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A B S T R A C T

Information processing in the human brain during cognitively demanding goal-directed tasks is thought to
involve several large-scale brain networks, including the anterior cingulate-insula network (aCIN) and the
fronto-parietal network (FPN). Recent functional MRI (fMRI) studies have provided clues that the aCIN
initiates activity changes in the FPN. However, when and how often these networks interact remains largely
unknown to date. Here, we systematically examined the oscillatory interactions between the aCIN and the FPN
by using the spectral Granger causality analysis of reconstructed brain source signals from the scalp
electroencephalography (EEG) recorded from human participants performing a face-house perceptual
categorization task. We investigated how the aCIN and the FPN interact, what the temporal sequence of events
in these nodes is, and what frequency bands of information flow bind these nodes in networks. We found that
beta band (13–30 Hz) and gamma (30–100 Hz) bands of interactions are involved between the aCIN and the
FPN during decision-making tasks. In gamma band, the aCIN initiated the Granger causal control over the FPN
in 25–225 ms timeframe. In beta band, the FPN achieved a control over the aCIN in 225–425 ms timeframe.
These band-specific time-dependent Granger causal controls of the aCIN and the FPN were retained for
behaviorally harder decision-making tasks. These findings of times and frequencies of oscillatory interactions in
the aCIN and FPN provide us new insights into the general neural mechanisms for sensory information-guided,
goal-directed behaviors, including perceptual decision-making processes.

Introduction

Previous neuroimaging investigations have described large-scale,
intrinsically organized brain networks underlying a broad range of
brain functions, from sensory to motor and to higher-level cognitive
functions (Deco et al., 2011; Power et al., 2011; Seeley et al., 2007).
The anterior cingulate-insula network (aCIN) and the fronto-parietal
network (FPN) are known to be central for cognitive functions (Chen
et al., 2013; Uddin, 2015). Functional magnetic resonance imaging
(fMRI) studies (Goulden et al., 2014; Sridharan et al., 2008) have
demonstrated that the aCIN sends a dominant information flow to the
FPN in goal-directed tasks. However, what remains poorly understood
is how these networks interact in the time-scales of human cognitive
processes.

The individual functional roles of the brain areas in the aCIN have
not been precisely resolved. The dorsal anterior cingulate cortex

(DACC) of aCIN is known to monitor performance, to signal the need
for behavioral adaptation (Ridderinkhof et al., 2004), and in concert
with the lateral prefrontal cortex to signal enhanced cognitive control
and implement behavioral changes (Egner, 2009; Ridderinkhof et al.,
2004). The anterior insula (AI), especially the right AI (R AI), is known
as cortical outflow hub of the aCIN to coordinate a change in activity
across multiple brain networks, including the FPN (Bonnelle et al.,
2012; Menon and Uddin, 2010; Sridharan et al., 2008). Here, we seek
to examine the interactions between the aCIN and the FPN in
millisecond time-scale. Since multiple frequency bands of neural
oscillations have important implications for cognitive processes
(Diener et al., 2012; Hipp et al., 2011; Siegel et al., 2012), we also
seek to examine the spectra of information flow between the aCIN and
the FPN during perceptual decision-making.

We performed electroencephalography (EEG) experiments by using
clear and degraded face-house images in perceptual categorization
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task. We reconstructed waveforms of EEG sources associated with
perceptual decisions and applied spectral Granger causality methods
(Dhamala et al., 2008a; Dhamala et al., 2008b) to examine at the
frequency-specific network interactions between the aCIN and the
FPN. We hypothesized that the FPN would be under Granger causal
control from the aCIN, this causal influence would change during a
course of a perceptual decision, and this casual influence would be
retained by the task difficulty.

Materials and methods

Participants

In this study, 26 human volunteers (21 males, 5 females) of age
ranged from 22 to 38 years (mean: 26.3 years, standard deviation: 4.7
years) participated. Each participant reported that he or she is not
currently on medication for mental illness or had a prior history of
mental illness affecting decision-making abilities. Out of 26 partici-
pants, 4 participants reported that they are left-handed. We collected a
written informed consent from each participant prior to the data
collection. The Institutional Review Board of Georgia State University
approved this experimental protocol. We excluded three participants
from the final analyses because of unmanageable artifacts in their EEG
data and/or very low behavior performance.

Stimuli

Total 28 images of faces and houses (14 images of each category)
were used. Face images were taken from the Ekman series (Ekman and
Friesen, 1976). Fast Fourier transforms (FFT) of these images were
computed, which provided 28 magnitude and twenty-eight phase
matrices. Images were produced from the inverse FFT (IFFT) of
average magnitude matrix and individual phase matrices, where phase
matrix was a linear combination of the original phase matrix computed
during the forward Fourier transforms and a random Gaussian noise
matrix. The resulting images had an identical frequency power
spectrum (corresponding to the average magnitude matrix) and had
graded percent of noise as performed in the previous study (Heekeren
et al., 2004; Heekeren et al., 2008). Thus, the stimuli consisted of three
different noise-levels: 0%, 40% and 55% (i.e., clear stimuli, 40% noisy
stimuli, and 55% noisy stimuli). We used E-Prime 2.0 software to
display the task sequence.

Experimental design

The participants were briefly explained about the task paradigm
before the experiment. Participant sat in a dark room and a viewing
distance was about 60 cm from their chin. Fig. 1 shows a schematic of
experiment. It consisted of 4 blocks of 168 trials (672 trials in total with
224 trials for each noise-level). A small fixation cross (‘+’) was
displayed in the middle of the computer screen for 500 ms, stimulus
was then showed for 150 ms, and a black background with question
mark (‘?’) was displayed for 1500 ms. The participants were allowed to
indicate their decision (either face or house) by keyboard press during
question mark time. The responses made after that delay were
considered incorrect and were excluded.

Data acquisition and preprocessing

We acquired EEG data using 64-channel EEG system of Brain
Vision LLC (http://www.brainvision.com). Analog signal was digitized
at 500 Hz and each electrode impedance was maintained below 10 kΩ.
The participants were asked to minimize blinking, head movements,
and swallowing. Data were band-pass filtered between 1 Hz and
100 Hz, and notch filtered to remove 60 Hz AC-line noises.
Independent component analysis (ICA)-based ocular correction of

Brain Vision Analyzer 2.0 (http://www.brainproducts.com) was used
to remove the eyes blinking artifacts.

Data analysis

The EEG data analysis consists of the following major steps:

(1) Event related potentials (ERPs): Continuous EEG data were
segmented into trials of 425 ms duration (post-stimulus: 0 to
425 ms) based on the stimulus onset time. Trials that correspond
to the correct responses were separated. The trials that had three
standard deviations below or above the global mean across time in
each subject were considered as outliers (Junghofer et al., 2000)
and were discarded.

(2) EEG-source and single-trials source waveforms reconstruction:
All correct response trials were grand averaged and imported to
BESA software version 5.3.7 (www.besa.de) to reconstruct EEG
sources. Individual structural MRI was not recorded. We used the
low resolution electromagnetic tomography (LORETA) (Pascual-
Marqui et al., 1994) to estimate the localized sources. LORETA has
been widely used in EEG source reconstruction for cortical and
subcortical structures, including insula and hippocampus
(Clemens et al., 2010; Herrmann et al., 2005; Jones and
Bhattacharya, 2012; Thatcher et al., 2014; Velikova et al., 2010).
LORETA improves the problem of surface-restricted localization
methods (Michel et al., 2004; Painold et al., 2011; Pascual-Marqui
et al., 1999). LORETA computes inverse solution at 2394 voxels
with spatial resolutions of 7 mm in the Talairach atlas (Pascual-
Marqui et al., 1999; Pascual-Marqui et al., 1994). It assumes that
the smoothest of all possible neural activity distributions is the
most plausible one, which is also supported by electrophysiology.
Electrophysiology suggests that neighboring neuronal populations
show highly correlated activity while EEG-LORETA results are the
activity rendered by neighboring voxels with maximally similar
activity (Haalman and Vaadia, 1997; Herrmann et al., 2005;
Michel et al., 2004). Functionally very distinct brain areas can be
anatomically very close such as the medial parts of the two
hemispheres. However, LORETA sometimes can produce the
results that encompass the two hemispheres providing inevitable
mixing of sources. The results should therefore interpret with
caution in such case. Locations of sources can be constrained to the
cortical surface and their orientations perpendicular to the local
cortical surface based on neurophysiological information that the
sources of EEG are postsynaptic currents in cortical pyramidal cell,
and that the direction of these currents is perpendicular to the

Fig. 1. Experimental sequence design: Stimulus was presented for 150 ms, followed by
question mark (‘?’) for 1500 ms to respond whether image is a face or house.
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cortical surface (Dale and Sereno, 1993; Hämäläinen et al., 1993).
We fitted dipoles at all locations of peak activation–the R AI, left AI
(L AI), and DACC of aCIN, the dorsolateral prefrontal cortex
(DLPFC) and posterior parietal cortex (PPC) of FPN, the lower
visual area (V1), the fusiform face area (FFA) and para-
hippocampal place area (PPA) of ventral-temporal cortex with
dipole orientations shown in Table 1. The single-trial source
signals were extracted using a four-shell spherical head model
and a regularization constant of 1% for the inverse operator as
performed in the previous investigations (Adhikari et al., 2014;
Chand and Dhamala, 2016b; Chand et al., 2016). The source
signals were subsequently used for the spectral power and Granger
causality calculations.

(3) Spectral power and Granger causality: Using single-trial source
signals, power spectra (Chand and Dhamala, 2014; Dhamala et al.,
2008a; Dhamala et al., 2008b) can be calculated using parametric
and nonparametric methods. We have chosen to use Granger
causality method although other methods such as directed transfer
function, partial directed coherence, and dynamic causal modeling
can achieve similar goals (Dhamala, 2014). Granger causality is a

data-driven technique and relies on fewer assumptions about the
underlying interactions and dynamics. Granger causality is also
computationally less intensive than technique like dynamical
causal modeling. Our recent study also indicates that, if applied
appropriately, both Granger causality and dynamical causal mod-
eling can yield the consistent results (Bajaj et al., 2016). Granger
causality can be computed to examine the strengths, directions,
and frequencies of interactions between dynamic processes. In
frequency (f) domain, Granger causality from the second time
series X2 to the first time series X1 (i.e., node 2 to node 1) is
calculated as (Chand and Dhamala, 2016b; Dhamala et al., 2008a;
Dhamala et al., 2008b),
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Table 1
The anatomical locations, dominant activation timeframes of localized sources for correctly perceived stimuli, and orientations of fitted dipoles at those sources.

Brain areas Talairach coordinates (mm) Dipole orientations Dominant activation period
x, y, z x, y, z (ms)

Visual area (V1) -6, −74, −6 −0.1, −1.0, −0.3 50 − 65
Posterior parietal cortex (PPC) 4.0, −52.0, 31.0 0.1, −0.8, 0.6 65 − 85
Right anterior insula (R AI) 35.0, 9.0, −7.0 0.9, 0.3, −0.4 78 − 142
Left anterior insula (L AI) −33.0, 11.0, −8.0 −0.9, 0.4, −0.3 76 − 144
Dorsal anterior cingulate cortex (DACC) 4.0, 38.0, 13.0 0.1, 1.0, 0.0 76 − 146
Fusiform face area (FFA) 36.0, −47.0, −16.0 0.6, −0.7, −0.4 140 − 190
Para-hippocampal place area (PPA) −30.0, −45.0, −10.0 −0.5, −0.8, −0.3 145 − 200
Dorsolateral prefrontal cortex (DLPFC) −21.0, 39.0, 28.0 −0.3, 0.9, 0.4 210 − 245

Fig. 2. Behavioral responses. A) Behavioral accuracy (%) significantly decreased, but B)
response time (milliseconds) significantly increased with the increase in noise in the
stimuli. (*: p < 0.001; FDR-corrected; n.s.: not significant).

Fig. 3. ERPs over the occipital-temporal channels in the left hemisphere (A) and right
hemisphere (B) (shaded region indicates the standard error of mean (SEM) over
subjects).
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Where S is spectral power, H is transfer function, and ∑ is noise
covariance. The value of Granger causality (M) ranges from 0 to +∞.

For ‘N’ EEG-sources, the frequency-specific Granger causal outflow
(F) at a node i can be defined as:

∑F
N

M M= 1
− 1

( − )i
j

N

i j j i→ →
(2)

Here, we have three nodes of aCIN and two nodes of FPN so j can
be 1, 2, 3, 4 and 5. If we assign, for example, the R AI = 1 (first node),
DACC = 2 (second node), L AI = 3 (third node), DLPFC = 4 (fourth
node), and PPC = 5 (fifth node) then Granger causal outflow of the R AI
is F1 = [(M1– > 2 – M2–> 1) + (M1–> 3 – M3–> 1) + (M1–> 4 – M4– > 1) +
(M1–> 5 – M5–> 1)]/4, where M1– > 2 is Granger causality from the first
node to second node, and M2– > 1 is Granger causality from the second
node to first node. Similarly, we compute Granger causal outflows of
the DACC, L AI, DLPFC, and PPC nodes.

The spectral power was computed using the parametric spectral
approach (Chand and Dhamala, 2014; Dhamala et al., 2008a; Dhamala
et al., 2008b) from the source waveforms of aCIN and FPN nodes in
two consecutive timeframes: 25 ms to 225 ms and 225 ms to 425 ms.
Model order (= 4) was selected by comparing the spectral power from
both parametric and nonparametric approaches (Dhamala et al.,
2008a) at different model orders and by picking the model order that
gave the lowest power difference between two approaches. The Granger
causality was computed from source waveforms of the nodes. We also
computed Granger causality spectra using a sliding time window
approach (Cui et al., 2008; Ding et al., 2000), and further calculated
outflow to cross validate our results.

Results

Behavioral results

The overall accuracy percent is defined as the ratio of the number of
correctly responded trials to the total number of presented trials

multiplied by hundred. The accuracy percent was significantly higher
for 0% noise compared with that of 40% and 55% noises. The average
response times for 0%, 40%, and 55% noisy stimuli were 434.02 ms,
484.28 ms, and 565.70 ms, respectively. We limited our analysis
(electrophysiological results below) within 425 ms to exclude the
possibility of finger movement related artifacts during the response
period. The comparison between noise levels were assessed using
Wilcoxon rank sum followed by (false discovery rate) correction (see
Fig. 2).

Electrophysiological results

Event related potentials (ERPs)
Average ERPs for correct responses were computed to examine the

ERP features over occipital-temporal electrodes (Fig. 3). We found first
negative peak at ~170 ms, often known as N170-component as in
previous studies of face perception (Nguyen et al., 2014; Rousselet
et al., 2008). The ERPs over the right occipital-temporal channels (P6,
P8 and PO8) and the left occipital-temporal channels (P5, P7 and PO7)
showed relatively right and left lateralized activity for faces and houses,
respectively. ERPs for faces are relatively higher than those for houses.

Temporal evolution of the aCIN and the FPN nodes
The average ERPs for correct responses were used for the LORETA

(Pascual-Marqui et al., 1994) to obtain the cortically localized sources
of the aCIN and FPN. Fig. 4 shows the locations of peak source activity
in the first row and the locations and orientations of fitted dipoles in
the second row.

The activation in the nodes of aCIN started at ~76 ms after
stimulus-onset. Maximum peak activation occurred at ~84 ms in the
R AI and L AI, followed by peak activation in the DACC at ~98 ms.
Dominant activation occurred in the right PPC at ~74 ms, and in the
left DLPFC at ~224 ms. Beside those nodes, we also observed activa-
tion in the visual area (V1) at ~60 ms, and in the ventral temporal
cortex–fusiform face area (FFA) and para-hippocampal place area
(PPA)–at ~160 ms (Fig S7). Table 1 lists the ERP source locations,

Fig. 4. Spatiotemporal profiles of peak source-level brain activity at the nodes of anterior cingulate-insula network (aCIN) and fronto-parietal network (FPN). The first row shows peak
source-level brain activity over the right anterior insula (R AI) and left anterior insula (L AI) at ~84 ms, dorsal anterior cingulate cortex (DACC) at ~98 ms, posterior parietal cortex
(PPC) at ~74 ms and dorsolateral prefrontal cortex (DLPFC) at ~224 ms, and the second row shows fitted dipoles on those nodes.
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dipole orientations of the source model, and dominant activation
timeframe of cortical sources. The fitted dipoles explained approxi-
mately 80% of the EEG signal. To test our hypotheses, we limited our
study in the aCIN and FPN nodes.

Interactions between the aCIN and the FPN for clear images (easy
task)

Spectral power computed at each node of the aCIN and the FPN
showed peak activity in beta (~22 Hz) and gamma (~80 Hz) bands
(Fig. S1). To assess the network interaction between the aCIN and the
FPN, we computed Granger causality between all possible pairs of the
nodes. We further computed the net Granger causal outflow (out-in) at
each node of the aCIN and the FPN in both beta and gamma bands in
both timeframes. We compared the net outflow among the nodes using
Wilcoxon rank sum test followed by false discovery rate (FDR)
(Benjamini and Hochberg, 1995) for multiple comparisons (time-
frames and frequency bands) as shown in Fig. 5. In the gamma band,
the net Granger causal outflow calculations at each node revealed that
the aCIN node has a significantly higher net Granger causal outflow

than that of the FPN node in the 25–225 ms timeframe (p < 0.05; FDR-
corrected). The significantly higher outflow of the aCIN did not survive
in the 225–425 ms timeframe. In the beta band, analysis of the net
Granger causal outflow at each node demonstrated that the DLPFC of
the FPN has a significantly higher net outflow than that of the aCIN
nodes in later time 225–425 ms (p < 0.05; FDR-corrected). Granger
causality node to node connectivity also showed consistent patterns
(Fig. S8). We also the examined the interaction patterns of aCIN and
FPN with the lower and higher visual areas (V1, FFA and PPA) in our
analysis (Fig. S11 for 0% noisy stimuli). It turned out that the aCIN still
controls over the FPN in timeframe 1 (25–225 ms) in gamma band and
the DLPFC of FPN and/or the higher/lower visual areas control over
the aCIN in timeframe 2 (225–425 ms) in beta band.

Interactions between the aCIN and the FPN for noisy images (difficult
task)

Spectral power computed at each node of the aCIN and the FPN
showed peak activity in beta (~22 Hz) and gamma (~80 Hz) bands also
for 40% and 55% noisy stimuli (Figs. S2, S3). In both bands, the overall

Fig. 5. Net Granger causal outflow at the right anterior insula (R AI), dorsal anterior cingulate cortex (DACC) and left anterior insula (L AI) nodes of the anterior cingulate-insula
network (aCIN) and the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC) nodes of the fronto-parietal network (FPN) for 0% noisy stimuli. The first row shows
net outflow in gamma band in both timeframe 1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the aCIN controls over the FPN in timeframe 1. The second row shows net
outflow in beta band in both timeframe 1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the FPN controls over the aCIN in timeframe 2 (* indicates significant p-value (p <
0.05; FDR-corrected)).
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spectral power increased with the increase in noise levels in the stimuli
(Fig. S4). To assess the network interaction between the aCIN and the
FPN nodes, we then computed Granger causality between all possible
pairs of nodes for both noisy stimuli. We further computed the net
Granger causal outflow (out-in) at each node of the aCIN and the FPN in
both beta and gamma bands in each timeframe. We compared the net
outflow among the nodes as shown in Figs. 6 and 7. In gamma band, the
net Granger causal outflow calculations at each node revealed that the
aCIN nodes have a significantly higher net outflow than that of the FPN
nodes in the 25–225 ms timeframe (p < 0.05; FDR-corrected). In beta
band, computations of the net outflow at each node uncovered that the
FPN, especially the DLPFC, has a significantly higher net Granger causal
outflow than that of the aCIN regions in 225–425 ms timeframe (p <
0.05; FDR-corrected). Granger causality node to node connectivity also
demonstrated consistent patterns (Figs. S9, S10). When we included the
V1, FFA and PPA into network analysis, the aCIN still initiated control
over the FPN in timeframe 1 (25–225 ms) in gamma band and the
DLPFC of FPN and/or the V1, FFA and PPA controlled over the aCIN in
timeframe 2 (225–425 ms) in beta band (Figs. S12, S13).

We also computed Granger causality spectra using sliding window
approach (Fig. S5), calculated outflow from each node, and averaged
over time in two windows to examine the band-specific overall Granger
causal outflow (Fig. S6). In the gamma band, the aCIN took control
over the FPN in 25–225 ms, and remains the same till 225–425 ms (as
reflected in 40% noise level: Fig. 6). In the beta-band, the FPN took
control over the aCIN in 225–425 ms.

Discussion

Our analyses demonstrated that beta (~22 Hz) and gamma
(~80 Hz) bands of neural activity involve between the aCIN and the
FPN interactions for both easier and harder decisions. In behaviorally
easier task, our gamma Granger causal outflow calculations in 25–
225 ms indicated that the aCIN played a Granger causal control to the
FPN consistent with previous fMRI studies (Goulden et al., 2014;
Sridharan et al., 2008). In contrast, beta Granger causal outflow
calculations further uncovered that the FPN played Granger causal
control to the aCIN in 225–425 ms timeframe. Those band-specific

Fig. 6. Net Granger causal outflow at the right anterior insula (R AI), dorsal anterior cingulate cortex (DACC) and left anterior insula (L AI) nodes of the anterior cingulate-insula
network (aCIN) and the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC) nodes of the fronto-parietal network (FPN) for 40% noisy stimuli. The first row shows
net outflow in gamma band in both timeframe 1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the aCIN controls over the FPN robustly in timeframe 1. The second row
shows net outflow in beta band in both timeframe 1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the FPN controls over the aCIN in timeframe 2 (* indicates significant p-
value (p < 0.05; FDR-corrected)).
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time-dependent Granger causal outflow features of the aCIN and the
FPN were also retained for behaviorally harder decision-making tasks.

Gamma band control

Electrophysiological studies suggested that gamma band activity is
associated with a wide range of cognitive processes (Buzsaki and Wang,
2012; Fries, 2009; Jensen et al., 2007; Senkowski et al., 2008), including
the attentional selection of relevant visual inputs during sensory
processing (Hipp et al., 2011; Siegel et al., 2011). The fMRI studies
have demonstrated that the aCIN drives the FPN and other network
such as the default-mode (Chand and Dhamala, 2016a; Goulden et al.,
2014; Sridharan et al., 2008). The AI and DACC are anatomically a part
of network and integrate information from multiple brain regions
(Critchley et al., 2004). The von Economo neurons (VENs)–special type
of neurons exclusively localized to the AI and ACC–relay information
processed within these regions to other parts of the brain (Allman et al.,
2005; Watson et al., 2006). The control signals generated by the AI and
DACC might be supported by the neuronal basis of control signals of the

VENs. Many previous studies of attention and cognitive control have
reported co-activation of the AI and DACC (Crottaz-Herbette and
Menon, 2006; Dosenbach et al., 2006; Ham et al., 2013). Activity in
the DACC is known to signal the need for enhanced cognitive control
(Egner, 2009; Ridderinkhof et al., 2004). Electrophysiological studies
suggest that the DACC provides the first cortical signal for salient events
(Debener et al., 2005; Dehaene et al., 1994). The AI is functionally
connected to the networks responsible for adaptive behavior, including
the salience network (Seeley et al., 2007), as well as other parts of the
fronto-parietal control network (Vincent et al., 2008). This cortical area
has direct white matter connections to other key regions, including the
DACC (van den Heuvel et al., 2009), inferior-parietal lobe (Uddin et al.,
2010), and temporo-parietal junction (Kucyi et al., 2012) making the
insula well placed to perform its putative role of evaluating (Eckert et al.,
2009), reorienting attention (Ullsperger et al., 2010), and switching
between cognitive resources in response to salient events (Uddin and
Menon, 2009). Our findings and existing literature taken together thus
might indicate that the gamma band aCIN (i.e., DACC-AI network)
initiates control signals for relevant sensory selection of visual inputs.

Fig. 7. Net Granger causal outflow at the right anterior insula (R AI), dorsal anterior cingulate cortex (DACC) and left anterior insula (L AI) nodes of the anterior cingulate-insula
network (aCIN) and the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC) nodes of the fronto-parietal network (FPN) for 55% noisy stimuli. The first row shows
net outflow in gamma band in both timeframe 1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the aCIN controls over the FPN in timeframe 1. The second row shows net
outflow in beta band in both timeframe1 (25–225 ms) and timeframe 2 (225–425 ms) revealing that the FPN controls over the aCIN in timeframe 2 (* indicates significant p-value (p <
0.05; FDR-corrected)).
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Beta band control

Prior studies demonstrated that beta oscillation is associated with
motor functions (Baker, 2007; Chakarov et al., 2009; Davis et al., 2012;
Klostermann et al., 2007; Riddle and Baker, 2006) and is involved in
maintaining better accuracy in decision-making (Hipp et al., 2011;
Siegel et al., 2011). The beta band results showed that the DLPFC acted
Granger causal control over the PPC and aCIN nodes in 225–425 ms
timeframe. The role of DLPFC has been illustrated consistently for
actively maintaining and manipulating information in working memory
and for goal-oriented behavior such as decision-making (Koechlin and
Summerfield, 2007; Menon, 2011; Muller and Knight, 2006; Petrides,
2005). Anatomical studies have provided the evidence that DLPFC and
sensory areas have rich connections (Miller and Cohen, 2001). The
DLPFC receives visual, somatosensory, and auditory sensory inputs
from the occipital, parietal, and temporal cortices (Petrides and
Pandya, 1999), and its anatomical connections with pre-motor/motor
areas further support to achieve the motor outputs (Lu et al., 1994).
Our beta band results supported the putative role of the DLPFC for top-
down processing (Miller and Cohen, 2001). Electrophysiological stu-
dies (Hipp et al., 2011; Siegel et al., 2012; Siegel et al., 2011) also
reported that beta band activity of the DLPFC (of the FPN) is important
in linking sensory evidence to motor plans. This beta band control in
later time (225–425 ms) thus might indicate the active maintenance of
past evidence during its accumulation in coordination with V1, FFA
and PPA and/or its flexible routing to motor plans.

In summary, the present study evaluated the aCIN and FPN, with
regards to the temporal evolution of averaged evoked potentials in the
nodes and oscillatory networks that organized evoked activity between
the aCIN and the FPN. We found that the beta band (~22 Hz) and
gamma (~80 Hz) bands of neural activity involved between the aCIN
and FPN interactions. The aCIN activity initiated the Granger causal
control over the FPN activity in 25–225 ms in gamma band and the
FPN activity achieved the control over the aCIN activity in 225–425 ms
in beta band for both easier and harder decision-making tasks. These
findings provide important insights into how sensory information
enters and organizes between the aCIN and the FPN during sensory-
guided goal-directed behaviors such as perceptual decision-making.
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