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Abstract

The neural mechanisms that underlie selective attention in children are poorly understood. By administering a set-shifting
task to children with intracranial electrodes stereotactically implanted within anterior cingulate cortex (ACC) for epilepsy
monitoring, we demonstrate that selective attention in a set-shifting task is dependent upon theta-band phase resetting
immediately following stimulus onset and that the preferred theta phase angle is predictive of reaction time during
attentional shift. We also observe selective enhancement of oscillatory coupling between the ACC and the dorsal attention
network and decoupling with the default mode network during task performance. When transient focal epileptic activity
occurs around the time of stimulus onset, phase resetting is impaired, connectivity changes with attentional and default
mode networks are abolished, and reaction times are prolonged. The results of the present work highlight the fundamental
mechanistic role of oscillatory phase in ACC in supporting attentional circuitry and present novel opportunities to
remediate attention deficits in children with epilepsy.
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The neural mechanisms subserving human attention are
complex and incompletely understood. Rhythmic oscillatory
activity of neural assemblies supports a variety of neurocogni-
tive functions, including attention (Fiebelkorn and Kastner 2019,
2020). At the neuronal level, oscillation of membrane poten-
tials imposes precise temporal windows for integration and
transmission of synaptic inputs (Volgushev et al. 1998). Inputs
received in synchrony with membrane oscillations are selec-
tively propagated, whereas others are suppressed (Izhikevich
et al. 2003). Oscillatory activity modulates neuronal interactions
and the phase of oscillations mechanistically alters connectivity
among neural assemblies, thereby facilitating selective atten-
tion (Womelsdorf and Fries 2007). Precise phase relations pre-
cede brain activity and neural network connectivity diminishes
when synaptic inputs arrive at random phases (Womelsdorf and
Fries 2007). For instance, pre-stimulus phase can predict sup-
pression of object perception depending on when the stimulus
is presented relative to the phase of oscillation (Mathewson et al.
2009; Mazaheri et al. 2009; Sierra et al. 2015).

The anterior cingulate cortex (ACC) is a region of the brain
where the precision of oscillatory activity is critical for the main-
tenance and sustainment of attention (Voloh et al. 2015). Along
with the insular cortices, the ACC comprises a major hub of the
salience network (Seeley et al. 2007) involved in detecting and fil-
tering salient stimuli. The ACC is recruited to focus attention on
behaviourally-relevant stimuli and to regulate conflict between
an object of attention and distractors during goal-directed, sus-
tained attention (Kerns et al. 2004; Weissman et al. 2005; Roelofs
et al. 2006). Modulation of ACC activity affects processing speed
and provides a continuously updated prediction of expected
cognitive demands in order to adapt future behavioral responses
(Sheth et al. 2012). It has been shown that reduced ACC activity
accounts for attention lapses (Weissman et al. 2006) and lesions
of the ACC impair sustained attention regardless of the sensory
input modality (Wu et al. 2017).

Phase resetting represents a mechanism by which the
salience of attention-demanding stimuli may be modulated
in/by the ACC. This phenomenon refers to the expression of a
concurrent change in oscillatory phase in temporal association
with the perception of a stimulus (Canavier 2015). Phase
resetting serves several critical purposes. First, realignment of
the phase of an oscillation to a specific reference point allows
phasic information to be consistently decoded. Second, resetting
allows a periodic stimulus to control the frequency and phase
of a neural oscillation to provide an appropriate time frame
for encoding and decoding. Finally, consistency in phase shifts
may support the integration of information flow across a large-
scale network. The degree to which attention is dependent upon
phase resetting within the ACC has not been characterized in
humans.

Attention deficits are disproportionately prevalent among
children with epilepsy (Cohen et al. 2013; Reilly et al. 2014;
Besag et al. 2016). While 4%–12% of the general population
of school-aged children manifest attention deficits, one-third
of those with epilepsy exhibit these impairments, which con-
tribute to academic difficulties, psychosocial isolation and min-
imized future potential (Brown et al. 2001). It is thought that such
deficits in epileptic patients are in part related to dysfunction of
the neurological mechanisms supporting attention, rather than
the effects of medications or chronic seizures, as significant
behavioral problems and attention deficits often predate the
onset of seizures and the diagnosis of epilepsy (Austin et al.
2001).

Momentary lapses in attention, also known as transient cog-
nitive impairment, are proposed to be the substrate of attention
deficits in affected children (Aircardi 1996) and have been linked
to ongoing interictal epileptic activity (Binnie 1993). Children
with attention deficits but without a known seizure disorder
also exhibit epileptic-like discharges on electroencephalography
(EEG) (Silvestri et al. 2007; Frye et al. 2010; Attila et al. 2013). Inter-
ictal epileptiform activity at the time of stimulus presentation
has been reported to disrupt task performance (Aarts et al. 1984)
and the frequency of interictal epileptiform activity has been
associated with lowered performance on attention tasks (Nicolai
et al. 2012). The administration of antiepileptic treatment has
been associated with both reductions in epileptiform activity
and improved psychological function (Marston et al. 1993). How-
ever, there remains a critical gap in knowledge regarding the
mechanisms that link interictal epileptiform activity to tran-
sient cognitive impairment (momentary lapses) and attention
deficits.

Given the converging evidence for (i) the importance of phase
precision of oscillatory neural activity in supporting neurocog-
nitive functions; (ii) the role of the ACC in maintaining and
modulating attention; and (iii) transient attention deficits as a
result of epileptiform activity, we sought to study phase reset-
ting as a mechanism of attention and its potential breakdown
during momentary lapses thereof. Unique intracranial record-
ings within the ACC in children with drug resistant epilepsy
were studied during a set-shifting task that required alternat-
ing attention to shift from one task rule to another. Findings
revealed that oscillatory phase precision was correlated with
processing speed, which is highly associated with measures of
inattentive behavior (Kalff et al. 2005) and functional limitations
(Cook et al. 2018) in children with attention deficits.

The current work presents novel understanding of funda-
mental mechanisms of attention using intracranial recordings
in children with epilepsy. Given the critical role of oscillatory
activity in the formation of neural networks, we provide evi-
dence for a phase-based neural syntax subserving attention in
the ACC. We highlight the breakdown of oscillatory interactions
within the ACC during momentary lapses in attention related to
epileptic events, thus providing further support for the mech-
anistic importance of fluctuations in neural activity in main-
taining normative function. These data provide a framework to
study the neurophysiological underpinnings of attention and
further, a potential means to rescue attention deficit through
targeted neuromodulation.

Materials and Methods
Study Population

Thirteen children with drug resistant epilepsy underwent stere-
oelectroencephalography (SEEG) with stereotactic placement of
intracranial depth electrodes (0.86 mm diameter; AdTech, USA)
directly into the ACC. The participants’ detailed clinical demo-
graphics including sex, seizure onset location, pathology, and
focality are presented in Supplementary Table S1. In all cases,
using presurgical data, it was hypothesized that the ACC was
part of the seizure propagation zone but not the zone of seizure
onset. The ACC was targeted anatomically using preoperative
3 T magnetic resonance imaging (MRI). The surgical trajec-
tory to the ACC was planned to be the most orthogonal while
avoiding cortical veins and sulci. On the day of the proce-
dure, under general anesthesia, a Leksell stereotactic frame
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was applied and computed tomography-angiography (CTA) was
performed. Fusion of the CTA to the preoperative MRI with the
planned targets allowed for frame-based stereotactic placement
of ACC electrodes. Additional electrodes were placed in the
presumed epileptogenic zone, as individualized for each patient.
One patient underwent electrode implantation using a frame-
less stereotactic approach. Imaging performed after implanta-
tion confirmed the locations of all electrodes.

All participants underwent neuropsychological assessment
prior to invasive monitoring, which included measures of learn-
ing abilities. During a rote learning task, learning was indexed as
the combined recall score of the final three trials for a given list
of words, which is impacted by sustained attention (Talley 1993).
A parent report of attention difficulties was also obtained for
all participants using the Child Behavior Checklist (Achenbach
1991).

Children were prospectively recruited into the study. The
Research Ethics Board of the Hospital for Sick Children approved
the protocol, which complies with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

Localization of Electrodes in Common Space

The locations of the electrodes were marked in CT space. The
CT was linearly registered with the pre-operative MRI, and the
pre-operative MRI was non-linearly registered with the ICBM152
MNI template. Registration was performed using FSL 5.0.9–5.

Each electrode was further assigned to a particular resting
state brain network when overlaid with an atlas modeling the
7-network cortical parcellation template introduced by Yeo and
colleagues (Thomas Yeo et al. 2011). Regions of interest of 5 mm
diameters were created at the location of recording electrodes
from the ACC as well as the epileptogenic lesion. All elec-
trodes were confirmed to be localized within the ACC based on
concordant atlas labels using both the Automated Anatomical
Labelling and Harvard-Oxford Cortical atlases (Tzourio-Mazoyer
et al. 2002; Makris et al. 2006) (Fig. S2) In all cases, the ACC
electrode chosen was outside the seizure-onset zone. Lesional
electrodes were chosen by experienced clinical neurophysiolo-
gists (A.O., H.O.) as the most active electrodes interictally and
the site of seizure onset.

Attentional Set Shifting Task and
the Anterior Cingulate

A set shifting task (Oh et al. 2014) was performed by all par-
ticipants while clinical recordings were taking place from the
intracranial electrodes (see Fig. 1b). Set shifting is a measure of
cognitive flexibility that relies on complex cognitive processes
including attention shifting, inhibition and salience detection
(Dajani and Uddin 2015). During set shifting, subjects select
responses based on an implicit rule that shifts every few trials.
Selective attention is essential to efficiently track these shifts
and accurately adapt one’s response; slowed reaction times and
errors indicate a lapse in attention. A trial concluded when a
button press was registered or after 4000 ms. Each trial was
presented with a jittered interstimulus interval between 800–
1200 ms (mean 1000 ms).

The neuroimaging literature has highlighted the role of
attention in successful completion of this task and the critical
role of the ACC in these processes. Whereas multiple brain
regions demonstrate functional activation during set shifting
(Buchsbaum et al. 2005; Dunkley et al. 2015), the operational
task of set-shifting is an attention-dependent process that is

critically reliant upon the ACC (Dajani and Uddin 2015). Indeed,
cognitive flexibility is often described in the context of processes
requiring shifts in attention, including attentional flexibility
(Vilgis et al. 2015), attention switching (Casey et al. 2004), and
attentional set-shifting (Owen et al. 1991). Numerous studies
involving multiple non-invasive modalities have identified
activations in attentional set-shifting within the ACC (Monchi
et al. 2001; Periáñez et al. 2004; Smith et al. 2004; Kim et al. 2012).
Activity within the ACC prior to stimulus onset also reliably
predicted cognitive flexibility, in keeping with its attentional
role within the recruited executive function network (Leber et al.
2008). Other frontal and parietal brain regions implicated in
executive control are also activated by set-shifting tasks (Oh
et al. 2014). To date, direct recordings from the ACC during
set-shifting tasks have not been reported in humans.

The primary outcome measure was processing speed, as
indexed by the trial reaction time. This was selected because
this measure is the most predictive of inattentive behavior and
is superior to task accuracy (i.e., error rates) at distinguishing
children with attention deficits from pathological and healthy
controls (Kalff et al. 2005). Second, processing speed has been
previously used to monitor response to medical treatments
aimed at improving attention deficits (Adalio et al. 2018; Thorsen
et al. 2018). Finally, reaction time strongly correlates with clinical
and functional limitations that are prevalent in affected chil-
dren, including academic skills, adaptive behavior, self-reported
anxiety and social competence (Cook et al. 2018).

Signal Acquisition and Oscillation Analysis

Participants underwent digitally recorded intracranial video-
EEG (iEEG) using a Natus Quantum 256-channel amplifier (Natus
Medical Inc., Pleasanton, CA, USA) with a sampling rate of
2048 Hz and an anti-aliasing filter at 512 Hz (−6 dB/oct) applied
prior to sampling. The recordings were exported as European
Data Format Plus (EDF+) files (Kemp and Olivan 2003) and
imported into MATLAB for subsequent analysis (R2018a, The
MathWorks, Natick, MA, USA). A notch-filter was applied to
remove 60 Hz line noise and harmonics. The data were then
band-pass filtered to 1–500 Hz (4th-order Butterworth). The
electrode data were digitally re-referenced to a common average
reference.

For each source and frequency range the analytic signal, S(t),
was then obtained from the filtered signal, f(t), and its Hilbert

transform,
∼
f (t), for each frequency band as follows:

S(t) = f (t) + i
∼
f (t) = A(t)eiθ (t). (1)

From this result, A(t) and θ (t) were derived, representing
the timeseries of the instantaneous envelope amplitude and
instantaneous phase, respectively.

Detection of Epileptic High Frequency Oscillations

While participants performed the task, the lesional electrode
within the epileptogenic zone often registered coincidental
epileptic activity. In order to determine the presence of epileptic
activity within the lesion relative to the timeframe of the
stimulus, we actively determined the occurrence of pathological
high-frequency oscillations (HFOs) using an open-source
framework (Wong et al. 2021). High frequency oscillations are
transient events that are a robust marker of epileptogenicity
(Ochi et al. 2007; Akiyama et al. 2011) and were identified
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Figure 1. Localization of intracranial electrodes and results of the attentional set-shifting task. (a) The location of the stereotactic electrodes recordings from the lesion
(red) and ACC (blue) in normalized MNI brain space for all subjects combined. (b) Time-frequency decomposition time-locked to HFO occurrences in both the lesion
and the anterior cingulate (P < 0.05 FDR-controlled). HFOs are localized to the lesion and are not significant in the anterior cingulate. (c) Schematic of the set shifting

attention-demanding task, demonstrating non-shift, intradimensional shift, and extradimensional shift trials. Shift trials are followed by three or more non-shift trials
for acclimatization. (d) Time-frequency decomposition showing relative change in power from baseline and demonstrating theta and alpha synchronization and beta
desynchronization in shift trials. Regions with significant differences (P < 0.05 FDR-controlled) relative to the −0.75 to 0 s baseline interval are shown with full opacity,
non-significant time-frequency regions are masked. (e) Time-frequency decomposition with highlighted regions demonstrating significant relationship to reaction

time. Relative increase of peri-stimulus beta power was related to slowed reaction time in shift trials (P < 0.05 FDR-controlled).

on the basis of accepted definitions (Engel et al. 2009). In
presurgical evaluation, the detection of HFOs in EEG can be used
to identify the seizure onset zone (SOZ) (Crépon et al. 2010; Chua
et al. 2011) and predict clinical outcomes following resection
(Quitadamo et al. 2018). HFOs appear to be more specific to the
epileptogenic zone (Worrell et al. 2004; Jacobs et al. 2008) than
the classical biomarker: the epileptic spike; and appear to reflect
the epileptogenicity of the tissue better, increasing in frequency
immediately prior to seizure onset (Jacobs et al. 2010) and with
reduction of anti-epileptic medications (Zijlmans et al. 2011).
Importantly, these epileptic dynamics are not typically detected
on noninvasive electromagnetic recordings and can only be
reliably gleaned from invasive monitoring with intracranial
electrodes. A detailed summary of the HFO detection procedure
we utilize has been previously described (Wong et al. 2021).

Induced Oscillatory Power

The spectral properties of the signal were measured using an
induced analysis. Induced oscillatory power was computed

relative to stimulus onset. This was performed through FieldTrip
toolbox’s ft_freqanalysis function with 7-cycle Morlet wavelets
(Oostenveld et al. 2011). The data were epoched relative to the
stimulus marker, and for HFOs. Time-and-frequency-resolved
oscillatory power was computed through the wavelet transform.
FDR-controlled correlations between the time-frequency power
and reaction times were also computed.

Phase Resetting

Phase properties of the signals from the ACC were analyzed
to investigate oscillatory dynamics occurring during attentional
set-shifting. Phase resetting was calculated within the ACC dur-
ing attention tasks by defining a z-score for a Rayleigh test at
each time point prior to and after presentation of the stimulus.
The Rayleigh test z-score (Rayleigh Z) is a measure of consis-
tency of phase at a given time point (Berens 2009). If random
phase is present, uniform distribution of instantaneous phases
would be expected relative to the reference point of the stimulus
presentation, indicating a low Rayleigh Z. The presence of a
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Figure 2. a: Experimental set-up. The filtered signal from the ACC is computed during the set-shifting task. The oscillatory phase is then derived from the Hilbert
transform. At each sample, Rayleigh Z is computed across trials, providing a measure of the consistency or randomness of signal phase, which results in high and low
Rayleigh Z, respectively. b/c: Phase resetting in shift and non-shift trials. Rayleigh Z, a measure of asymmetry of the phase distribution, is computed at each time point
in shift (b) and non-shift trials (c) in theta. The shading indicates 95% confidence intervals derived from bootstrap sampling. Trials without associated HFOs are shown

in blue; those with HFOs in orange. The circular-linear correlation coefficient between the trial reaction time and the phase angle in the ACC is shown below. d: Mean
reaction time of each subject in trials dichotomized by alignment to the preferred phase or the antiphase. Trials with proper phase alignment are attended faster than
trials with phase aligned opposite to the preferred phase (P = 0.006). e: Reaction time distribution by alignment to preferred phase or to the antiphase. Trials within

each subject were binned into quartiles and shown by whether the instantaneous phase was aligned to the preferred phase or to the antiphase. In-phase trials tend
to be faster than antiphase trials.

preferred phase denotes phase resetting, which is indexed by
an elevated score (Fig. 2b). A random inter-stimulus interval was
introduced to prevent the periodic nature of oscillations from
imposing falsely elevated Rayleigh Z.

To measure associations between oscillatory phase and reac-
tion time, for every sample, the circular-linear Pearson’s corre-
lation coefficient was computed between phase and eventual
reaction time (Fig. 2b and c) using the provided function from
the circstat toolbox (Berens 2009).

With regards to preferred phase analysis, phase oscillations
at the time of maximal phase resetting were binned into six
regions of π /3 radians each. Instantaneous phases deviating by
the preferred phase by more than π /6 radians were therefore
deemed to be in another more distant phase bin. Multivari-
ate mixed effects analysis adjusting for patient age was used
to investigate associations between instantaneous phase and
reaction time.

Inter-Regional Time-Resolved Connectivity

In order to assess inter-regional connectivity of larger-scale
networks, time-resolved phase synchrony between electrodes
implanted in the ACC and canonical resting-state networks (i.e.,
ACC-dorsal attention network or ACC-default mode network)
was computed using the PDD (Breakspear et al. 2004; Thomas
Yeo et al. 2011). PDD estimates the inter-trial likelihood of inter-
regional phase synchrony at each time point and was selected
for its ability to estimate time-resolved phase-synchrony-based
functional connectivity without the need to temporally window
the data. PDD is particularly suited for analysis of transient
network impairments caused by epileptiform activity resulting
in desynchronous bursts in an otherwise synchronous network
(Breakspear et al. 2004).

Briefly, instantaneous phase estimates from the canonical
frequency bands, θ (t), were computed from the Hilbert trans-
form. The derivative of the phase difference between electrode
pairs was computed using the PDD, defined as

PDDmn =
∣∣∣∣∣
d

(
�θmn(t)

)

dt

∣∣∣∣∣ (2)

where �θmn(t) is the modulus of the phase difference between
electrodes m and n. Pairs of electrodes in phase synchrony will
have phases that evolve in synchrony, resulting in a derivative
of the phase difference approximately near zero. Otherwise, the
value of Eq. 2 will be bounded by some number k < 2π , where k
can be used selectively as a threshold to define phase synchrony.

We used frequency-adaptive thresholds, as previously
described (Breakspear et al. 2004), by examining individual
phase timeseries. The derivative timeseries thresholded to

k < π/
(
1500fs

)
rad s−1. Subthreshold (i.e., in synchrony) clusters

of time points with duration τ < π/(2fs) seconds were considered
spurious. Remaining subthreshold clusters with sufficient
duration indicated true phase synchrony at that sample and in
that trial. The threshold-binarized clusters were averaged over
trials to obtain the proportion of trials with phase synchrony
and was used as an estimate of synchronization likelihood.

To evaluate PDD across subjects, the PDD timeseries were
then z-scored relative to the −750 to −500 ms baseline (i.e.,
subtracting the baseline mean and dividing by baseline stan-
dard deviation). To further determine the significance of the
resultant PDD z-scores, a one-sample t-test was computed at
each timepoint in the timeseries and corrected for multiple com-
parisons. Differences between trial types (i.e., trials with HFOs
and trials without HFOs) were calculated using permutation
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testing and corrected for multiple comparisons. Correction for
multiple comparisons was performed using a point-by-point
false discovery rate, which controls the overall rate of type I error
across all comparisons. A widely accepted threshold of q < 0.05
was used (Benjamini and Hochberg 1995).

To visualize significant PDD synchronization in trials with-
out HFOs over time, each ACC-network PDD timeseries was
segmented into five 250-ms time-windows, and within each
time-window, the highest z-score from trials without HFOs was
extracted and plotted onto the respective glass brain as a func-
tion of electrode size (Fig. S9).

Statistical Analyses

Behavioral data analysis was performed using a mixed-effects
multivariate hierarchical analysis using the lmer package in R
(R Core Team 2019). Results of these analyses are presented as
means with 95% confidence intervals unless otherwise stated.
Differences between states were calculated through permuta-
tion tests and corrected for multiple comparisons, where appro-
priate. Correction for multiple comparisons were performed
using a point-by-point false discovery rate, whereby regions of
the timeseries that reached q < 0.05 were viewed as significant.
Circular data are analyzed as described above. All calculations
were performed in MATLAB software (R2020a, The MathWorks,
Natick, MA, USA), unless otherwise specified.

Results
Behavioral Correlates of Reaction Time

Thirteen children undergoing invasive epilepsy monitoring with
stereotactic EEG (sEEG) with at least one intracranial electrode
in ACC were included in the study. Figure 1a and b provides an
overview of intracranial electrode localization and experimen-
tal paradigm for the set-shifting task. Across all patients, the
mean reaction time for the set-shifting task was 0.817 ± 0.290 s
(mean ± standard deviation), with significantly shorter reaction
times in trials that did not require attentional shifting (β = −0.07,
t = −3.4, P < 0.01). In shift trials, on univariable mixed-effects
analysis, there was a significant association between child age
and reaction time, whereby older children were able to complete
the attentional shift trials of the task with shorter reaction times
(Table S3; β = −0.07, t = −2.6, P = 0.03). Similarly, during non-shift
trials, older children with higher scores on the general abilities
index (GAI) achieved faster reaction times (Table S3; β = −0.01,
t = −2.4, P = 0.03).

Increased Theta and Alpha Power Following Stimulus
Presentation Are Not Associated with Reaction Time

Induced analysis of mean signal power is provided in Figure 1c
and d. This demonstrated event-related synchronization in
the theta band and desynchronization in beta band following
stimulus presentation in attentional shift trials; a less robust
theta synchronization is seen in trials without attentional shift
(Fig. 1c). In shift trials, there was no correlation between theta or
alpha band power increases and reaction time. Only increases
in beta-band power at the time of stimulus presentation were
associated with slower reaction times for shift trials (Fig. 1e,
P < 0.05 FDR-controlled). No spectral changes in induced
analysis were associated with reaction time for non-shift
trials.

Phase Resetting within Anterior Cingulate Cortex
Indexes Attentional Shifts and Precision of Oscillatory
Phase Angle Is Predictive of Reaction Time

Following stimulus presentation, several brain regions demon-
strated resetting of oscillatory phase in theta, alpha, and beta
bands as demonstrated by non-uniform phase distributions
and therefore an elevated Rayleigh Z within the combined 560
recording electrodes (Fig. S3). These included regions within
the frontal and temporal lobes as well as peri-Rolandic cortex.
In ACC, post-stimulus phase-resetting responses were robust
and unique to the theta band (Fig. S3). In both shift and non-
shift trials, ACC consistently demonstrated elevated post-
stimulus theta-band Rayleigh Z (Fig. 2b and c). These findings
are recapitulated at the individual patient level (Fig. S4). We did
not observe significant phase resetting in the beta band within
the ACC (Fig. S5). Furthermore, when shift trials were analyzed
by type of shift (intradimensional vs. extradimensional),
no significant differences were identified between the two
conditions.

The extent of phase resetting of theta oscillations was signif-
icantly associated with reaction time for both trial types (Fig. 2c).
To investigate the influence of phase precision on reaction time,
a preferred phase was defined during the period of maximal
phase resetting based on the Rayleigh Z distribution. Anti-phase
was defined by a deviation of π radians from the preferred phase
angle, effectively a phase angle at the opposing side of the unit
circle. On multivariable mixed effects analysis, trials that were
in-phase with the preferred phase angle demonstrated signifi-
cantly faster reaction times compared to those that were anti-
phase to the preferred phase angle exclusively for the atten-
tional shift condition (Table S4 and Fig. 2d, e; β = −0.09, t = −2.7,
P = 0.006). When the reaction times were categorized by quar-
tiles, attentional shift trials with preferred theta phase demon-
strated greater proportion of faster reaction times (Fig. 2e). No
significant effect of preferred phase when compared to the
antiphase oscillation was observed in trials without attentional
shift (t = −0.52, P = 0.56).

Epileptic Activity Impairs Phase Resetting and Prolongs
Reaction Time

High frequency oscillations (HFOs) gleaned through spectral
analysis of intracranial EEG data are robust biomarkers of epilep-
togenicity, which occurred spontaneously within the epilepto-
genic foci during task performance (Fig. 1d). The distribution of
HFOs per trial is shown in Figure S6 and the total number of
events captured per patient is shown in Table S5.

In trials requiring attentional shift that were coincident
with epileptic HFOs, no significant phase resetting was evident
(Fig. 2b). Similarly, during trials that did not require attentional
shifts, there was significant attenuation of the post-stimulus
theta phase resetting in trials coincident with HFOs (Fig. 2c).
A greater number of HFO events and spikes were associated
with prolonged reaction time in attentional shift trials (P = 0.003
for HFOs, P = 0.02 for spikes) and non-shift trials (P = 0.003 for
HFOs, P < 0.001 for spikes), after adjusting for child age. HFO
events were randomly distributed throughout trials (Figs S7
and S8). A multivariable analysis incorporating age showed that
attentional shift trials with coincident events occurring in the
pre- (−0.75 to −0.25) and peri-stimulus period (−0.25 to 0.25 s)
were significantly more likely to have prolonged reaction time
(Table S6; P = 0.04).
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Figure 3. Theta-band inter-regional functional connectivity between the anterior cingulate (ACC) and the dorsal attention network (DAN) and default mode network
(DMN). a: ACC-DAN electrode locations. Electrodes recording from the ACC and key regions of the ipsilateral DAN were classified using the 7-network cortical
parcellation atlas introduced by Yeo and colleagues (Thomas Yeo et al. 2011) (n = 8). b/c: ACC-DAN connectivity in shift and non-shift trials. Shift (b) and non-shift
(c) trials without HFOs demonstrate increased post-stimulus connectivity between the ACC and the DAN (thick blue lines; P < 0.05, q < 0.05). Shift (b) trials with HFOs

are associated with decreased post-stimulus connectivity between the ACC and the DAN (thick red line; P < 0.05, q < 0.05). Non-shift (c) trials with HFOs are not
associated with change in ACC-DAN synchronization following stimulus onset (red line). ACC-DAN post-stimulus connectivity in shift (b) and non-shift (c) trials differs
significantly between trials with HFOs and trials without HFOs (black lines with asterisks indicate significance; P < 0.05 using permutation testing). Shaded regions

denote 95% confidence intervals. d: ACC-DMN electrode locations Electrodes recording from the ACC and key regions of the ipsilateral DMN were classified using
the 7-network cortical parcellation atlas introduced by Yeo and colleagues (Thomas Yeo et al. 2011) (n = 11). e/f: ACC-DMN connectivity in shift and non-shift trials.
Shift trials (e) demonstrate decreased post-stimulus connectivity between the ACC and the DMN (thick blue line and red lines; P < 0.05, q < 0.05). Non-shift (f) trials
demonstrate increased post-stimulus connectivity between the ACC and the DMN (thick blue line; P < 0.05, q < 0.05). This trend was not statistically significant for

trials with HFOs. Shaded regions denote 95% confidence intervals.

Coordinated Interactions between ACC and
Internal/External Intrinsic Connectivity Networks
Facilitate Attentional Behavior and Are Impaired by
Epileptic Dynamics

A critical role of the ACC in attentional processing relates to its
coordinated interactions with large-scale resting-state networks
(Kumfor et al. 2015; Voloh et al. 2015; Chand and Dhamala
2017). When the functional connectivity between two brain
regions was indexed using the phase difference derivative (PDD),
coordinated interactions were identified between the ACC and
attention-salient resting-state networks (namely dorsal and
ventral attention [DAN/VAN], frontoparietal [FPN], somatomotor,
and default-mode networks [DMN]) across several canonical
frequency bands (Fig. S9). Of these, significant differences were
identified in the DAN and DMN in the theta band between trials
with and without HFOs.

Eight patients in our series had coverage of nodes within
the DAN (Fig. 3a), which critically subserves external attention
(Dixon et al. 2018). In the absence of HFOs, an increase in
functional connectivity was observed between the ACC and
the DAN in the theta band (thick blue lines in Fig. 3b and c;
P < 0.05, q < 0.05). In trials with coincident HFOs, these coor-
dinated interactions between the ACC and the DAN were not
observed (red lines in Fig. 3b and c). Rather, during coincident
HFOs, a paradoxical decrease in theta connectivity was evident
following stimulus presentation (thick red line in Fig. 3b).

Eleven patients had electrode coverage that sampled
nodes of the default-mode network (DMN; Fig. 3d), which is
involved in internal mental processing (Dixon et al. 2018). Trials
requiring attentional shifts (Fig. 3e) demonstrated decreased

peri-stimulus functional connectivity between the ACC and the
DMN in the theta band (thick blue and red lines in Figure 3e;
P < 0.05, q < 0.05), whereas non-shift trials did not (Fig. 3f ).
During shift trials with coincident HFOs, the peri-stimulus
functional disconnection between the ACC and DMN network
was attenuated and delayed.

Notably, local connectivity between individual DAN/DMN
nodes and the ACC were also analyzed. Functional interactions
between ACC and DAN were most related to activity in pre-
central and supramarginal nodes of the DAN. Regarding
interactions with DMN, the most contributory nodes were
the frontal and parietal cortices. Further analysis of shift
connectivity by the extradimensional and intradimensional
conditions revealed no significant differences between the two
trial types, although this stratification reduced analytical power.

Discussion
The current report leverages stereotactic intracranial record-
ings of oscillatory activity in human ACC to better understand
the underpinnings of childhood attention. Four main findings
are reported: (i) phase resetting consistently occurs in human
ACC in relation to attentional set shifting, and is associated
with processing speed; (ii) the preferred phase angle of theta
oscillations is predictive of reaction time; (iii) epileptic activity
diminishes phase resetting when the activity occurs near the
time of stimulus presentation, resulting in longer reaction times,
and; (iv) in the absence of epileptic activity, we find enhanced
functional connectivity between the ACC and the DAN, as well as
reduced connectivity between the ACC and the DMN. Given that
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processing speed is strongly associated with inattentive behav-
ior (Kalff et al. 2005) and its subsequent functional limitations
(Cook et al. 2018), these findings provide unique insights into
the fundamental mechanisms of attention in children and the
effects that epileptic activity may have on them.

Set shifting is a complex cognitive process that relies on
a combination of attentional processes that include attention
shifting, inhibition and salience detection (Dajani and Uddin
2015). Although multiple brain regions are engaged by atten-
tional shift (Buchsbaum et al. 2005; Dunkley et al. 2015), the
cognitive process of set shifting heavily depends on attentional
processing in ACC (Dajani and Uddin 2015). Here we propose that
the precision of oscillatory phase within human ACC serves as
one critical component of the neural syntax by which selective
attention may be focused on relevant stimuli.

The phase of neural oscillations allows some information
to be selectively propagated while other information is selec-
tively suppressed depending on the preferred phase at critical
time windows of stimulus processing. Selective communica-
tion of attended stimuli is mediated by gamma-band activity
that is modulated by synchronized inter-regional theta rhythms
(Canolty et al. 2006). Theta rhythmic resetting results in the
modulation of gamma activity and synchronization strength
(Canolty et al. 2006). In addition, theta rhythmic resetting corre-
sponds to the termination of attentional selection and a poten-
tial shift of attention to another stimulus (Fries 2015). One
such example is gaze shift during visual exploration routines
(i.e., saccades) which occur naturally with a 7 Hz theta rhythm
(Otero-Millan et al. 2008). During fixation, theta phase modulates
the strength of gamma-band synchronization, a means of imple-
menting selective attention (Bosman et al. 2009; Fries 2015).
Several studies have established the critical role of oscillatory
activity within the ACC for attentional set-shifting (Monchi et al.
2001; Periáñez et al. 2004; Smith et al. 2004; Kim et al. 2012).

Attentional sampling occurs through a moment-to-moment
reweighting of attentional priorities based on object properties
and mediated by rhythmic patterns at the theta frequency (Tsu-
jimoto et al. 2006; Fiebelkorn et al. 2013; Landau et al. 2015;
Voloh et al. 2015). Indeed, work in non-human primates has
demonstrated the role of theta-band oscillatory activity in ACC
and attentional shifts (Voloh et al. 2015). Using stereotactic
intracranial recordings, the present work demonstrates the role
of theta phase resetting in ACC and its influence on attentional
behavior in human children. In concordance with animal stud-
ies, we find that stimulus presentation elicits robust theta phase
resetting during shift and non-shift trials. Importantly, we also
report that the consistency of theta phase angle at the time of
peak phase resetting is strongly associated with reaction time
during attentional set shifting.

The current report also presents direct electrophysiological
evidence of enhanced theta coupling between the ACC and
the DAN in the absence of epileptic activity and during atten-
tional shifts, providing a putative mechanism for the large-
scale coordination of stimulus monitoring, selective attention,
and executive control. The DAN comprises the bilateral superior
parietal lobules, intraparietal sulci, and frontal eye fields and
is implicated in goal-directed, top-down attentional processing
(Corbetta and Shulman 2002). The DAN activates during ori-
enting and visual search (Corbetta and Shulman 2002; Vossel
et al. 2014) and is thought to facilitate the selection of sensory
stimuli based on internal goals or expectations and link these
selections to appropriate motor responses (Corbetta et al. 2008).
Given the role of the DAN in selective attention and the role of

the ACC in executive attention (Weissman et al. 2005; Raz and
Buhle 2006), enhanced theta connectivity between the ACC and
the DAN would likely facilitate the executive control of selective
attention, such as the focusing of attentional resources towards
a goal-relevant stimulus. Conceivably, these processes would be
interrupted by HFO activity, and indeed, we do not observe a
post-stimulus enhancement in ACC-DAN theta synchrony in the
presence of HFOs. Notably, the extent of decreased functional
connectivity within DAN regions in epilepsy has previously been
associated with impaired performance on a task designed to
probe visual attention and task switching (Zhang et al. 2009).

Furthermore, we report decreased theta coupling between
the ACC and the DMN during attentional shifts, providing a
putative mechanism for the large-scale suppression of irrelevant
mental processes during externally directed attention. The DMN
comprises the medial prefrontal cortex, posterior cingulate cor-
tex, superior and inferior frontal gyri, medial and lateral tempo-
ral lobes and the posterior aspect of the inferior parietal lobule
(52). This network is responsible for internally directed mental
processing, such as self-referential cognition, and is character-
istically anti-correlated with DAN activity (53). Indeed, the onset
of an attentional task typically deactivates the DMN (28) and
this suppression of the DMN has been linked to successful goal-
directed attention (54). As such, increased theta desynchroniza-
tion between the ACC and the DMN would likely suppress goal-
irrelevant mental processes, and by extension, facilitate exter-
nally directed attention. Importantly, a lesser degree of task-
induced deactivation of the DMN has previously been associated
with momentary lapses in attention (28).

The current report highlights putative mechanisms by
which epilepsy, and specifically interictal epileptic dynamics
may interfere with oscillatory activity supporting attention.
Attention deficits are the most common neuropsychiatric
comorbidity of epilepsy, evident in one-third of affected children
(Cohen et al. 2013; Reilly et al. 2014; Besag et al. 2016). Such
deficits are also commonplace within the general population,
affecting 4%–12% of school-aged children (Brown et al. 2001).
The association between transient epileptic activity and
attention deficits is highlighted by the finding that children
with attention deficits but without a known seizure disorder
manifest epileptic-like activity associated with their functional
impairments.

While the causal relations of these dynamics is unknown,
focal, multifocal or generalized interictal discharges have all
been identified on EEG of children with attention deficits, but
without a known seizure disorder (Silvestri et al. 2007; Frye et al.
2010; Attila et al. 2013). Interestingly, trial use of antiepilep-
tic drugs in order to suppress these discharges resulted in an
improvement in attentional deficits in children who were refrac-
tory to standard educational interventions (Frye et al. 2010). In
concordance with these findings, we presently show that trials
occurring coincidentally with HFOs were associated with sig-
nificantly longer reaction times during attentional set-shifting.
Taken together, these data support the notion that suppression
of these dynamics could rescue neurocognitive function.

Indeed, it has been shown that epileptic HFOs disrupt net-
work function in animal models with epilepsy. Recently, epilep-
tic HFOs occurring in the hippocampus were found to disrupt
spatial coding in the behaving rat (Ewell et al. 2019). These effects
include reduction in the spatial precision of place cells that
were activated by the pathological oscillation. The associations
identified between pathological HFOs, higher network sparsity,
and a decrease in information coding could be mechanistically
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explained by disruption of phase alignment, which serves as
a neural syntax for information processing and propagation
(Womelsdorf et al. 2007).

Our finding of a critical time window for phase resetting
following stimulus presentation, which is associated with pro-
cessing speed provides context to prior reports of impaired
attention in epilepsy. In remarkable consistency with our find-
ings, Aarts and colleagues (Aarts et al. 1984) reported that focal
interictal epileptiform activity at the time of stimulus presen-
tation disrupted task performance, whereas activity occurring
during the response period was without demonstrable effect.
These findings further support a causal role for phase resetting
during critical windows for cognitive processing in directing
attention. Importantly, HFOs cannot be reliably gleaned from
non-invasive electromagnetic recordings such as scalp EEG or
magnetoencephalography. It is likely that all previous studies,
which have largely relied on the detection of epileptic activ-
ity through non-invasive recordings have underestimated the
prevalence of ongoing epileptic activity.

Of note, this work does not necessarily differentiate whether
HFOs are causally responsible for network dysfunction or
whether network dysfunction results in release of epileptic
activity. We have previously shown that large-scale network
reorganization precedes the expression of epileptic activity
(Ibrahim et al. 2014a). This may serve as mechanism to isolate
the epileptogenic focus from the moderating influence of the
large-scale brain network, or one mechanism for expression
of epileptic events, such as seizures and interictal discharges
(Ibrahim et al. 2013; Ibrahim et al. 2014b). During the preictal
period, which is characterized by particularly active epileptic
discharges, reduced inter-regional phase synchrony is observed
between the seizure focus and surrounding brain regions
(Ibrahim et al. 2013; Martire et al. 2019).

The current findings may inform the controversy regarding
the extent to which the goal of medical and surgical treatment
is to abort interictal epileptiform activity. Currently, the goal
of these treatments is to prevent clinical seizures, and thus
seizure-freedom remains the benchmark by which the success
of interventions is measured. The association between interic-
tal discharges, network changes and neurocognitive outcomes
suggests that it is of clinical importance to suppress discharges
to foster more typical brain network function in children with
focal epilepsy. Previous works have also suggested a detrimental
role for epileptiform discharges on cognitively-salient intrinsic
connectivity networks (Fahoum et al. 2013; Ibrahim et al. 2014a).

We speculate that one reason why some children have persis-
tent attention deficits following seizure-freedom, while others
demonstrate remarkable improvements, relates to subclinical
epileptiform dynamics that may disrupt oscillatory phenomena,
such as phase resetting. Furthermore, children often present
with attention deficits before the onset of seizures (Austin et al.
2001), which may be the result of subclinical epileptiform dis-
charges that precede clinical seizure activity. Our findings sup-
port the view that the clinical phenotype of “attention deficits”
may be at least in part the result of cumulative momentary
lapses in attention that are the result of disrupted phase encod-
ing within salient neural circuitry, such as the ACC. This has
been previously termed transient cognitive impairment (Air-
cardi 1996).

The current work also offers new avenues by which to rescue
attention deficits by synchronizing rhythmic brain circuitry that
is disrupted in childhood epilepsy. Closed-loop therapies aimed
at modulating rhythmic activity have shown promise in a variety

of conditions characterized by impaired normative oscillatory
activity, including memory impairment (Reinhart and Nguyen
2019).

In this study, we included thirteen participants with intracra-
nial electrodes. Although this is a small number, these are
relatively rare recordings, and the individual results did not
deviate from the main patterns of phase resetting we describe
(Fig. S9). Second, the participants also possessed varying levels
of attention deficits, which correlated with their task perfor-
mance. Therefore, while implanted case series such as ours
are by their nature clinically heterogeneous, the correlations
we observe further underscore the relevance of the proposed
phase resetting mechanism to individual attentional perfor-
mance. While the expression of HFOs was uniformly associated
with worse performance across all participants, heterogeneity
in neuropsychological outcome should be considered in larger
samples. Finally, the ACC is a large brain region comprised of het-
erogeneous neuronal populations that likely subserve different
cognitive functions. All participants included in this study had
electrodes implanted in the ACC as it was a putative area of prop-
agation of the seizure network. It is not clear which subdivision
of the ACC is most vulnerable to the effects of epileptic activity.
Future work aimed at physiological segmentation of the ACC
may yield more accurate targets for putative neuromodulation.
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