
A

F
C
A
B

B
n
c
a

M
c
E
p

R
(
a
c
c

C
t

K
t

A
m
r
w
i

r
o
t
n
r
e

c
d
e
c
f
a
i

F

A

R

0
d

ARTICLE IN PRESS
RCHIVAL REPORT

unctional Disconnection of Frontal Cortex and Visual
ortex in Attention-Deficit/Hyperactivity Disorder

li Mazaheri, Sharon Coffey-Corina, George R. Mangun, Evelijne M. Bekker, Anne S. Berry, and
lythe A. Corbett

ackground: Current pathophysiologic models of attention-deficit/hyperactivity disorder (ADHD) suggest that impaired functional con-
ectivity within brain attention networks may contribute to the disorder. In this electroencephalographic (EEG) study, we analyzed
ross-frequency amplitude correlations to investigate differences in cue-induced functional connectivity in typically developing children
nd children with ADHD.

ethods: Electroencephalographic activity was recorded in 25 children aged 8 to 12 years (14 with ADHD) while they performed a
ross-modal attention task in which cues signaled the most likely (.75 probability) modality of an upcoming target. The power spectra of the
EG in the theta (3–5 Hz) and alpha (8 –12 Hz) bands were calculated for the 1-sec interval after the cue and before the target while subjects
repared to discriminate the expected target.

esults: Both groups showed behavioral benefits of the predictive attentional cues, being faster and more accurate for validly cued targets
e.g., visual target preceded by a cue predicting a visual target) than to invalidly cued targets (e.g., visual target preceded by a cue predicting
n auditory target); in addition, independent of cue-target validity, typical children were faster to respond overall. In the typically developing
hildren, the alpha activity was differentially modulated by the two cues and anticorrelated with midfrontal theta activity; these EEG
orrelates of attentional control were not observed in the children with ADHD.

onclusions: Our findings provide neurophysiological evidence for a specific deficit in top-down attentional control in children with ADHD

hat is manifested as a functional disconnection between frontal and occipital cortex.
ey Words: ADHD, alpha, attentional control, children, disconnec-
ion, EEG, theta

ttention-deficit/hyperactivity disorder (ADHD) is charac-
terized by symptoms of inattention, impulsivity, and
hyperactivity. Some of the current pathophysiological

odels of ADHD suggest that the symptoms of ADHD may be
elated to impaired interactions (i.e., functional connectivity)
ithin brain networks, rather than impaired function of special-

zed cortical regions (1).
Electroencephalography (EEG) is a noninvasive method of

ecording human brain activity that provides a real-time measure
f neuronal activity. The oscillatory activity in the EEG is believed
o index the neurobiological organization of frequency-specific
etworks in the brain, with event-related changes in the EEG
eflecting the reorganization of these networks in relation to
vent-specific computational demands (2,3).

In the present study, we investigated possible differences in
ue-related changes in oscillatory EEG activity between typically
eveloping children and those diagnosed with ADHD. We
mployed a cross-modal attentional cuing paradigm where the
ues signaled the modality of upcoming stimuli (Figure 1). The
ocus of our analysis was on the oscillatory activity in theta and
lpha frequency ranges or bands, because prior studies have
mplicated the involvement of these bands in various aspects of
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visual processing, attentional orienting, and cognitive control
(4–7) in typically developing children and adults and in children
with ADHD (8).

First, we examined the differences in the cue-induced poste-
rior alpha modulation between typical and ADHD children.
Then, we examined the trial-by-trial correlations in power be-
tween the alpha activity and theta activity across the scalp. Such
an approach, although relatively new, provides a powerful
method for investigating functional connectivity in human elec-
trophysiological data (6,9). We found clear evidence for a
functional disconnection of frontal cortex and occipital cortex in
children with ADHD. It should be noted that most prior studies
in this field have examined either relationships between the
neural responses to different experimental conditions averaged
across a group of subjects or the relationship between neural
responses and behavior on a subject-by-subject basis. However,
the strongest evidence that baseline activity modulates sensory
processing comes from showing a trial-by-trial relationship be-
tween the two (10–12).

Methods and Materials

Subjects and Inclusion Criteria
Children aged 8 to 12 years with typical development or

ADHD-combined type were enrolled following informed written
parental consent. The inclusion criteria for typically developing
children was that, based on parent interview, they be free from
neurodevelopmental disorders, including autism spectrum disor-
der and ADHD, using the Diagnostic Interview Schedule for
Children, and that they be unrelated to the ADHD children. The
inclusion criteria for the ADHD-combined type were as follows.
The diagnosis of ADHD was based on DSM-IV criteria estab-
lished by 1) a previous diagnosis of ADHD by either a psychol-
ogist, psychiatrist, or behavioral paediatrician; 2) clinical judg-
ment by a licensed clinical psychologist (B.A.C.); and 3) a

semistructured parent interview extracted from the Diagnostic
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nterview Schedule for Children (13). Through a basic prescreen-
ng interview, the subjects were determined to be free from
utism spectrum disorder, neurological disorders, psychiatric
llness, mood disorders, and learning disabilities. Stimulant med-
cation was withheld 24 hours before testing. The groups were
oughly matched on socioeconomic-status, being recruited from
he same school districts, recreational facilities, and physician
ffices.

Electroencephalography and behavioral measures of perfor-
ance were recorded in 30 children (16 with ADHD); all 30

hildren were included in the behavioral analyses. However, for
ome of these subjects, the EEG data were unusable (i.e., due to
lectrophysiological artifacts); therefore, the EEG analyses were
onducted with 25 children (14 with ADHD). For demographic
nd diagnostic information please refer to Supplement 1.

ross-Modal Attentional Switching Task
In our cross-modal attention task, symbolic visual cues validly

r invalidly signaled the modality of an upcoming target (valid
robability � .75). As shown in Figure 1, all cues were them-
elves presented visually and consisted of either the letter “V” to
ndicate the most likely target was visual or an inverted “V”
described as the letter “A” without the horizontal line to equate
he cues for overall luminance) to indicate the most likely target
as auditory. On a random 25% of the trials, the cues incorrectly

invalidly) predicted the target modality. Whether a validly cued
r invalidly cued target, the subjects were required to discrimi-
ate and respond to its features as follows. The subject’s task was
o maintain fixation on a central fixation point, use the cue
nformation to prepare for the upcoming target of the cued
odality, and then press a button with the index or middle finger
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                                             Time(ms)

Cue-Target Trials
  Valid

      24

      24

Invalid
  
        
        8

        8

igure 1. The paradigm consisted of a cross-modal attention task, where
ymbolic cues, presented visually (V for visual or inverted V, represented by
he letter A, for auditory) either validly (probability � .75) or invalidly (prob-
bility � .25) predicted the modality of an upcoming target stimulus. Sub-

ects pressed a button with the index or middle finger of the right hand upon
resentation of a red versus blue picture, respectively, or for a tone of high
ersus low frequency, respectively. Valid trials are shown in the top two
ows, while invalid trials are shown in the bottom two rows of the figure. The
umbers at left indicate the numbers of trials of the valid cues (24 each of
isual and auditory cues) and of invalid cues (8 each of visual and auditory
ues) in each block; 8 blocks were presented.
f the right hand upon discrimination of a red versus blue picture

ww.sobp.org/journal
(visual target), respectively, or for a tone of high versus low
frequency (auditory target), respectively. Subjects completed
eight runs of the paradigm.

EEG Recording
Electroencephalography was recorded from 20 scalp elec-

trodes located at the sites of the International 10–20 System of
Electrode Placement. The signals were acquired using a band-
pass of DC-100 Hz and an analog-to-digital sampling rate of 1000
samples per second. The left mastoid served as the reference
electrode site.

EEG Preprocessing
Data analysis was completed using the Fieldtrip software

package, an open-source toolbox for neurophysiological data anal-
ysis, developed at the Donders Institute for Brain, Cognition, and
Behaviour (http://fieldtrip.fcdonders.nl). Artifacts (e.g., trials con-
taining eye movements, blinks, muscle potentials, and ampli-
fier or electrode noise) were removed from the EEG using a
semiautomatic routine. There was no difference between
groups in terms of the number of trials removed.

Postcue Oscillatory EEG Analyses
The oscillatory EEG activity was characterized by calculating

the power spectra for the period 1 second before and 1 second
after the cues. A 1 second long Hanning taper was applied to the
data before calculating the spectra. The difference between the
precue and postcue spectra was calculated for the individual
trials and then averaged for each subject.

Results

Behavioral Data
Overall, independent of cue validity, the typically developing

children had faster reaction times to visual targets than the
children with ADHD [F (1,28) � 4.26, p � .048]; although the
effects were in the same direction, for accuracy this main effect
did not reach significance for visual discrimination [F (1,28) �
3.76, p � .05]. The overall group effects were similar for the
auditory targets: faster overall reaction times [F (1,28) � 5.97, p �
.02] and higher accuracy [F (1,28) � 4.88, p � .03] for the typically
developing children compared with the children with ADHD.
Importantly, in the analysis of variance (ANOVA), there were no
significant interactions between validity and group for reaction
times or accuracy, in line with the t tests we will report below.
Moreover, there were no other significant interactions with the
factor group (typical vs. ADHD groups) in the omnibus ANOVAs
for reaction times or accuracy.

Both the typically developing children and those with ADHD
showed significant benefits of attentional cuing: reaction times
were significantly faster for validly cued visual targets (cue
correctly predicted the modality of the subsequent target) than
for invalidly cued targets (cue incorrectly predicted the modality
of the target) for both typically developing children [t (13) � 3.01,
p � .010] and children with ADHD [t (15) � 2.69, p � .017]
(Figure 2). Accuracy was also significantly higher for validly cued
visual targets for both typically developing children [t (13) �
2.705, p � .018] and children with ADHD [t (15) � 2.382, p �
.032]. Similarly, in the auditory modality, there were significant
benefits of attentional cuing: reaction times were significantly
faster for validly cued auditory targets for the typically develop-
ing children [t (13) � 2.32, p � .037] and children with ADHD
[t (15) � 2.05, p � .05]. Finally, accuracy was significantly higher

for validly cued auditory targets for both typically developing

http://fieldtrip.fcdonders.nl
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hildren [t (13) � 2.169, p � .048] and children with ADHD
t (15) � 2.472, p � .027].

igure 2. The visual cue facilitated performance for both typically developing
hildren and children with ADHD. Reaction times were significantly faster and
ccuracy was increased for validly cued targets versus invalidly cued targets for
oth groups. Independent of attentional cuing, the typically developing chil-
ren had faster reaction times overall than did the children with ADHD. *p� .05.
DHD, attention-deficit/hyperactivity disorder.
In summary, the behavioral results indicate that the atten-
tional cues were used by both groups of children in performing
the task because cue-target validity influenced performance. In
addition, the children with ADHD were slower, overall, to
respond to the targets.

Cue-Induced Modulation of Alpha Activity
First, we set out to investigate if the presentation of the

attentional cues resulted in a difference in the modulation of
alpha activity across the scalp as a function of the modality that
they signaled. This was done by comparing the postcue relative
to precue power spectra for cues signaling visual stimuli with
those signaling auditory stimuli. The statistical analyses were
conducted separately for each frequency band: theta (3–5 Hz),
alpha (8–12 Hz). These frequency bands were selected based on
the frequency bands typically used to classify the spontaneous
EEG (14) and also based on the literature (4). The difference in
EEG power in the different bands between the cue types was
quantified by means of t values that subsequently were con-
verted to z values; this was done for each scalp channel. A similar
approach has been used in several previous studies (6,15,16).
The scalp topography of these z values can be seen in Figure 3
(right column).

We found that in the typically developing children, relative to
cues signaling auditory targets, cues signaling visual targets
elicited a decrease in alpha activity over posterior scalp [t (10) �
2.84, p � .02] (Figure 3A). In contrast, in the children with ADHD,
the visual compared with auditory cues did not elicit any
significant posterior alpha modulations (p � .5). Compared with
the typical children, the ADHD children showed less alpha
modulation overall. We also performed this analysis for theta
activity but found no affects of cuing or subject group. There
were no significant differences in oscillatory activity in the
precue interval between the ADHD and typical children.

The Relationship Between Alpha Activity and Behavioral
Benefit of Cues

To determine if there was a relationship between the cue-
related changes in alpha activity (V vs. A cues) and the behav-
ioral benefits imparted by the cues, we correlated (Spearman
rank) the power difference of the alpha activity at each electrode
for each subject with the corresponding reaction time difference
between validly and invalidly cued trials (for visual targets). We
found that in the typical children there was a negative correlation
between alpha activity and the behavioral benefits of the cue
(Figure 4A), which mapped predominantly on to the occipital
electrodes (r � �.61, p � .05). In the ADHD children, however,
there was no such relationship between alpha modulation and
the behavioral benefits of the cue (Figure 4B).

Functional Coupling Between Posterior Alpha and Frontal
Theta Activity

A recent study found that in typical adults, posterior alpha
activity during directed attention is inversely correlated with
frontal theta activity (6). Therefore, we examined the data from
the typically developing and ADHD children to determine
whether power in posterior alpha activity following the visual
cue was correlated with frontal theta power. We chose the
posterior scalp site displaying the strongest cue modulation in
the alpha band to use as a seed site for the analysis. The
trial-by-trial alpha power from this seed electrode was correlated
with the theta power across all other sensors to create topogra-
phies of the correlation. Correlation coefficients were subse-

quently converted to z values using Fisher’s r-to-z transformation

www.sobp.org/journal
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o obtain a normally distributed variable (17). Significance of the
orrelation at each electrode was then assessed at the group level
ith one-sample t tests.
For the typically developing children, we found significant

ross-frequency coupling expressed as anticorrelations between
osterior alpha power and theta power at frontocentral scalp for
isual [t (10) � 3.6, p � .004; Figure 5A] but not auditory cues
t (10) � .1 p � .87; not shown]. However, this functional
oupling between posterior alpha activity and frontocentral theta
ctivity was not observed for visual [t (13) � .68, p � .5; Figure
B] or auditory cues [t (13) � .49, p � .63] in children with ADHD.

iscussion

In the present EEG study of attentional control, we found that

igure 3. (A) The averaged topographies (across each group) of cue-modula
hows the maps in response to a visual cue, and the middle column shows th
y subtracting middle from the left maps after z-score conversion. In the typ
isual cues signaling upcoming visual targets elicited a decrease in parieto-
ny significant alpha modulation (bottom row). The maps are shown with t
ifference frequency spectra (postcue-precue) across the cue and group
isorder.
uring a cross-modal attention task, a cue to expect a visual

ww.sobp.org/journal
target induced a decrease in posterior alpha EEG activity for the
typically developing children but not the children with ADHD.
The posterior alpha decrease was correlated with the behavioral
benefits imparted by the cues in the typical children but not so in
the ADHD children. Moreover, posterior alpha activity was
anticorrelated with a frontal theta activity on a trial-by-trial basis.
This pattern can be interpreted as a form of functional connec-
tivity between frontal brain systems involved in attentional
control and perceptual systems in posterior cortical areas, a
pattern consistent with many models of voluntary attentional
control over sensory processing (18,19). That is, we interpret the
anticorrelated theta and alpha activity in the typically developing
children as an EEG signature of the top-down influence (re-
flected in the frontal theta) of attentional control systems onto

pha activity characterized in the postcue/pretarget interval. The left column
s for auditory cues; the right column shows the difference map constructed
developing children, relative to cues signaling upcoming auditory targets,

ital alpha activity (top row). In the children with ADHD, the cue did not elicit
se at the top and left hemisphere is shown on the left of each map. (B) The
he parieto-occipital electrode (Pz). ADHD, attention-deficit/hyperactivity
ted al
e map
ically

occip
he no
perceptual structures (reflected in the occipital alpha), which
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repares the brain to selectively process the anticipated upcom-
ng stimulus.

Given that the ADHD children performed the task well,
xhibiting significant cross-modal attentional cuing effects in
eaction times and accuracy measures, our results cannot be
ttributed to a failure of task performance in the ADHD group.
here were, however, significant differences in behavior be-
ween the two groups: the children with ADHD were slower
verall in performing the task. Therefore, we conclude that
lthough both groups utilized the cue to prepare for the upcom-
ng target stimulus of the expected modality, the children with
DHD could not fully utilize top-down attentional control to bias
ensory processing. This deficit is reflected in the slower overall
eactions times in the children with ADHD and the absence of
oth the cue-induced posterior EEG alpha reductions and the
ypical pattern of anticorrelation between posterior alpha and
rontal theta. An alternate, although not mutually exclusive,
nterpretation could be that the slower reaction times and lower
ccuracy reflect a basic difference in stimulus processing/dis-
rimination in the ADHD children. Our results are promising for
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igure 4. The topography of the correlation (Spearman) between cue-
elated alpha modulation and behavioral benefits across each group. (A)
cross the typical children, there was significant anticorrelation (r � �.61,
� .05) between alpha power in the occipital electrodes and the difference

n reaction time between validly and invalidly cued trials. This is seen in the
ap as focus of anticorrelation (deeper blue color) over the posterior scalp

bottom of map). (B) No relationship between cue-related alpha modulation
nd behavioral benefits was observed in the children with attention-deficit/
yperactivity disorder (ADHD).
elping to understand the pathophysiology of ADHD. A study
with a larger sample size that permits investigation of these
effects in different subtypes of ADHD could serve to further
broaden the implications of our findings.

Our findings and interpretation are supported by both atten-
tion and working memory tasks demonstrating a stimulus-
specific alpha decrease in preparation to perform visual tasks
(5,20). Additionally, it has been shown that visual discrimination
abilities are reduced with an increase in posterior alpha activity
(4,21). Previous studies have found an increase in theta activity in
relation to tasks requiring executive function (22–25). Since there
were no attentional cue-related differences in theta activity alone
between the children with ADHD and the typically developing
children, it is unlikely that ADHD is associated with a general
deficit in executive functioning but rather reflects a more funda-
mental deficit in attentional control mechanisms.

One influential theory of attention proposes that discrete
cognitive processes are supported by independent attentional
networks: alerting, orienting, and conflict (26). The alerting
network is believed to be involved in acquiring and maintaining
an alert state. The orienting network involves the selection of
information from sensory input for selective processing, while
the conflict network entails the resolution of the conflict that
arises between competing stimuli. The Attention Network Test
was designed to evaluate alerting, orienting, and executive
attention (27). When this paradigm was applied in evaluating
attention in ADHD patients, it was found that the children with
ADHD demonstrated deficits in the alerting and conflict attention
networks but had normal functioning of the orienting network
(28). Such differences in the alerting network could be linked to
the failure to show alpha reductions after a cue in paradigms
similar to ours. However, in the present experiment, the alpha
reductions observed are revealed in the contrast of the visual cue
(visually presented letter V) and the auditory cue (visually
presented inverted V), which would both be expected to elicit
alerting. Therefore, the reduction in posterior alpha in the
present study is not related merely to generalized alerting to the
cues but is specific for the preparation to process a visual event.

Although in the present study the reductions in posterior
alpha were observed only for cues predicting an upcoming
visual target, we note that these findings do not rule out that the
control of auditory attention is similarly affected in ADHD. There
is evidence that different processing systems have distinct alpha-
like activity, such as the tau rhythm in the auditory cortex (29).
However, the tau rhythm has been shown to be greatly attenu-
ated and difficult to record in the EEG due to the anatomical
organization of the auditory cortex, which results in reduced
volume conduction of this activity to surface electrodes (30).
Therefore, based on the results of the present study, we remain
agnostic as to whether deficits in attentional control for auditory
selective attention are also disordered in ADHD.

Prior studies of EEG changes in ADHD have described various
alterations in the ongoing EEG (e.g., [8,31]). The majority of these
studies have examined absolute EEG frequency power or the
ratio between power in different frequency bands (32). Although
useful in understanding neural correlates of ADHD, examining
frequency power or power ratios alone does not address func-
tional interactions between distant brain regions. Nor can simple
EEG analyses be related to specific cognitive neural processes
when the EEG measures are not related to specific task perfor-
mance. In contrast, the approach used here was designed to
examine cross-frequency interactions between distant brain re-
gions and how these interactions were related to attentional

control within a well-defined attention task. As a result, the

www.sobp.org/journal
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resent findings permit a specific mechanistic hypothesis about
ttentional control deficits in ADHD.

In summary, the present findings provide neurophysiological
vidence for a specific deficit in top-down attentional control in
hildren with ADHD. This deficit is likely due to a functional
isconnection between frontal and occipital cortex during pre-
aratory attention.
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