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Abstract: Studies of visual-spatial attention typically use instructional cues to direct attention to a rele-
vant location, but in everyday vision, attention is often focused volitionally, in the absence of external
signals. Although investigations of cued attention comprise hundreds of behavioral and physiological
studies, remarkably few studies of voluntary attention have addressed the challenging question of how
spatial attention is initiated and controlled in the absence of external instructions, which we refer to as
willed attention. To explore this question, we employed a trial-by-trial spatial attention task using elec-
troencephalography and functional magnetic resonance imaging (fMRI). The fMRI results reveal a
unique network of brain regions for willed attention that includes the anterior cingulate cortex, left
middle frontal gyrus (MFG), and the left and right anterior insula (AI). We also observed two event-
related potentials (ERPs) associated with willed attention; one with a frontal distribution occurring
250–350 ms postdecision cue onset (EWAC: Early Willed Attention Component), and another occurring
between 400 and 800 ms postdecision-cue onset (WAC: Willed Attention Component). In addition,
each ERP component uniquely correlated across subjects with different willed attention-specific sites of
BOLD activation. The EWAC was correlated with the willed attention-specific left AI and left MFG
activations and the later WAC was correlated only with left AI. These results offer a comprehensive
and novel view of the electrophysiological and anatomical profile of willed attention and further
illustrate the relationship between scalp-recorded ERPs and the BOLD response. Hum Brain Mapp
36:2443–2454, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The literature on attention has provided a distinction
between top-down and bottom-up attentional control. In
one well-represented view, the sources of attentional con-
trol and the influence of this control on sensory and motor
areas outline the interactions between top-down and
bottom-up information during selective attention [Asplund
et al., 2010; Corbetta and Shulman, 2002; Hopfinger et al.,
2000; Mesulam, 1981; Pardo et al., 1991; Petersen and Pos-
ner, 2012; Serences et al., 2004]. This interactive concept of
attention remains at the core of most current models of
voluntary (goal-directed) attention [Bruce and Tsotsos,
2009; Bundesen et al., 2008].
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Empirical studies of voluntary attentional control have
utilized trial-by-trial attention cuing paradigms that permit
control systems to be indexed separately from stimulus
selection. In such designs, brain activity related to an atten-
tional cue can be considered to arise from attentional control
networks, while activity time-locked to a subsequent target
indexes attention-related stimulus selection [Corbetta et al.,
2000; Harter et al., 1989; Hopf and Mangun, 2000; Hopfinger
et al., 2000; Mangun and Hillyard, 1991]. Using variants of
this approach, research in animals, patients with neurologi-
cal disease and damage, and healthy human subjects has
shown that the voluntary control of visual attention involves
a complex network of widely distributed brain areas, includ-
ing prefrontal cortex, posterior parietal cortex, posterior-
superior temporal cortex, basal ganglia, and thalamic and
midbrain structures [Bisley and Goldberg, 2010; Bressler
et al., 2008; Bushnell et al., 1981; Cohen et al., 2009; Corneil
et al., 2008; Fecteau et al., 2004; Hung et al., 2001; McAlonan
et al., 2006; Mesulam, 1981; Noudoost et al., 2010; Petersen
et al., 1994; Posner et al., 1982; Schall, 2004].

The functional anatomy of attentional control in humans
has been further refined in recent years by the identifica-
tion of specific brain networks that interact to support var-
ious components of attentional control. Spatial cuing
paradigms have been used to isolate activity in a frontal-
parietal attention system that is related to an instruction
(e.g., a cue) to selectively direct attention to a location in
the visual field while distinguishing this from activity in
visual cortex and the motor system [Corbetta et al., 2000;
Kastner et al., 1999]. Numerous studies have now sup-
ported this conceptualization of a voluntary attentional
control network in dorsal frontal-parietal cortex [Gazzaley
and Nobre, 2011; Geng and Mangun, 2011; Slagter et al.,
2006; Sylvester et al., 2009; Szczepanski et al., 2010; Walsh
et al., 2010; Weissman et al., 2009] and related work has
begun to identify additional networks, including the right
ventral attention network [Corbetta and Shulman, 2011;
Corbetta et al., 2008; Shulman et al., 2010], a lateral
prefrontal-parietal network [Gao and Lin, 2012; Vincent
et al., 2008] and a cingulate-lateral anterior prefrontal
(opercular) and anterior cingulate network [Dosenbach
et al., 2008].

It is clear from the literature that vast majority of studies
of attentional control have used external cues or instruc-
tions to direct attention. A simple arrow or other symbolic
cue instructs the subject either where to attend, or where
the task-relevant target is most likely to occur [Posner,
1980]. This raises the questions of the meaning of
“voluntary” if the instruction is itself external. One may
ask instead whether truly voluntary attention when self-
initiated, relies on the same mechanisms that have been
identified for voluntary (cued) attention. Although posing
significant experimental challenges, it is possible to investi-
gate self-initiated control of spatial attention, which we
will refer to as “willed attention.”

A seminal study by Taylor et al. [Taylor et al., 2008]
used fMRI to explore the neural mechanisms of attentional

control when participants had to choose where to attend
compared with when they were received instructional
cues. They found a distinct network of activation in the
presupplementary motor area (pre-SMA), presupplemen-
tary eye fields (pre-SEF), frontal eye fields (FEF), and ante-
rior cingulate cortex (ACC) when subjects had to make a
willful decision where to attend. The Taylor et al. findings
are in line with evidence that the ACC is active when sub-
jects have to make a voluntary decision [Rushworth et al.,
2004; Walton et al., 2004], and with an extensive literature
regarding intention and action. In contrast, a related study
by Hopfinger and colleagues [Hopfinger et al., 2010] did
not observe any significant activation in medial frontal
areas when subjects had to initiate a wilful voluntary shift
of attention; in their task the subjects began each trial with
a motor action that signaled where they would subse-
quently shift attention. Instead, they observed a general-
ized difference in brain lateralization for self-initiated
shifts of attention compared with cued trials. However,
because the medial frontal regions identified by Taylor
et al. were active for both the intention to act and action
itself [Passingham et al., 2010], the Hopfinger study may
have had reduced sensitivity for observing differences in
these structures for willed versus cued attention because
in their design both conditions required a motor response
that indicated the direction of the attentional shift at trial
onset. Thus, the differences in task design between the
Taylor et al. [2008] and Hopfinger et al. [2010] studies
require further research into the neural anatomy (fMRI) of
willed attention. Furthermore, no known study has been
conducted on the ERPS associated with willed attentional
control, although prior work has explored the frequency-
specific determinants of decisions to attend in the predeci-
sion interval [Bengson et al., 2014].

In the present study, we identify the network level activ-
ity of willed attention through the computation of choice-
cue specific ERPS from high-density EEG recordings and
analysis of the BOLD response that is specific to willed
attention. Our experimental paradigm, and the use of EEG
recordings combined with fMRI, represents innovations
enabling the isolation of the process-level electrophysiolog-
ical dynamics of willed attention, while also offering a
powerful event-related analytical framework to explore the
network-level anatomical architecture associated with the
deployment of willed attention.

MATERIALS AND METHODS

Methods

Participants

EEG and fMRI data were recorded in two separate ses-
sions from 19 undergraduate students at the University of
California, Davis. Order of data collection (fMRI and
EEG), response mapping (i.e., index or middle finger-
5 “thin”), and cue-meaning (left, right, choose) were
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counterbalanced across participants. All participants had
normal or corrected-to-normal vision and were paid for
participation. All artifact free trials with correct behavioral
performance were entered into statistical analysis of the
EEG and fMRI data.

Apparatus and stimuli

For the fMRI session, stimuli were presented on an
fMRI-compatible 24 inch LCD Boldscreen monitor and for
the EEG session, stimuli were presented on a 19 inch
Viewsonic VX922 color monitor with visual angle of stim-
ulus presentation matched across EEG and fMRI sessions.
Stimuli were presented using PresentationVR software (Ver-
sion 14, www.neurobs.com). Eye movements were moni-
tored using a Model 504 Applied Science Laboratories eye-
tracking system. Each trial began with the presentation of
one of 3 (pseudorandomly selected) possible 200 ms cues
(1� 3 1� diamond, a cross, or a circle) that instructed par-
ticipants to attend to the left or right or to choose to attend
left or right (See Figure 1). Between a randomly selected
Stimulus-Onset-Asynchrony (SOA) of 2000–8000 ms after
cue presentation, target stimuli (5�x 5� square target gra-
tings) were presented at location markers 11.5� to the left
or right of a white dot placed at fixation and 3.5� below
the horizontal midline in the left and right hemi-fields at a
ratio of .50 for each hemi-field for each participant. To
hold validity constant across willed-attention and cued tri-
als, for choose-cue trials and cued trials, the target
appeared at the attended location on 50% of trials. The
spatial frequency of each grating varied pseudorandomly
within each condition and hemi-field at a ratio of 0.50
between high (0.53� per cycle) and low (0.59� per cycle)
spatial frequencies of alternating black and white square
waves. After target presentation, following a pseudoran-
domly distributed interstimulus interval varying between
2000 and 8000 ms, the word “?SIDE?” (2� 3 8�) was pre-
sented at fixation to cue participants to report which side
they attended to for that trial. Stimuli were presented on a
gray background (rgb intensities of 60, 60,60) with an
intertrial interval drawn from a pseudorandom distribu-
tion varying between 2000 and 8000 ms with each trial
proceeding automatically. To isolate the regions of visual
cortex sensitive to target presentation, prior to the fMRI
session, 18 of the 19 subjects also completed three runs of
a functional localizer task. For the functional localizer,
stimuli consisted of square wave gratings identical to the
targets presented in the main task, presented in alternating
blocks of 20 s in each target location. The stimuli appeared
for 500 ms with a 500 ms interval. The localizer was pre-
sented for 3 runs of 200 s.

Procedure

All participants were told that this was a study of spa-
tial attention and were instructed to attend on a trial-by-
trial basis in the direction of the cue while sustaining fixa-

tion at the center of the screen. If a choice cue was pre-
sented, subjects were told to make a spontaneous decision
to attend left or right and were explicitly instructed not to
use any type of decisional strategy (such as always attend-
ing to the side the target appeared on the last trial). Partic-
ipants were informed to keep attending to the cued
hemifield until the target was presented. Upon target pre-
sentation, subjects were instructed to make 2-AFC discrim-
ination ("thick" or "thin") to the thickness of the lines of
the gratings by pressing their index or middle finger (the
response-finger mapping was counter-balanced between
subjects). Participants were instructed to respond to the
target only if it appeared on the attended side. If it
appeared on the unattended side, they were instructed to
ignore the target. The response-relevant perceptual feature
of the targets (“thick” or “thin”) varied pseudorandomly
and evenly for each of the hemi-fields and validity condi-
tions and participants. Furthermore, participants were
instructed to respond as quickly and as accurately as pos-
sible to the targets. Upon the presentation of the word
“?SIDE?”, subjects were instructed to accurately respond
with where they had been attending for that trial (left or
right). For both types of trials (cued and choice), the
attended location was determined using both participants’
reports and response to targets (whether they responded
to the target or not). We only analyzed those trials in
which both subjects’ report and response to targets were
consistent (ie. if the target appeared on the right and the
participant responded to the target and reported attending
to the right). A Mersene twister algorithm was used to
randomize stimulus sequences. This procedure is identical
to that reported in Bengson et al. [2014].

EEG recording

The EEG was recorded using an Electro-cap (64-channel)
from sites: FPZ, FZ, FCZ, CZ, CPZ, PZ, POZ, OZ, INZ, FP1,
FP2, F7, F8, F3a, F4a, F3, F4, F7p, F8p, F3i, F4i, C3a, C4a,
C3, C4, FC1, FC2, PA1, PA2, C5, C6, C1a, C2a, T3, T4, C1p,
C2p, C5p, C6p, P3a, P4a, P1, P2, P3i, P4i, PO1, PO2, O1,
O2, T3i, T4i, TO1, TO2, T1i, T2i, O1i, O2i, I1, I2, M1, M2.
Scalp channels were referenced to the right mastoid (aver-
age mastoid reference was applied after data recording)
during online recording and impedances were kept below 5
kX. An online band-pass filter of 0.1–100 Hz was used with
a Synamps II amplifier with Scan 4.2 software. Data were
recorded in DC at a sampling rate of 1000 Hz. To monitor
eye position and blinks, bipolar electrodes were place on
the outer left and right canthus and above and below the
left eye and referenced to each-other respectively.

fMRI recording

Imaging data were collected at the Imaging Research
Center of the University of California, Davis, using a 3-T
Siemens Skyra Scanner with a 32-channel head coil. Ana-
tomical images were acquired using an MPRAGE
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sequence with a sagittal partition direction yielding images
with 1-mm isovoxel resolution (time repetition (TR) 5 2500
ms, time echo (TE) 5 4.38 ms, flip angle 5 7�). Whole-brain
echoplanar functional images were acquired in 34 trans-
verse slices (TR 5 2100 ms, TE 5 29 ms, matrix 5 64 3 64,
field of view 5 216 mm, slice thickness 5 3.4 mm, ascend-
ing interleaved slice acquisition order).

EEG analysis

Prior to artifact rejection an IRR Butterworth filter
between 0.1 and 30 Hz was applied to all channels for all
subjects and Independent Component Analysis was used to
remove EEG components related to eye-blinks. The filtered
continuous data was then epoched 2200 ms to 1 2000 ms
cue onset and later baseline corrected 2200 to 0 ms relative
to the cue onset. Channels for which signal was lost (4 par-
ticipants) during data collection were interpolated (channels
F8, F3A, P1, T3L) and artifacts were detected and elimi-
nated using ERPLAB (http://erpinfo.org/erplab) software’s
moving window peak to peak artifact rejection function
with a 100 lV voltage threshold, within any given trial
using a moving window of 100 ms in steps of 50 ms. In
addition, for each subject, each epoch was inspected and
artifacts were also manually rejected prior to averaging.

fMRI analysis

Data were processed using SPM8 (http://www.fil.ion.ucl.
ac.uk/spm). Functional images collected from the scanner
were slice-time corrected, aligned with a representative
functional volume and motion corrected using an unwarp-
ing procedure, and spatially smoothed using a 4-mm full-
width at half maximum Gaussian kernel. Structural images
were also aligned with the representative functional vol-
ume. For the main experiment, separate events representing
target position, distractor position and distractor congru-
ency were modeled using a general linear model (GLM).
These events were modeled as impulses of activity at the
onset of the stimuli and were convolved with the canonical
hemodynamic response function (HRF) included with
SPM8. For the localizer scans, boxcars representing the
duration of each block were convolved with the HRF and
similarly modeled using a GLM. Results of the analyses, in
the form statistical maps, were overlaid on the structural
images collected for each subject. For group-level analyses,
these statistical maps were spatially normalized to the
standard Montreal Neurological Institute space and entered
into a one-way t-test to produce group average statistical
maps, which were then overlaid onto an average structural
image. To examine which regions of cortex showed a
greater blood oxygen-level dependent (BOLD) response to
the various trial types, the group-level maps were gener-
ated using an uncorrected voxel-level threshold of P< 0.001
and a contiguous-voxel threshold producing a corrected
threshold of P< 0.05. This analysis produced a cluster size
threshold of 33 voxels for the explicit vs. choice cue com-

parison, 34 voxels for the explicit vs. baseline comparison
and 37 voxels for the choice cue vs baseline comparison.
With respect to the combined ERP-fMRI analysis, we focus
on the sites of activation that are uniquely active in
response to the choice cues and linking these areas of acti-
vation to the observed choice-cue specific ERPS. This
approach assured direct conclusions concerning the task-
specificity of the relationship between the choice-specific
ERP and fMRI activations and serves as a means to isolate
unique networks governing willed attention.

RESULTS

Behavioral Results

We observed no significant bias to choose to attend left
or right across our sample with 51% of choice-trials going
to the right hemifield and 49% of trials going to the left
hemifield. We aggregated decision direction as a function
of prior cue direction and cue type and included the pro-
portion of left vs. right choice trials as a dependent vari-
able in two t-tests: one with prior explicit cue direction (if
that occurred) of the previous trial as the independent
variable, and another with prior choice direction (if the
previous trial was a choice trial) as an independent vari-
able. Results of this analysis reveal no significant effect of
prior trial explicit cue direction on decision outcome,
t(19) 5 1.585, P 5 0.130 and no effect of prior choice direc-
tion on current trial, t(19) 5 1.609, P 5 0.125. Although not
definitive, these data suggest that participants were mak-
ing spontaneous decisions in response to the choice cues
in accordance with our instructions.

Attentional Validation Results

The BOLD response within the ROIs contralateral to tar-
get presentation was subjected to a 2x2 ANOVA (validity
vs cue type). This analysis showed a significant effect of
validity [F (1,17) 5 6.68, P 5 0.02], indicating a larger
BOLD response to validly cued targets than invalidly cued
targets. Neither the main effect of cue type [F (1,17) 5 1.98,
P 5 0.17] nor the interaction [F (1,17) 5 1.62, P 5 0.22] were
significant. These results suggest that attention was effec-
tively deployed prior to target presentation and that the
effect of attention did not differ as a function of cue type.
This finding is consistent with a separate behavioral vali-
dation study in which participants were instructed to
respond to both valid and invalid targets [Bengson et al.,
2014]. In that study, significant behavioral cuing effects
were observed for both choice and cued trials and these
effects did not differ as a function of cue type (P 5 0.223).
Furthermore, we observed no significant difference in reac-
tion times or accuracy to valid response-relevant targets
between choice and explicit cued trials (P> 0.5). Thus the
present fMRI results combined with the behavioral results
suggest that significant cueing effects are observed for
both choice-driven attention and explicitly cued attention.
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The Electrophysiological Correlates of Willed

Attention

To isolate the ERPS associated with willed attention, we
compared the averaged cue-evoked response for choice
cues with explicitly cued trials. Figure 2a depicts the aver-

aged evoked response for a representative electrode site
(Fz) for the 2 second interval following cue onset and Fig-
ure 2b illustrates the topographic distribution of the differ-
ence between choice cues and explicit cues for the 250–
350ms postcue interval. This choice-cue specific positivity,
which we will refer to as the Early Willed Attention Com-
ponent (EWAC) has a frontal distribution (Fig. 2b) and
manifests as a significant main effect of cue-type when we
conduct a 2 X 2 ANOVA (cue-direction by cue-type) for the
averaged cue-evoked ERP response of the 14 frontal elec-
trode sites, F (1,18) 5 5.816, P 5 0.027, g2 5 0.244 (Fig. 2c).
We did not observe a significant effect of cue-direction, nor
did we observe a cue-direction by cue-type interaction for
the 250–350ms EWAC interval (both P values> 0.250). We
next compared the averaged cue-evoked activity over the
400–800ms interval following cue onset. Figure 3 depicts
the ERPs as a function of cue type for a representative elec-
trode site and Figure 3b depicts the central-posterior focus
of the scalp distribution of the difference between choice-
driven and explicitly-cued attention for this interval. We
conducted a 2 X 2 (cue-direction by cue-type) ANOVA for
the averaged cue-evoked ERP response of the 15 central
electrode sites (Fig. 3c) and observed a significant effect of
cue-type, F (1,18) 5 9.972, P 5 0.005, g2 5 0.356. We refer to
this as the willed attention component (WAC). We did not
observe an effect of cue-direction, nor did we observe a
cue-direction by cue-type interaction for this interval (both
p-values> 0.500). Finally, from viewing Figures 2 and 3 it

Figure 1.

An example trial sequence for the willed attention task. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2.

(a) Illustrates the Willed Attention Component (EWAC) at an example electrode site (250–

350ms postcue). (b) Illustrates the topographic map of the EWAC (difference between willed

attention trials and cued trials in the 250–350 ms postcue interval). (c) Illustrates the 14 frontal

electrode sites for which the EWAC was computed. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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appears that there is a sustained negativity specific to
choice cues from the 1400–1900 ms post cue interval; how-
ever, this difference is only significant at 2 electrode sites
and does not show a consistent scalp distribution.

Willed attention Specific BOLD Response

A comparison between choice and explicit cue activa-
tions was also conducted on the BOLD response in the
postcue interval across the whole brain (Fig. 4). The results
of this analysis reveal an overlapping network for both
willed and cued attention that has been previously associ-
ated with the orienting of attention [Hopf and Mangun,
2000]. We also isolate a novel network of activation specifi-
cally unique to choice cues that includes the middle frontal
gyrus (MFG), anterior cingulate, (ACC) and bilateral ante-
rior insula (AI) (Fig. 4). Although we do observe greater
activation of the Supplementary Eye Fields (SEF) and
Intraparietal sulcus (IPL) for willed attention relative to
cued attention, these sites are active in both conditions
and hence not unique the willed attention condition. As a
result, we focus our combined ERP Bold analysis on the
neuroanatomical sites that are specific to willed attention.

Combining EEG, ERP, and fMRI Data

To link our observed patterns of willed attention fMRI
activation with the two ERPS that were associated with
willed attention (EWAC: 250–350 ms and WAC: 400–800ms

postcue), we conducted a set four independent 2 X 2 (cue-
direction by cue-type) ANOVAs using each of the four
willed attention-specific sites of activation as a covariate in
a general linear model. For the EWAC, only the Left Ante-
rior Insula, F (1,18) 5 11.352, P 5 0.004, g2 5 0.40, and Left
MFG, F (1,18) 5 9.793, P 5 0.006, g2 5 0.366 significantly
covaried with the choice-cue specific ERP activation under
the Bonferonni-corrected (4 comparisons) significance level
of P> 0.01. When the ACC was included as a covariate, we
observed a marginally significant interaction, F
(1,18) 5 6.121, P 5 0.023, g2 5 0.265 and finally, the Right
Anterior Insula did not significantly covary with the EWAC
across subjects under our Bonferroni-corrected significance
criterion, F (1,18) 5 3,644, P 5 0.073, g2 5 0.177. To illustrate
the sign of this significant EWAC covariation with the
choice-cue specific Left AI and Left MFG activations, we
also correlated the size of the EWAC effect with the indi-
vidual BOLD activations specific to these brain regions and
observed significant (as expected) correlations that were
negative in sign: Left AI: r 5 20.633, P 5 0.004, Left MFG:
r 5 20.605, P 5 0.006. Specifically, for those subjects who
showed an EWAC effect of lesser amplitude, stronger
choose-cue specific BOLD responses were observed in the
MFG and left AI. We conducted these same set of analyses
on the WAC (400–800 ms postcue) response and observed
that only the left AI covaried with the WAC response when
entered in the 2 X 2 (cue-direction by cue-type) ANOVA as
a covariate, F (1,18) 5 7.766, P 5 0.013, g2 5 0.314. However,

Figure 3.

(a) Illustrates the Willed Attention Component (WAC) at an example electrode site (400–

800ms postcue). (b) Illustrates the topographic map of the WAC (difference between willed

attention trials and cued trials in the 400–800ms postcue interval). (c) Illustrates the 15 central

electrode sites for which the EWAC was computed. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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it should be noted that this covariation is marginally signifi-
cant after Bonferroni correction. As with the EWAC pattern
of results, this correlation is negative in sign, r 5 20.56,
P 5 0.013. No other choice-cue specific brain region signifi-
cantly covaried with the WAC, and no other interactions
were significant (all P> 0.20). In summary, only the Left AI
and Left MFG significantly covaried with scalp event-
related electrophysiological activity and this relationship

was of an inverse nature; a greater choice-cue specific
BOLD increase was associated with less of an EWAC and
WAC across our sample of 19 participants.

DISCUSSION

This is the first study to explore the ERP correlates of
willed attention and the first to link ERPs associated with

Figure 4.

Significant BOLD response differences as a function of condition.

(A) Depicts group-level choice-cue specific sites of activation pro-

jected onto a surface rendering from a typical subject. (B)

Depicts regions of the brain showing increased BOLD response

to the indicated condition comparisons. Functional data represent

significant contrasts from a random effects analysis. Data are

overlaid onto an average structural image generated from all

study participants. Columns represent different depths along the

axial plane. Anatomical region key: (1.) Superior Parietal Lobe/IPS.

(2.) FEF. (3.) SEF/SMA. (4.) Basal Ganglia. (5.) Anterior Cingulate.

(6.) Middle Frontal Gyrus. (7.) Anterior Insula. (8.) Inferior Parie-

tal Lobule. (9.) Angular Gyrus. (10.) Posterior Cingulate. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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willed attention with BOLD activations within the same
subjects. Prior studies have explored the anatomical corre-
lates of willed attention using fMRI and have reached dif-
fering results [Hopfinger et al., 2010; Taylor et al., 2008].
Because our design was more similar to the Taylor et al.,
[2008] paper, we will focus on comparing our fMRI results
to the Taylor study. Whereas Taylor isolated a network
associated with decisions to attend that included the Sup-
plementary Eye Fields (SEF), pre-Supplementary Motor
Area (pre-SMA), Anterior Cingulate (ACC) and dorsal
medial frontal cortex (pre-SEF), our study isolated a
unique network of activation specific to attention decisions
that includes the left and right AI, ACC, and MFG. The
primary brain area associated with willed attention across
both studies is the ACC. Other studies have associated the
ACC with decision making [Rushworth et al., 2004]. The
consistent principle relating decision making and the ACC
is the likely role that the ACC plays in conflict detection
[Carter and van Veen, 2007]. Because a decision to attend
inherently involves competing representations from hemi-
fields which are otherwise resolved when cued to attend,
the ACC activation associated with willed attention across
the Taylor et al. [2008] study and our study can be viewed
as the detection of the unresolved conflict that is inher-
ently associated with a decision to attend.

Whereas the Taylor et al., [2008] study associated the
SEF, lateral FEF and SMA areas with willed attention in
addition to the ACC, our study found that the MFG and
left and right AI are uniquely associated with willed atten-
tion. The Taylor et al., [2008] study interpreted the choice-
specific activation of the ACC, and pre-SMA as possibly
due to the mnemonic reference of a particular choice to
previous trial contingencies and further suggested that the
lateral and pre-SEF likely play the critical role in the vol-
untary decision of where to attend. However, we do not
find choice specific activation of the SEF, but instead
observe a unique network of choice-specific activations in
the left and right AI and left MFG. Although it is difficult
to posit specific reasons for this discrepancy without spec-
ulating, a number of distinctions between the Taylor et al.,
[2008] paradigm and ours are worth noting. The first is
that our design uses arbitrary symbols and counterbalan-
ces possible stimulus meaning across subjects so that no
stimulus differences occur between cue types (instructed
vs. chosen) whereas the Taylor design used the highlight-
ing of letters to instruct subjects to attend left or right and
a highlighted horizontal line to instruct subjects to choose
where to attend (although the overall cue-shape remained
constant). Thus, the instructed condition in the Taylor
et al., [2008] study contains an additional differential sym-
bolic interpretation of letters vs. line when transforming
the cue representation into appropriate task parameters.
Although subtle, this difference in design may have
slightly affected the observed areas of activation associated
with choice-driven attention when instructed conditions
were subtracted. Another difference is that we instructed
participants to make a spontaneous decision and explicitly

told subjects to avoid implementing specific strategies,
such as consciously choosing where to attend based on
prior stimulus contingencies. Thus, instructional differen-
ces may also account for the different choice-cue specific
activations observed between the two studies. It is also
important to note that whereas the Taylor et al. [2008]
study contained an equal number of both cued and choice
trials, our design employed less choice trials compared
with cued trials and this methodogical difference may also
be related to the unique network of activation observed in
our study. We should note however that only further
research and replication can resolve these discrepancies,
and that the possible influence of task differences on
choice-specific BOLD activation are merely speculative.

Of special importance is the observed bilateral anterior
insula and left MFG activation specifically in response to
willed attention. The anterior insular cortex has been
hypothesized to serve a number of different roles in cogni-
tion and behavior, including homeostatic regulation
[Pacheco-Lopez et al., 2005], self-awareness [Karnath et al.,
2005], and the feeling of disgust [Wicker et al., 2003].
Directly relevant to our findings is that the anterior insula
is specifically involved in generating an internal sense of
causal agency [Farrer and Frith, 2002] and the transforma-
tion of ventral salience signals into appropriate dorsal
attentional control signals [Eckert et al., 2009]. Thus, in our
task, the presentation of the choice cue likely involves an
interaction between the categorization of the cue as endo-
genously relevant and the transformation of this categori-
zation into a decisional response that is then executed by
the dorsal attention system in the deployment of attention
to the left or right hemifield. The work of Eckert et al.
[2009] and our finding of comparable activation of the dor-
sal attention system in response to both explicit and choice
cues are consistent with this notion.

In addition to the insular activation, we also observed
activation of the left MFG specifically in response to the
choice cues. The middle frontal gyrus has been associated
with a variety of high level executive functions, including
working memory [Barbey et al., 2013], lying [Ito et al.,
2012] and social cognition [van Den Bos, 2010]. Most rele-
vant to our finding is that the MFG is active in response to
decision-making tasks [Duncan and Owen, 2000], conflict
detection [Mansouri et al., 2007] and spontaneous behavior
[Miller, 1999]. Even though the MFG is responsive to a
host of diverse cognitive demands, our results are in line
with the notion that the MFG’s role in our paradigm
involves the detection of a conflicting stimulus and the
generation of a spontaneous decision to attend. It is impor-
tant to note that our MFG activation was particular to the
left MFG, thus providing evidence of hemispheric speciali-
zation that might be particular to willed attention.

One aspect of our data that deserves consideration is the
stronger IPL activation for choice cues relative to explicitly
cued trials. Prior work has shown that the IPL is involved
with computing the spatial coordinates of a to-be-attended
location, whereas the SPL is involved with a general
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initiation of attention signal [Green and McDonald, 2008;
Green et al., 2011]. In line with this notion is that we
observe the same level of activity in the SPL, suggesting
that the initiation of spatial attention is equal in both con-
ditions; however, the higher IPL activation for the choice
cues might be associated with the need to compute the
spatial coordinates of a to-be-attended location, because
the choice cue does not provide these coordinates which
are otherwise provided by the explicit cues. Thus this pat-
tern could highlight an additional distinct aspect of willed
attention and provides insight into the fundamental func-
tions of the SPL and IPL.

The most novel finding of this study is that we highlight
the ERPs associated with willed attention. Although from
viewing Figure 2 it appears that there is a significant
choice-cue ERP difference in the sustained 1100 ms to 2000
ms post cue interval, this difference is not statistically sig-
nificant. However, the absence of a significant difference
in this interval might be due to the high degree of variabil-
ity in the cue-target interval (2–8 s). Prior work [Green
and McDonald, 2010] has shown that another sustained
component, the LDAP, depends on the predictability of
the target onset. Only further research can clarify if the
lack of choice-cued specific sustained activity is due to the
variability in target onsets or if a more stable cue-target
interval would induced a sustained choice cue specific
ERP. In any case, we do observe two unique ERP compo-
nents that are specific to willed attention. The first compo-
nent, what we have termed the EWAC, occurs between
250 and 350 ms post decision cue and has a frontal topo-
graphic distribution. A possible interpretation of the
EWAC is that it represents a variant of a P300. The P300 is
a classic ERP associated with the onset of an unexpected
stimulus and has been divided into 2 distinct subcompo-
nents: the P3a and P3b. The P3a is thought to index the
presentation of a rare nontarget stimulus and the P3b is
thought to index a task-relevant rare stimulus [Comer-
chero and Polich, 1999; Donchin, 1981]. Usually the P300 is
induced by presenting a rare stimulus in a sequence of
common stimuli [Polich, 2003]. However, because our
design equates the probability of stimulus presentation by
presenting an equal number of stimuli for each condition
across attend left, attend right, and choose conditions, the
EWAC is not a stimulus induced variant of P300. Essen-
tially, there is no rare stimulus in our design. However,
because the general semantic category of stimulus cue
(cued vs. choice) is not equated (there are 2 explicit cues
[left vs. right] for every choice cue), the EWAC could pos-
sibly be due to the effect of a rare semantic category
(choice attention), even though the three cuing stimuli are
presented equally. However, when we observe the topo-
graphic distribution of the EWAC, it seems quite distinct
from the distribution normally observed for P3 related
effects, which are much more centrally distributed [Polich,
2003] We can see from viewing Figure 2b that the EWAC
is much more anteriorly distributed than the classic P300
effect. However, research has shown that shorter latency

P300s (P3a) are more anteriorly distributed [Polich, 1997]
and recent research using simultaneous EEG/fMRI to
study the neural locus of the P300 effect has demonstrated
that the left insula and MFG are correlated on a trial by
trial basis with P300 activation [Warbrick et al., 2009]. We
observe a similar result as Warbrick et al. [2009] by show-
ing that specifically the MFG and Left AI significantly
covary with the EWAC across subjects. Thus it is possible
that the EWAC is a specialized task-specific variant of a
P300. A related possibility is that the EWAC is a variant of
the frontal P2a [Potts et al., 2004]. Potts et al. [2004]
observed that the P2a is sensitive to task relevance,
whether covert or overt tasks are conducted. Relevant to
this notion is that the presentation of a choice-cue signals
an additional act of cognition (deciding) prior to the
deployment of attention and this additional task activation
may be the cognitive source of the EWAC observed here.
Only further research can establish the exact functional
role of the EWAC in decision making to elucidate if it
serves a unique function separate from the P300 or is a
specialized variant of a P300-related process.

With respect to the observed broadly distributed positiv-
ity in the 400–800ms post cue interval that we have termed
the WAC, our initial inclination is that this component
indexes the decisional process itself, whereas the EWAC
may index the categorization of the stimulus as a choice
cue. Given the refractory period between the EWAC and
WAC, each is likely a distinct modular process involved
with willful decisions to attend. Because of the onset of
around 400ms, the first point of comparison of the WAC
to other known components would begin with the N400
or FN400, which each respectively index semantic updat-
ing and familiarity (although not exclusively). Despite the
cognitive difference between those components and our
paradigm, it is possible that the WAC is indexing some
cognitive construct that is shared with N400 studies. This
seems unlikely however, given that the polarity for the
WAC is opposite that which is commonly observed in
N400 studies. The WAC is characterized by a sustained
positivity to choice cues whereas N400 related effects are
indexed be a negativity over this interval. Furthermore the
N400 is thought to originate in the temporal lobe [Kutas
and Federmeier, 2011], whereas the WAC is anticorrelated
with BOLD activation in the left AI across subjects.

Of particular relevance to other research that has
explored the relationship between electrophysiological
activity and the BOLD response is the sign of the inverse
correlation between our evoked willed attention compo-
nents and the associated willed attention specific BOLD
responses. While it is natural to hypothesize that a greater
ERP should correspond with a larger BOLD response, the
true nature of the relationship between electrophysiologi-
cal activity and the BOLD response is not clear [Nunez
and Silberstein, 2000]. Prior work has shown a negative
relationship between the BOLD response and ERP ampli-
tude [Foucher et al., 2003; Ngyuen and Cunnington, 2013]
while other work has shown a positive relationship
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between the two measures [Nagai et al. 2004]. Some stud-
ies have suggested that the relationship differs in sign
depending on the brain region of the observed BOLD
response [Huettel et al., 2004] and the ERP component of
interest [Whittingstall et al., 2006]. Other work has shown
that the relationship between particular frequencies and
the BOLD response differs depending on the frequency of
interest, with positive gamma-BOLD [Magri et al., 2012]
coupling and negative alpha-BOLD coupling [Laufs et al.,
2003; Liu et al., 2014]. Thus, slow cortical ERPs that are
more likely to consist of low-frequency activity may have
a different relationship with the BOLD response than high
frequency components. In general, because the BOLD
response can increase for both excitatory [Lauritzen, 2005]
and inhibitory neural activity [Kobayashi et al., 2006], con-
clusions based on the sign of EEG–BOLD coupling should
be drawn cautiously. Our present data suggest that the
EWAC and WAC components are specifically related to
the left MFG and Insula BOLD changes and the exact
nature of this relationship requires further research.

In conclusion, we view the EWAC and WAC compo-
nents as ERP signatures of the general construct of “willed
attentional control”. However, it is important to note that
these components were isolated by comparing choice cues
with explicit cues, and that therefore, the WAC and
EWAC reflect all mental operations involved with allocat-
ing willed attention versus cued attention [Donchin, 1984].
Willed attentional control as isolated in our paradigm
involves a series of cognitive operations including stimu-
lus categorization (choice cue versus instructional cue),
conflict perception (decisions entail more conflict than
cued trials), and the actual willful decision-making pro-
cess. This conglomerate of constructs can be thought of as
volitional attentional control in general, but only further
research can isolate the subcomponentry involving the
EWAC and WAC responses and the associated willed
attention specific BOLD response. Nonetheless, our find-
ings are the first to demonstrate the ERP componentry of
truly endogenous attentional control and the first intermo-
dal study of willed attention that links electrophysiology
with the anatomy of willed attentional control using com-
bined ERP and fMRI methods.
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