp.org/journal
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Figure 1. Regions of greater functional activity in children with attention-deficit/hyperactivity disorder (ADHD) compared with control children. Top: Greater
functional activity in left posterior superior temporal gyrus between 100 and 400 msec in both groups with ADHD. Bottom: Trend for greater functional
activity in the shifting condition in left inferior parietal lobe between 100 and 200 msec in children with predominantly inattentive ADHD (ADHD-PI). One
representative subject of each group is shown. MEG, magnetoencephalography; ADHD-C, combined type ADHD.

trend not reaching significance compared with the ADHD-C
group [£(9) = 1.94, p = .08] (Figure 2).

Regression Analyses. Regression analyses revealed that the
degree of activation in the shifting condition in both left and right
MTL between 200 and 300 msec predicted later activity in the left
ACC between 400 and 500 msec [R* = .24, F(1,15) = 4.71; R* =
27, F(1,15) = 5.60; p < .05].

Effect Sizes. The most robust effect sizes were found for the
comparisons between the control group and the two ADHD
groups in the pSTG (g ~ —2.0). The ADHD-PI group showed the
most consistent deviations from the normal control pattern, but
in general both ADHD groups revealed qualitatively similar
results (Table 3).

Discussion

We found a distinctive pattern of functional activation after
shift cues in the control group. Control children had significantly
greater activation in the shifting compared with the non-shifting
condition between 200 and 300 msec in the MTL bilaterally and
later, between 400 and 500 msec, in the left ACC. Both groups of
children with ADHD failed to demonstrate this spatiotemporal
pattern of activation, showing significantly fewer number of
activity sources in the shifting condition compared with control
children.

We also found greater functional activity in children with
ADHD compared with control children in other brain regions.
Both ADHD groups exhibited significantly more activation in left
pSTG between 100 and 400 msec. In addition, children with
ADHD-PT had a trend for larger numbers of activity sources in left
IPL at the earliest temporal window of 100200 msec.

www.sobp.org/journal

Hippocampal activity observed in this study was unexpected
given the lack of attention to this structure in the neuroimaging
literature on ADHD. We found robust decreases in the degree of
early MTL activation in the children with ADHD. Our interest in
this surprising exploratory finding is increased by the predictive
relationship between MTL activation and later ACC activity. Both
hippocampal formation and ACC participate in a limbic—cortical
network involved in novelty processing (Knight 1996), which is
a prerequisite for cognitive flexibility (Barcel6 et al 2002). The
first step in processing novelty might be detecting it. The MTL is
hypothesized to play a role in maintaining a template of the
recent past for comparing incoming sensory stimuli (Barbas
2000; Knight 1996; Strange et al 1999). Thus, the higher the
degree of disparity between the current stimulus and the tem-
plate, the greater the presumed hippocampal activation (Miller et
al 1991). The second step in novelty processing might be
supplying the resources required to manage novelty. Anterior
cingulate cortex is thought to mediate allocation of attentional
resources (Bush et al 1999) whenever processing has to be
effortfully controlled. This willed, or non-automatic, processing
has been attributed to the supervisory attentional system, which
plays a role in novel situations, error correction, overcoming
habitual responses, difficult situations, and decision making
(Norman and Shallice 1980). Anterior cingulate cortex activation
has been implicated in all of these, thus its presumed function as
a critical component of the supervisory attentional system
(Gazzaniga et al 1998).

Several lines of evidence support our finding of an MTL-ACC
network mediating novelty processing. First, neuroanatomical
studies have shown the existence of connections between the
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Figure 2. Spatiotemporal dynamics of activation in the shifting (solid line) as compared with the non-shifting condition (dotted line) in the three groups:
combined type attention-deficit/hyperactivity disorder (ADHD-C; blue line), predominantly inattentive ADHD (ADHD-PI; yellow line), and control (red line).
Functional activation of the medial temporal lobe bilaterally (top) and in left anterior cingulate cortex (bottom). The control group showed greater activation
in the shifting as compared with the non-shifting condition, as well as greater activation than both ADHD groups in the shifting condition in the latency

windows indicated. One representative subject of each group is shown.

limbic system and the ACC (Pandya et al 1981; Vogt and Pandya
1987). Second, patients with lesions of either left or right
hippocampus show widespread reductions of the P3a (Knight
1996), a frontocentrally positive brain potential that has been
identified as a brain orienting response to task novelty (Barcel6
et al 2002). Finally, novelty P3a latencies peak between 250 and
500 msec, whereas novelty-related cells in the temporal lobe fire
approximately 100 msec earlier (Knight 1996; Miller et al 1991).
Our results are in agreement with this limbic—cortical timing of
activation, which might be the neurofunctional substrate of the
two-step handling of novelty suggested above.

By contrast, children with ADHD demonstrated greater func-
tional activity than did control children in IPL and pSTG, which
is consistent with results from other recent functional studies
(Durston et al 2003). These findings are also consistent with the
recent neuroanatomical report that children with ADHD have

Table 3. Pairwise Effect Size Comparisons

greater gray matter density in these regions, which was sug-
gested to be due either to reduced synaptic pruning or to
disturbances in normal myelination within these regions (Sowell
et al 2003). Because MEG signals are mainly generated by the
postsynaptic currents of pyramidal cortical neurons (Jousmiki
2000), greater functional activity in these areas might reflect
activation of a greater number of synaptic connections in ADHD
children, perhaps due to a relative lack of age-appropriate
pruning. According to Mirsky’s model of attention (Mirsky 1996),
both STG and IPL might share a role in focusing attention, that is,
in concentrating attentional resources on a specific task and
screening out distracting stimuli. Thus, impaired early focusing of
attention would be expected from presumably less-mature STG
and/or IPL in children with ADHD.

Despite the consistency of our results with the recent ana-
tomic and functional imaging literature, our small sample size is

pSTG MTL ACC
Pairwise Comparison g Exact 95% Cl g Exact 95% CI g Exact 95% CI g Exact 95% CI
Control vs. ADHD-C —2.22 —333 —.63¢ -.29 —1.48 91 137 0 2.69 117 -5 245
Control vs. ADHD-PI —1.95 —333 —.51¢ -14 —2.66 —.09¢ 1.75 .36 3.08¢ 1.63 .27 2.94¢
ADHD-C vs. ADHD-PI .02 * 1.2 —-1.24 —2.53 1 1.09 -.22 2.35 51 =71 1.71

pSTG, left posterior superior temporal gyrus (100-400 msec); IPL, left inferior parietal lobe (100-200 msec); MTL, medial temporal lobe (200-300 msec);
ACC, left anterior cingulate cortex (400-500 msec); g, Glass effect size statistic calculated with StatsDirect version 24.4; Cl, confidence intervals; ADHD-C,
attention-deficit/hyperactivity disorder, combined type; ADHD-PI; predominantly inattentive type ADHD.

“Exact Cl does not include zero.

www.sobp.org/journal
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an important limitation, because it might have reduced statistical
power, resulting in a lack of significance of some potential
effects. Second, we cannot exclude the possibility that activation
differences might have partly reflected between-group differ-
ences in performance. Thus, our results must be considered
preliminary, although their robust nature suggests that continued
study with MEG is likely to be useful for characterizing patterns
of brain activity in children with ADHD.

Because of the high temporal resolution of MEG, we found
different patterns of brain activity between children with ADHD
and control children as early as 100—200 msec after stimulation.
Moreover, the nature of the WCST-M, which requires the engage-
ment of a widespread network to be correctly performed, might
have allowed us to detect differences in activation of some
regions in children with ADHD not usually detected with other
tasks (e.g., medial temporal lobe).

In conclusion, this exploratory study provides some useful
clues regarding the pathophysiology of ADHD. The different
pattern of brain activation observed in children with ADHD
compared with typically developing children suggests differ-
ences not only in the frontal lobes but also in related brain
regions, such as limbic areas. These differences show up in the
earliest preparatory stage of processing, suggesting that deficits
in higher-level processes (Barkley 1997; Castellanos 1997;
Pennington and Ozonoff 1996; Pineda et al 1998) could be
explained, at least in part, by deficits in early processes that might
disrupt later flux of information. Additional studies are needed to
further explore these preliminary findings.

This study was supported in part by Lilly Laboratories.
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