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Abstract

Patients with childhood absence epilepsy (CAE) often demonstrate impaired interictal attention,
even with control of their seizures. No previous study has investigated the brain networks involved
in this impairment. We used the Continuous Performance Task (CPT) of attentional vigilance and
the Repetitive Tapping Task (RTT), a control motor task, to examine interictal attention in 26
children with CAE and 22 matched healthy controls. Each subject underwent simultaneous 3T
functional magnetic resonance imaging-electroencephalography (fMRI-EEG) and CPT/RTT
testing. Areas of activation on fMRI during the CPT task were correlated with behavioral
performance and used as seed regions for resting functional connectivity analysis. All behavioral
measures reflecting inattention were significantly higher in patients. Correlation analysis revealed
that impairment on all measures of inattention on the CPT task was associated with decreased
medial frontal cortex (MFC) activation during CPT. In addition, analysis of resting functional
connectivity revealed an overall decrease within an “attention network’ in patients relative to
controls. Patients demonstrated significantly impaired connectivity between the right anterior
insula/frontal operculum (In/FO) and MFC relative to controls. Our results suggest that there is
impaired function in an attention network comprising anterior In/FO and MFC in patients with
CAE. These findings provide an anatomical and functional basis for impaired interictal attention in
CAE, which may allow the development of improved treatments targeted at these networks.
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Introduction

Childhood absence epilepsy (CAE) is a common form of pediatric epilepsy, accounting for
10-17% of all cases of epilepsy diagnosed in school-aged children (Berg et al., 2000; Jallon
etal., 2001). Seizures are characterized by 3-10 second episodes of impaired consciousness
without major motor symptoms, accompanied by bilateral (generalized) 3—4 Hz spike-and-
wave discharges (SWD) on electroencephalogram (EEG). It has long been known that
children with epilepsy, particularly CAE, suffer from attention problems between seizures
(Caplan et al., 2008; Dunn et al., 2003; Henkin et al., 2005; Holdsworth and Whitmore,
1974; Levav et al., 2002; Mitchell et al., 1992; Sherman et al., 2007; Vega et al., 2010), and
that these impairments often persist with treatment of seizures (Williams et al., 2002) as
recently demonstrated in an important study (Glauser et al., 2010). The disease can have a
significant impact on children’s lives, with increased requirements for special education,
more frequently repeated grades, and a higher incidence of below-average school
performance (Wirrell et al., 1997). These problems can persist into adulthood with lower
level of employment and more social isolation (Olsson and Campenhausen, 1993).

Advances in neuroimaging have led to a better understanding of the brain networks involved
in absence seizures that correspond to SWD and impaired ictal attention (Blumenfeld,
2005). Early techniques combined simultaneous EEG with fluoro-2-deoxy-D-glucose
positron emission tomography (Engel et al., 1985; Theodore et al., 1985), single photon
emission computed tomography (lannetti et al., 2001; Kapucu et al., 2003; Yeni et al.,
2000), and more recently blood-oxygen-level dependent functional magnetic imaging
(BOLD fMRI) (Aghakhani et al., 2004; Archer et al., 2003; Bai et al., 2010; Berman et al.,
2010; Gotman et al., 2005; Hamandi et al., 2006; Labate et al., 2005; Laufs et al., 2006; Li et
al., 2009; Moeller et al., 2008a; Moeller et al., 2008b; Salek-Haddadi et al., 2003). To our
knowledge, there is only one published study that correlated CAE interictal brain function
with behavior (Duncan et al., 2009) in which investigators examined event-related brain
potentials during auditory and visual tasks of attentional vigilance, and demonstrated a more
profound reduction in the auditory P300 amplitude. No study to date has investigated the
attention networks that may be disrupted in CAE during the interictal period.

Resting functional connectivity is a powerful tool for analyzing brain networks by
temporally correlating activity in remote cortical and subcortical regions at rest. It was first
used in fMRI to reveal brain regions associated with motor function oscillating in synchrony
with the pre-central hand region, thereby revealing a ‘motor network’ (Biswal et al., 1995).
Recent fMRI studies have demonstrated altered resting functional connectivity in temporal
lobe epilepsy (Bettus et al., 2009; Liao et al., 2010; Morgan et al., 2010; Waites et al., 2006;
Zhang et al., 2009a) including impaired attention networks (Zhang et al., 2009b). Another
study established that this disruption may be more profound in generalized than partial
seizures (Lui et al., 2008).

In the present study, we have demonstrated impaired interictal attentional vigilance in CAE
patients relative to matched controls using the continuous performance task (CPT) with
simultaneous EEG and fMRI. CPT is a test of sustained attention first developed to measure
“brain damage” (Beck et al., 1956), and has been used subsequently to investigate interictal
attention in CAE (Fedio and Mirsky, 1969; Mirsky et al., 1960). We used fMRI task
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activations to define an attention network and determine whether there were alterations
within this network in patients.

All human subject procedures were approved by the institutional review boards at Yale
University School of Medicine, and by the Yale Magnetic Resonance Imaging Center.
Children between 6-19 years of age with a history of typical childhood absence epilepsy and
age/gender matched healthy controls participated in this study after written informed
consent. As described previously (Bai et al., 2010; Berman et al., 2010), patients were
referred by their pediatric neurologists and fulfilled the following inclusion criteria: a)
clinical diagnosis of CAE based on International League Against Epilepsy criteria (ILAE,
1989), b) EEG with typical 3—-4 Hz bilateral spike-wave discharges and normal background
activity; and exclusion criteria: a) any history of additional seizure types (e.g. myoclonic,
tonic-clonic or partial seizures), and b) any structural brain abnormality or any other
neurological disorder. All normal controls were recruited locally using newspaper, internet
and flyer postings, and whenever possible we recruited the patients’ unaffected siblings or
friends from the same demographic group.

Prior to study participation, subjects were familiarized with the MRI environment and
sounds in a mock scanner, and underwent a practice session with each of the behavioral
tests. To facilitate ongoing studies on ictal behavior (Bai et al., 2010; Berman et al., 2010),
patients who were on seizure medication were tested after holding their medication for up to
48 hours. This procedure was approved by our human studies institutional review board and
was successfully implemented with no adverse side effects. The specifics of our medication-
withholding protocol has been described previously (Berman et al., 2010).

Subjects’ and parents’ (generally maternal) intelligence quotients (1Qs) were obtained with
the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) using the estimated full
scale 1Q, which includes a verbal and nonverbal subtest. Socioeconomic status was
quantified with the Hollingshead Four Factor Scale (Hollingshead, 1976), which uses
educational and occupational information to obtain a value ranging from 8 to 66. Both tests
were scored by a neuropsychologist (CV or MS) and used along with age, gender and
handedness to match cohorts of patients and controls. This was accomplished while blinded
to subjects’ identity, behavioral performance, and EEG or fMRI data.

Behavioral tasks and analysis

Two behavioral tasks and a visual fixation task were performed during the EEG-fMRI
acquisitions. Although many of subjects performed all three tasks, task order across subjects
was random, and several performed only one or two of the tasks due to variable ability of
the children to tolerate longer scanning sessions (the number and demographics of subjects
performing each task are summarized in Table 1 and Supplementary Table 1). The
behavioral tasks have been employed previously (Bai et al., 2010; Berman et al., 2010; Jus
and Jus, 1960; Mirsky and Buren, 1965; Yeager and Guerrant, 1957) to examine the
impairment of consciousness in patients with typical absence epilepsy. All tasks were
generated using E-Prime 1.1 (Psychology Software Tools, Inc. Pittsburgh, PA). Each fMRI
task run consisted of twenty 32 second blocks alternating between 1 Hz letter displays and a
visual fixation cross (total run duration 640 seconds). During the continuous performance
task (CPT) 16 letters were displayed for 250ms in a randomized sequence (e.g. ABCDEF
HILMNOTXY Z). Twenty-five percent of all letters shown were the target X, and
patients were instructed to respond to the target letter X by using their right thumb to push a
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button. The repetitive tapping task (RTT) was the same as the CPT except subjects were
instructed to push the button for every displayed letter and no letter X appeared in the
sequence. The visual fixation task consisted of twenty uniform fixation blocks (run duration
640 seconds). For all tasks, the letters and fixation cross appeared on a rear-projection
screen, viewed by a mirror mounted on the patient head coil. Both the stimuli and button
push response times for displayed letters were recorded using the E-Prime program.

For data analysis, the intervals for correct responses on the CPT task were 120-1000ms after
stimulus presentation. Performance on the task was analyzed for all subjects using in-house
code written on a MATLAB 7.1 platform (MathWorks, Natick, MA) and included omission
rate (number of missed targets/total targets), commission rate (number of button pushes to
nontargets/total nontargets), reaction time, and standard deviation of reaction time (as a
measure of within-subject reaction time variability). We also calculated the signal detection
theory measures d-prime (“sensitivity,” or the difference between signal and noise means
along the decision variable axis) and beta (“response bias” or general tendency to push or
not push the response button) (Stanislaw and Todorov, 1999; Wickens, 2002) as these
measures have been used in prior behavioral studies of the CPT task (Buchanan et al., 2010;
Conners et al., 2003; Epstein et al., 2003).

Any behavioral data acquired during spike-wave episodes based on EEG were excluded
from analysis. Blocks during which subjects did not participate, i.e. no button pushes during
the entire block due to drowsiness or sleep (and were subsequently determined not to be
seizing), were not counted in analysis of performance and not modeled with task during
fMRI analysis. In addition, if 5 or more blocks were thus excluded from any single run, the
entire run was discarded.

EEG-fMRI Data acquisition

Continuous EEG-fMRI data were acquired from each patient to enable us to remove any
spike-wave discharges from the analysis and to focus on the baseline interictal state without
seizure activity. EEG data were acquired with two slightly different systems. During the first
half of the study (12 of 26 patients), data were collected by an EEG cap with silver/silver-
chloride electrodes (modified from Quik-Cap 21 channel (international 10-20 system),
Neuroscan Inc., North Carolina, U.S.A.), carbon fiber cables (in-house), a 125Hz analog
low-pass Butterworth filter (in-house), and an EEG recorder (NuAmps, Neuroscan Inc.).
EEG signals were recorded at a 500 Hz sampling rate with 32-bit data resolution and
referred to a reference electrode between Fz and Cz. The EEG data in the remaining patients
were recorded using the same system except that 32 carbon wire EEG electrodes (in-house)
and a pre-amplifier (in-house) were used (Negishi et al., 2008), and the signals were
digitized at 1000Hz with a newer EEG recorder (SynAmps2, Neuroscan Inc.). In controls,
identical EEG setup and cap placement were used, and no EEG abnormalities were observed
during a brief screening EEG obtained before entering the scanner. No EEG data were
collected in controls during the scans although the cap remained in place to ensure the
experience for patients and controls was identical.

All patients and controls were scanned using a 3 Tesla Magnetom Trio scanner (Siemens
Medical Systems, Erlangen, Germany). During scanning, foam padding was used to help
secure the EEG leads, reduce motion artifacts, and improve patient comfort. Prior to the
task, AC-PC aligned axial T1 anatomical images (spin echo, repetition time = 300 ms, echo
time = 2.47 ms, matrix size = 256 x 256, 25 slices per image, slice thickness = 6 mm, field
of view = 22cm) were acquired in the same image planes as the functional MRI data.
Functional images were acquired with an echo-planar imaging BOLD sequence (repetition
time = 1550 ms, echo time = 30 ms, flip angle = 80, matrix size = 64 x 64, other parameters
were the same as the T1 anatomical images).
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BOLD fMRI was obtained in 640 second runs. At the beginning of each fMRI run, a
transistor-transistor logic pulse from the MRI scanner was supplied to one EEG channel in
order to accurately match the fMRI, EEG and behavioral task time series. To further ensure
correct synchronization, the behavioral stimulus presentations and button push responses
were recorded along with the EEG data in separate channels, as well as by the stimulus
presentation software. Up to 6 (typically 3 or 4) fMRI runs were obtained per recording
session as tolerated by the patients.

EEG analysis

EEG data were filtered offline to remove the artifact generated by MRI scans, allowing the
visualization of the entire EEG trace. The MR artifact in the first 12 patients was filtered
using the SCAN (Neuroscan) software and in-house temporal principal component analysis
(PCA) software (Negishi et al., 2004). The MR artifact in the remaining patients was
subtracted using adaptive noise cancellation software (Negishi et al., 2008). After artifact
removal, the EEG data were low-pass filtered at 50 Hz and visually inspected for typical 3-4
Hz spike-wave discharges. The onset and offset times of spike-wave discharges were
identified by an epilepsy neurologist (HB). All identified spike-wave discharges were
considered epileptiform abnormalities regardless of duration, or clinical behavioral change,
and were removed from the analysis.

fMRI analysis

The SPM2 software package (http://www.fil.ion.ucl.ac.uk/SPM) was used for all fMRI
preprocessing on a MATLAB platform. The initial 10 images (15.5 seconds) were discarded
in each run. The remaining 406 images in each run were spatially realigned to the first image
of each functional series, using 3D rigid body (linear) transformation with three translation
and three rotation parameters to minimize the mean squared difference between the images
as implemented in the SPM software (Woods et al., 1998). Images were then spatially
normalized to the SPM EPI template in MNI space. Images were then spatially smoothed
using an isotropic Gaussian kernel (10-mm full width at half maximum).

Signal to noise ratio (SNR) was calculated for each fMRI run using in-house code written in
MATLAB. For this calculation, the SPM2 whole brain mask (brainmask.nii) was applied to
all warped images prior to spatial smoothing, and the time course mean BOLD signal was
calculated at each voxel. SNR was defined as 20*log(mean BOLD signal/standard deviation
of BOLD signal), and a whole brain mean SNR was calculated for each fMRI run. An
arbitrary cut-off of 30 dB was set, and all runs with SNR below this were excluded from
analysis.

Statistical analysis of fMRI data was performed with the general linear model approach in
SPM2. For each subject, variance due to movement was removed from the data through
linear regression by including the six parameters obtained by rigid body correction of head
motion in the statistical model. Epochs of task blocks and spike-wave discharges were used
to construct boxcar models of task versus fixation and spike-wave versus baseline EEG
state, which were convolved with the canonical hemodynamic response function from SPM2
to form the two primary regressors. Both the fMRI data and the design matrices were then
high pass filtered at 128s, and the resulting model was pre-whitened by an autocorrelation
AR(1) model. No global scaling was used in the analysis.

Single-subject analyses were performed first to determine fMRI changes during task vs.
fixation blocks using a t-contrast in SPM2. In patients who had spike-wave episodes during
task performance, we included the spike-wave events as a regressor in the model to remove
their effects from the fMRI results. Analysis of spike-wave-related changes are described
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elsewhere (Bai et al., 2010; Berman et al., 2010). For group analyses, a one-sample t-test
using a random effects model was performed in SPM2 (Holmes and Friston, 1998) to
determine regions showing significant fMRI changes across subjects during task vs. fixation
blocks. Separate analyses were performed for the CPT and the RTT tasks. We applied a
family wise error (FWE)-corrected height threshold p = 0.05 to correct for multiple
comparisons with an extent threshold of k = 3 voxels (voxel dimensions =4 mm x 4 mm x 4
mm). The FWE correction in SPM is based on Gaussian random field theory and takes into
account the likelihood that a family of voxel values could arise by chance alone (Friston et
al., 1996). All results for functional data were displayed superimposed on the Montreal
Neurological Institute brain template “colin27” (single_subj_T1 in SPM) in radiological
convention, using a MarsBaR (http://marsbar.sourceforge.net/) mask to display only gray
matter voxels.

Attention regions of interest were next determined by areas of activation surviving a two
sample t-test comparing CPT activations versus RTT activations across all subjects
(uncorrected p threshold = 0.01, extent threshold k=3 voxels). The resultant three attention
ROIls were used to extract mean beta values corresponding to task activation (obtained from
the statistical model and related to the regressor’s contribution to the overall time series) for
each CPT run. The beta values are therefore related to the strength of fMRI activation during
task. In-house code was written in MATLAB to extract beta values at each voxel and to then
calculate a mean and standard deviation within each ROI. These values were used to run a
linear regression analyses in SPSS (SPSS Inc., Chicago, IL) against the attentional target
detection values from subjects’ CPT performance.

Resting functional connectivity

Fixation only runs were used for connectivity analysis. The first 33 acquisitions in each run
were discarded to ensure participants were under the resting state. All epochs of movement
greater than 1 mm translation or 1 degree of rotation were discarded. Images from —40s
before to +60s after each seizure onset were discarded to avoid the effect of BOLD changes
due to seizures (Bai et al., 2010). The longest remaining interictal epoch for each run was
matched one-to-one for each patient and control such that the number of runs and time
segments within the runs were identical. Resting functional connectivity analysis was
performed using in-house code written in MATLAB. Two sources of erroneous variance
were removed through linear regression and subtraction from the data: (i) six parameters
obtained in the realignment preprocessing step by rigid body correction of head motion and
(ii) the signal average for each slice. The data were next band-pass filtered (0.01 < f < 0.08
Hz) to remove low-frequency drift and reduce the influence of high-frequency noise.

For resting functional connectivity analysis we used the three attention ROIs obtained as
described above. For individual subjects, a mean timecourse was calculated by averaging the
timecourses of each voxel within the seed ROI. A correlation map was then produced by
computing the Pearson’s correlation coefficient between mean time course for each ROI and
the time course from all brain voxels. Subsequently, this correlation map was converted to z-
scores at each voxel by Fisher’s z transform z(r) = 0.5In[(1+r)/(1—r)] (Jenkins and Watts,
1968). To normalize for differences in number of images, each z score was divided by the

square root of variance, calculated as V1/(n = 3), where n is the degrees of freedom defined
as the number of image acquisitions within each epoch. For participants with multiple
fixation runs, we averaged the z-score maps across runs. Analysis was confined to the gray
matter by applying a standard gray matter mask from MarsBaR
(http://marsbar.sourceforge.net/) to all z-score maps. For each of the three ROIs, we next ran
a single sample t-test in SPM across all subjects (patients and controls combined) to show
voxels significantly correlated with that ROI in the whole brain.
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The z-score maps generated in this way were next used to compare patients and controls
using an ROI-based analysis. Using each ROI as the reference, we calculated the mean z-
values in the other two ROIs in all subjects. This resulted in three pairs of reciprocal
connections, which were then averaged to obtain a single value for each pair within each
subject. For group statistical analysis, we performed one-way ANOVA followed by Tukey’s
HSD method for post-hoc pairwise comparison to assess the differences in nodal
connections between the patient and control groups.

The three attention ROIs used for this analysis were based on our block-design task above,
and were very similar (see Results) to medial frontal/anterior cingulate and insular/frontal
opercular regions described previously for sustained attention (Nomura et al., 2010). As an
additional exploratory approach, we expanded the network analysis to include additional
fronto-parietal regions involved in transient attention based on previously published work.
Thus, using the same resting functional connectivity methods we studied the bilateral
intraparietal sulcus (right: 30, —61, 39; left: —31, —59, 42), frontal cortex (right: 41, 3, 36;
left: —41, 3, 36), precuneus (right: 10, —69, 39; left: —9, —72, 37), lateral parietal cortex
(right: 51, —47, 42; left: =51, —51, 36), dorsolateral prefrontal cortex (right: 43, 22, 34; left:
—43, 22, 34), and midcingulate (0, —29, 30), all using spherical ROIs in locations as
published previously (Nomura et al., 2010).

Impaired attention in CAE patients vs. matched controls

A total of 26 patients and 22 controls matched for age, gender, handedness, 1Q (subjects’
and maternal), and socioeconomic status performed the continuous performance task (CPT)
(Table 1). Demographics for patients and controls from the overlapping groups who
performed the motor control repetitive tapping task (RTT), and who performed fixation runs
for resting functional connectivity analysis were also well matched (see Supplementary
Table 1).

Patients’ impaired interictal attention relative to controls was apparent in their execution of
the continuous performance task. Signal detection parameters reflecting inattention were
significantly impaired in patients: higher omission rates (p=0.021; two-tailed t-test), longer
(p=0.010) and more variable (p=0.007) reaction times, and lower d-prime values (p=0.017).
No significant differences were found between groups for indexes of impulsivity:
commission rates (p=0.34) or beta values (p=0.10) for signal detection. The subjects’ task
performance results are summarized in Table 1.

Decreased attention performance is related to reduced fMRI signal in MFC

To investigate brain regions involved in attention performance, we first evaluated fMRI
changes during tasks in the entire study subject population. BOLD increases above fixation
during the continuous performance task (Figure 1A) included areas involved in attention
networks described in previous publications (Dosenbach et al., 2007; Dosenbach et al.,
2006; Eckert et al., 2009; Giraud et al., 2004; Sridharan et al., 2008; Thielscher and Pessoa,
2007): the bilateral anterior insulae and frontal opercula, medial frontal cortex comprised
primarily of the supplemental motor area (SMA) and anterior cingulate cortex (ACC), as
well as the upper extremity portion of the left motor cortex. The repetitive tapping task more
strongly activated motor networks, with BOLD increases in the upper extremity portion of
the left motor cortex, the SMA, and the inferior right parietal lobe (see Supplemental Figure
1).

To more selectively investigate the regions involved in attention rather than motor function,
we next performed an exploratory analysis to remove RTT increases from CPT increases,
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which we posited would more effectively isolate the attention areas. To accomplish this, we
performed a two-sample whole-brain t-test between all subjects” CPT and RTT activations.
Moreover, to ensure that the resulting analysis yielded regions activated during CPT, we
excluded regions that were sub-threshold in the prior one-sample t-test of CPT activations
(Figure 1A). The resulting t-map is displayed in Figure 1B and demonstrates three regions:
the bilateral anterior insula/frontal operculum (In/FO) and a portion of the medial frontal
cortex (MFC) at the junction of the ACC and the inferior SMA. While the results of this
second-level analysis were exploratory and did not survive correction for multiple
comparisons, this procedure provided more selective attention-related ROIs for subsequent
analyses.

We next examined how the identified ROIs related to attention impairment in children with
CAE by performing correlation analyses. Regardless of the index of attention (omission rate,
reaction time, standard deviation of reaction time, d-prime), impaired patient attention
performance correlated significantly with decreased mean beta values within the medial
frontal ROI. That is, worse attention in patients was associated with decreased BOLD fMRI
signal within the medial frontal lobes during CPT. No significant correlations existed
between the other two ROIs (left and right In/FO) and attention performance, nor were any
of the three ROIs correlated significantly with scores on the impulsivity parameters
(commission rate and beta). Figure 1C demonstrates the inverse relationship between
patients’ medial frontal activation and CPT omission rate (R = —0.58, p = 0.0029, 2-tailed R
to t conversion). Correlations of the medial frontal cortex with other behavioral measures are
displayed in Supplemental Figure 2. Similar patterns of correlation were seen in controls,
and no significant differences were found between the two groups when compared directly
(data not shown).

CAE patients have impaired resting functional connectivity between MFC and right In/FO

The above findings demonstrate that reduced attention performance was related to decreased
activation of MFC. However, this was true for both patients and controls. Since we were
interested in fundamental differences that may explain the overall worse performance in
patients, we next eliminated effects of task performance by studying the attention network at
rest. We used each of the three attention ROIs (Figure 1B) as seed regions for whole brain
voxel-wise correlation resting functional connectivity analysis. We found strong correlations
that were maximal between each attention ROI and the other two ROIs (Figure 2A; See also
Supplemental Figure 3). This finding validated our defining a functional network involving
the bilateral In/FO and MFC, which was related to CPT activations and also showed strong
interconnectivity at rest.

We were next interested in determining whether resting connectivity in this network differed
between patients and controls. We found that all connections between the MFC, and right
and left In/FO were generally weaker in CAE patients relative to controls, and this
difference reached statistical significance for the connectivity between the right In/FO and
MFC (Figure 2B). Mean connectivity z-score between right In/FO and MFC was 7.2 + 1.9
(mean £ SD) in controls but only 5.4 £ 2.0 in patients (p=0.016). This finding reveals
abnormal resting functional connectivity between the medial frontal cortex and the right
insula/frontal operculum in patients with CAE, suggesting that there is a fundamental deficit
in attention network function in these patients.

Although subgroup analyses should be interpreted with caution, particularly when sample
size is limited, we performed a preliminary analysis on a subset of CAE patients and
controls that were matched for impaired attention performance (CAE patients and controls
respectively, omission error rate = 8.0 £ 10.2 % and 7.7 + 8.8 % (mean + SD); mean age =
10 £ 4.3 and 10 £ 2.8 years; n = 6 (all female) and 6 (5 female)). In these subgroups we still
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found a reduction in mean connectivity z-score between right In/FO and MFC in patients
(5.6 £ 2.4 (mean £ SD)) compared to controls (8.0 + 1.0; p=0.047), suggesting the reduced
connectivity in CAE patients is not a non-specific effect of attention performance. As a
further exploratory analysis, we also investigated resting connectivity in a broader attention
network including more fronto-parietal ROIs taken from prior work (Nomura et al., 2010)
but did not find additional connections with significant connectivity differences between
patients and controls. This further supports the importance of the MFC - In/FO network for
impaired attention in childhood absence epilepsy.

Discussion

CAE patients demonstrated significant interictal impairment relative to matched controls on
behavioral testing, and this impairment was reflected in disruption of their attention
network. Based on fMRI activations, attention ROIs included the bilateral anterior insulae/
frontal opercula (In/FO) and medial frontal cortex (MFC). Correlation analysis revealed that
impairment in all behavioral measures of attention was associated with decreased medial
frontal fMRI activation during CPT. Analysis of resting functional connectivity confirmed
the existence of an attention network and demonstrated decreased connectivity in patients
relative to controls within this network. These findings provide for the first time an
anatomical and functional basis for impaired interictal attention in CAE.

Previous publications have addressed many of the components of this study. It is well
established that children with CAE suffer from interictal attentional impairment (Caplan et
al., 2008; Dunn et al., 2003; Henkin et al., 2005; Holdsworth and Whitmore, 1974; Levav et
al., 2002; Mitchell et al., 1992; Sherman et al., 2007; Vega et al., 2010), and that this
dysfunction often persist with treatment of seizures (Williams et al., 2002). This was
recently investigated in a landmark study by the Childhood Absence Epilepsy Study Group
(Glauser et al., 2010) that demonstrated impaired performance on the Conners continuous
performance test in children with CAE both before treatment and on three different
medication regimens. None of these studies sought to investigate the underlying mechanism
of this impairment.

Recent fMRI research has demonstrated altered resting functional connectivity in temporal
lobe epilepsy (Bettus et al., 2009; Liao et al., 2010; Morgan et al., 2010; Waites et al., 2006;
Zhang et al., 2009a) including impaired attention networks (Zhang et al., 2009b). Another
study established disrupted connectivity involving the default mode that was more profound
in epilepsy patients with generalized than partial seizures (Lui et al., 2008). No publication
to date has analyzed these networks in the CAE population, though there is indirect evidence
of their disruption. Previous research has demonstrated selective network involvement in
generalized seizures (Bai et al., 2010; Blumenfeld et al., 2009; Blumenfeld et al., 2003;
Meeren et al., 2002; Meeren et al., 2005; Nersesyan et al., 2004), and there is structural
MRI, MR spectroscopic, and diffusion tensor imaging data in animal models (Chahboune et
al., 2009) and human subjects (Chan et al., 2006; Fojtikové et al., 2006) that suggest
disruption of similar cortical and subcortical networks in CAE that persists between
seizures. Moreover, there is evidence that impaired behavioral performance is reflected in
reduced resting functional connectivity between areas activated during behavioral tasks
across a variety of neurological disorders (Agam et al., 2010; Hampson et al., 2010;
Hampson et al., 2006; Tu et al., 2010; Wang et al., 2010), though this has never been
examined in CAE. This line of evidence directed us to investigate network disruption in
CAE underlying attentional impairment.

We found that activation of the MFC (comprised largely of the ACC) was central in
sustaining attention during CPT. This is consistent with electrophysiological studies
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spanning three decades demonstrating involvement of the MFC in focusing attention and
modulating target selection (Posner et al., 1988) as well as resolution of conflict errors and
monitoring performance by the executive attention system (Gehring and Knight, 2000; Luu
et al., 2000). More recent fMRI studies have confirmed these results, demonstrating ACC
activation in error detection (Carter et al., 1998), executive control of attention (Fan et al.,
2005a), and conflict monitoring and conflict control (Kerns et al., 2004). Moreover, there is
evidence that ACC activation occurs with either manual or vocal output and spatial or verbal
processing (Barch et al., 2001). One recent fMRI study of sustained attention demonstrated
bilateral insulae and ACC activation, and correlation of worse performance with less BOLD
signal of the latter (Tana et al., 2010), a finding we replicated in our CAE population. Other
studies have demonstrated that bilateral insulae activations may be associated with
assessment of risk (Knutson and Bossaerts, 2007), negative reward anticipation (Liu et al.,
2007), and impulse control (Knutson et al., 2007).

The attention network that we identified in our study has been described previously in a
diversity of attentionally taxing contexts. Giraud and colleagues employed an auditory
speech task, and found that in addition to speech areas, auditory attention and
comprehension was localized in the bilateral insulae, ACC and right medial frontal cortex
(Giraud et al., 2004). Dosenbach (Dosenbach et al., 2006) using a mixed block/event-related
design involving ten different tasks found that the dorsal ACC/medial superior frontal and
bilateral anterior In/FO formed a “core” task-set system. Thielscher and Pessoa utilized a
fear-disgust 2-choice discrimination task and concluded that ACC/MFC and In/FO
activation correlated with decision making reaction time (Thielscher and Pessoa, 2007).
Finally, Dosenbach and colleagues applied graph theory to resting functional fMRI data to
propose a distinct task-control nework involving the dorsal ACC/MFC and anterior In/FO
that may control goal-directed behavior through stable maintenance of task sets (Dosenbach
etal., 2007).

Several studies have described distinct dorsal and ventral attention networks (Corbetta and
Shulman, 2002; Fox et al., 2006; Kincade et al., 2005; Seeley et al., 2007) wherein task-
specific signals from the dorsal system filter stimulus signals from the ventral system, and
stimulus-driven “circuit-breaking” signals from the ventral system interrupt the dorsal
system, thereby refocusing attention toward salient stimuli. The dorsal attention network is
bilaterally represented and is involved in goal directed behavior and top-down orienting of
attention (Corbetta et al., 2000; Corbetta et al., 2005; Hopfinger et al., 2000; Kastner et al.,
1999; Kincade et al., 2005; Shulman et al., 2003; Slagter et al., 2007). The ventral attention
system is right-hemisphere lateralized and functions to reorient attention in response to
unexpected environmental stimuli (Astafiev et al., 2003; Corbetta et al., 2000; Kincade et
al., 2005).

This right hemisphere dominance in attention has recently been carefully quantified
(Shulman et al., 2010) and is reflected in our study’s establishing that CAE patients
demonstrate impaired connectivity between the right anterior In/FO and MFC. In fact, a
recent publication (Eckert et al., 2009) examined functional connectivity during several
tasks of word recognition and spatial attention and found that the right anterior In/FO and
ACC were engaged regardless of task stimulus presentation (auditory/visual) or mode of
response (spoken/motor). They concluded that the right In/FO is the “heart of ventral
attention system,” providing a link across attentional and task-supporting networks. These
findings paralleled those of Sridharan and colleagues who demonstrated that a right In/FO -
ACC network plays a major role in switching between distinct brain networks across task
paradigms and stimulus modalities (Sridharan et al., 2008). These studies build a framework
on which to interpret our results, and emphasize the significance of CAE patients’ impaired
attention, both in terms of their behavioral performance and network connectivity.
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Recent important studies using fMRI connectivity techniques to examine changes in brain
attention control networks during development are also highly relevant to our findings.
Multiple publications (Fair et al., 2009; Fair et al., 2007; Supekar et al., 2009) have
demonstrated that during development there is an increase in long-range connections
(“integration’) and a decrease in short-range connections (‘segregation’) involved in control
networks. Moreover, researchers have been able to apply this data to accurately predict
subjects’ ages by analyzing the patterns of fMRI connectivity (Dosenbach et al., 2010).
Another recent fMRI connectivity study (Kelly et al., 2009) examined the effect of age on
networks involving the anterior cingulate cortex and demonstrated that connections were
more local and diffuse in children and were more distant and discrete in adults when using
the ACC as a seed region. In light of these findings, it is possible that the normal
developmental processes of network segregation and integration are disrupted in children
with CAE, which might account for differences we observed in our subjects. Further
investigation of this possibility is warranted in future studies, and should also include new
promising methods such as graph-theorerical analysis of network metrics and behavior (Fair
et al., 2009; Fair et al., 2007). There are limitations to our study. CPT does not differentiate
among particular attention networks, including orienting, alerting, and executive functions,
as previously described (Fan et al., 2005a; Fan et al., 2005b; Fan and Posner, 2004). We
realize that our “attention network™ is an oversimplication - our aim was not to elaborate on
subtleties of these networks, but rather to investigate the network disruption underlying CAE
patients’ impaired interictal attention. Future studies using tasks that probe various aspects
of attention networks will help to dissect the intricacies of this impairment. Performing
EEG-fMRI and behavioral studies on young children is technically challenging, and though
we included six motion-related regressors in our analyses, it is possible that the results could
be improved further by inclusion of better models of motion effects (Lund et al., 2005). In
addition, because the fixation task was added along with the other two tasks somewhat later
in our study, the sample size and mean age of subjects performing the fixation task were
slightly lower than in the other two groups (Table 1, Supplementary Table 1). Although the
groups were generally overlapping and reasonably matched, it is possible that larger sample
sizes in all groups will provide further insights. Finally, effects of medications cannot be
fully excluded in our study. Although all patients were off medications for up to 48 hours at
the time of testing, some residual effects of medications may have persisted. Ideally these
results should be replicated in drug naive patients or in patients off medications for more
prolonged time periods.

In summary, CAE patients perform more poorly on a task of attentional vigilance, and the
degree of this impairment correlates negatively with fMRI activation of the medial frontal
cortex during task. Moreover, our fMRI results demonstrate impaired function in an
attention network comprising the anterior insula/frontal operculum and medial frontal
cortex, and this disruption is most marked between the right In/FO and MFC. These findings
provide an anatomical and functional basis for interictal impaired attention in CAE, which
may allow improved treatments to be developed targeted at these networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

BOLD fMRI changes during the CPT task. A. t map demonstrating increases (hot colors)
and decreases (cold colors) during CPT (N=48; 26 patients, 22 controls) relative to fixation
(height threshold p<0.05, FWE corrected, extent threshold k=3 voxels). Significant fMRI
increases included the medial frontal cortex (MFC) comprised of anterior cingulate cortex
(ACC) and supplemental motor area (SMA), bilateral insulae/frontal opercula (In/FO), and
upper extremity portion of the left motor cortex. B. Results of 2-sample t test showing
regions with greater fMRI increases on CPT than on RTT (height threshold p<0.01
uncorrected for multiple comparisons, extent threshold k=3 voxels) excluding areas not
activated during the CPT task (A). Three presumed attention-related regions were identified
as MFC and bilateral In/FO, which were used as ROIs in subsequent analyses. For regions
activated on RTT see Supplementary Figure 1. C. Correlation analyses between CAE
patients’ omission rate and mean beta values within the medial frontal cortex ROI during
CPT (n=26). Declining performance, as evidenced by increased omission errors, was
correlated with declining beta values in MFC. Similar results for reaction time, standard
deviation of reaction time, and d-prime are shown in Supplemental Figure 2.
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A

Figure 2.

Resting functional connectivity analysis. A. Medial frontal ROI seed region shows maximal
connectivity with bilateral anterior insula/frontal operculum, paralleling the network
activated during the CPT task. t map with n = 32 (16 patients, 16 controls), height threshold
was made more stringent at p<0.001, FWE corrected to reveal connectivity maxima, extent
threshold k=3 voxels. B. Results of ANOVA comparing patient and control connectivity
between attention ROIs. Mean z-score for connectivity between right In/FO and MFC was
5.4 £ 2.0 (mean + SD) for patients and 7.2 + 1.9 for controls (p = 0.016); between left In/FO
and MFC was 6.5 + 2.5 for patients and 7.5 £ 2.9 for controls (p = 0.29); and between left
In/FO and right In/FO was 7.3 + 3.0 for patients and 8.9 + 3.3 for controls (p = 0.16).
Widths of arrows are proportional to F values. * = p<0.05.
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Table 1

Subject demographics and behavioral performance on the CPT task.

Patients  Controls p value

Demographics

N 26 22

Age (y) 12+4 12+3 NS
gender (f/m) 15/11 13/9 NS
handedness (r/1) 21/5 20/2 NS
child 1Q 105+12 110+15 NS
parent 1Q 109+12 109+18 NS
Hollingshead 48 +11 52+ 10 NS

CPT performance

omission rate (%) 51+51 21+34 0021
comission rate (%) 23+51 11+13 NS

mean reaction time (ms) 513+55 461+75 0.010
st. dev. reaction time (ms) 106 +24 86+ 24 0.007
beta 44+45 24+£36 NS

d-prime 42+0.7 47+08 0.017

All values are mean * standard deviation.
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