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Spontaneous Fluctuations in the Flexible Control of Covert
Attention
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Spontaneous fluctuations in cognitive flexibility are characterized by moment-to-moment changes in the efficacy of control over atten-
tional shifts. We used fMRI to investigate the neural correlates in humans of spontaneous fluctuations in readiness to covertly shift
attention between two peripheral rapid serial visual presentation streams. Target detection response time (RT) after a shift or hold of
covert spatial attention served as a behavioral index of fluctuations in attentional flexibility. In particular, the cost associated with shifting
attention compared with holding attention varied as a function of pretrial brain activity in key regions of the default mode network
(DMN), but not the dorsal attention network. High pretrial activity within the DMN was associated with a greater increase in shift trial RT
relative to hold trial RT, revealing that these areas are associated with a state of attentional stability. Conversely, high pretrial activity
within bilateral anterior insula and the presupplementary motor area/supplementary motor area was associated with a greater decrease
in shift trial RT relative to hold trial RT, reflecting increased flexibility. Our results importantly clarify the roles of the precuneus, medial
prefrontal cortex, and lateral parietal cortex, indicating that reduced activity may not simply indicate greater task engagement, but also,
specifically, a readiness to update the focus of attention. Investigation of the neural correlates of spontaneous changes in attentional
flexibility may contribute to our understanding of disorders of cognitive control as well as healthy variability in the control of spatial
attention.
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Individuals regularly experience fluctuations in preparatory cognitive control that affect performance in everyday life. For exam-
ple, individuals are able to more quickly initiate a spatial shift of attention at some moments than at others. The current study
revealed that pretrial brain activity in specific cortical regions predicted trial-by-trial changes in participants’ abilities to flexibly
shift the focus of attention. Intrinsically generated fluctuations in brain activity within several key default mode network regions,
as well as within the anterior insula and presupplementary/supplementary motor areas, carried behavioral consequences for
preparatory attentional control beyond lapses of attentional engagement. Our results are the first to link intrinsic variation in
pretrial brain activity to moment-by-moment changes in preparatory attentional control over spatial selection. j

ignificance Statement

Introduction

Attentional selection shapes our awareness of the world around us
such that physically salient, reward-associated, or goal-relevant
stimuli receive preferential representation within the brain and
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strongly influence our behavior (Desimone and Duncan, 1995;
Reynolds et al., 1999; Anderson et al., 2011; Sali et al., 2014). Dys-
functions of attentional control such as lapses of attention, perse-
veration, and distraction are frequently associated with a variety of
clinical syndromes such as attention deficit hyperactivity disorder
(ADHD; Barkley et al., 1997), substance abuse (Cools, 2008), and
obesity (Volkow et al., 2011). Healthy individuals also regularly ex-
perience fluctuations in their abilities to control attention that sig-
nificantly affect behavior (Bellgrove et al., 2004). However, little is
known about the neural basis of these spontaneous fluctuations in
preparatory states of attentional control. In the current study, we
used fMRI to investigate how dynamic changes in brain activity re-
flect moment-by-moment fluctuations in individuals’ readiness to
perform spatial shifts of attention.
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States of preparatory control may range from periods of at-
tentional flexibility, in which individuals are able to rapidly shift
attention, to periods of attentional stability, in which shifts of
attention are sluggish. Although persistent individual differences
and environmental factors likely play a role in the frequency and
magnitude of moment-by-moment changes in cognitive flexibil-
ity (Sali et al., 2015), intrinsic fluctuations of brain activity may
also contribute to these control settings. The relationship be-
tween changes in trial-by-trial behavioral performance and on-
going fluctuations in brain activity as measured by fMRI may
therefore contribute to our understanding of the neural mecha-
nisms implicated in preparatory cognitive control.

Spontaneous fluctuations in brain activity have been associ-
ated with both changes in task engagement (Weissman et al.,
2006) and in preparatory cognitive control (Leber et al., 2008;
Leber, 2010). Using a task-switching paradigm, Leber and col-
leagues (2008) examined the relationship between changes in
pretrial brain activity and the size of behavioral task switch costs.
A pretrial increase of activity within a group of cortical and sub-
cortical regions, including the left superior parietal lobule, ante-
rior cingulate cortex, left inferior parietal lobule, right middle
frontal gyrus (MFG), and the left putamen, was associated with
an increase in cognitive flexibility. In a similar study, spontane-
ous fluctuations of pretrial activity within the left MFG predicted
the degree to which a salient distractor item captured attention
on a trial-by-trial basis (Leber, 2010).

In the current study, we extended these previous investiga-
tions of spontaneous changes in preparatory control to the do-
main of goal-oriented covert spatial attention. It is possible that
the frontoparietal neural mechanisms involved in the execution
of covert attentional control, referred to here as the dorsal atten-
tion network (DAN), will also predict moment-by-moment
changes in preparatory attentional flexibility (Yantis et al., 2002;
Serences and Yantis, 2006; Chiu and Yantis, 2009; Esterman et al.,
2009; see Corbetta and Shulman, 2002 for a review). Conversely,
a collection of brain regions comprising the default mode net-
work (DMN) have also been linked to moment-by-moment
changes in attentional states. These brain regions, including the
precuneus, ventromedial prefrontal cortex (vmPFC), and lateral
parietal cortex, show correlated activity among themselves at rest
in the absence of an overt task and are negatively correlated with
frontal and parietal cognitive control regions (Raichle et al.,
2001). Therefore, an alternative possibility is that attentional flex-
ibility is associated with activity changes within these regions that
have previously been associated with attentional disengagement.
Importantly, such a finding would extend the role of DMN re-
gions beyond mere task engagement and would suggest that
spontaneous fluctuations in brain activity carry differential con-
sequences for behavioral performance depending on whether a
shift of attention is necessary.

Materials and Methods

Participants. Twenty adults (11 women, 1 participant did not report
gender) ranging in age from 18 to 32 years (M = 21.8, SD = 3.37)
completed a 2 h fMRI scanning session in exchange for monetary com-
pensation. Eighteen of the participants were selected based on task per-
formance during an earlier behavioral screening session. These
participants completed at least 10 runs of the exact task used in the
scanner before participation in the fMRI study. The remaining two par-
ticipants were both highly experienced in performing similar experimen-
tal tasks and therefore completed no additional training for the current
study. All participants had normal or corrected-to-normal vision and all
but one was right handed. The protocol was approved by the Institutional
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Figure 1. Experimental task. Participants monitored one of two peripheral task-relevant
RSVP streams for the appearance of a visual cue. Letter cues instructed participants to shift or
hold attention. Participants made a speeded parity judgment for stimuli appearing in the cued
location immediately after each cue presentation.

Review Boards of the Johns Hopkins University and the Johns Hopkins
Medical Institutions and all participants gave written, informed consent.

Stimuli and procedure. All stimuli were displayed on a back-projection
screen located in the bore of the scanner, which participants viewed
through a mirror attached to the head coil. The stimuli consisted of
multiple white rapid serial visual presentation (RSVP) streams of alpha-
numeric characters, each displayed for 200 ms with no gap appearing
against a black background (Fig. 1). At any given moment, the partici-
pant attended either to the stream positioned to the left or the one posi-
tioned to the right of a central fixation point (0.5° by 0.5°% 3.00° of visual
angle from the fixation point to the center of each target stream). Each
alphanumeric character subtended ~0.56° by 1.12° of visual angle. Stim-
ulus presentation was controlled by the Psychophysics Toolbox (version
3.08; Brainard, 1997) running in MATLAB.

Each run began with the presentation of the words either “Begin at-
tending RIGHT” or “Begin attending LEFT” for ~8 s that indicated the
first to-be-attended RSVP stream. Participants monitored this stream for
the appearance of an embedded visual cue to either shift attention to the
opposite stream or to hold attention at that location. For the majority of
each run, these 2 task-relevant streams contained randomly generated
digits ranging from 1 to 8. Occasionally, the letter “A” or the letter “K”
appeared in the attended stream, cuing participants to either continue to
hold their attention at the currently attended location or to shift atten-
tion to the other stream. For half of the participants, the letter “K” cued a
covert shift of attention to the opposite RSVP stream and the letter “A”
cued participants to hold attention at the location of the cue. The remain-
der of the participants completed the task with the opposite cue mapping.
Participants received 18 shift and 18 hold cues during each run. There
were 12 runs during the scanning session, for a total of 216 cue events of
each type. All cues were presented in a random order with the only
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constraint being that no more than 3 cues of the same type (shift or hold)
could be presented consecutively. Three flanking streams surrounding
each of the target streams (2.16° center-to-center) consisted of task-
irrelevant randomly generated letters (excluding A, K, I, O, and W).

Immediately after the offset of the letter cue, participants made a
speeded judgment regarding the parity of digits appearing at the cued
location. During a 2 s response period, all digits appearing in the cued
stream were of the same parity (either all even or all odd). Participants
received instructions before beginning the task that they were to respond
based on the first digit identified during this response window while still
maintaining a high level of accuracy. Because all of the target digits had
the same parity, behavioral response time (RT) served as an indicator of
trial-by-trial attentional fluctuations. Specifically, the amount of slowing
in RT for a shift trial compared with a hold trial indicated the subject’s
current state of attentional flexibility. Digits appearing in the noncued
stream remained randomly generated during the response window. Par-
ticipants made all responses with two MR-compatible buttons. Partici-
pants pressed one button with their left thumb and the other with their
right thumb and we counterbalanced the response mapping of parity
across participants. After the 2 s response window, the digits in both
target streams were again randomly generated. Any presses made after
the 2 s response window were scored as incorrect. After making a re-
sponse, participants maintained attention at the peripheral stream that
previously contained the target digits until the appearance of the next
letter cue. To discourage uncued shifts of attention, participants received
instructions that, after a response, the next cue would appear in the last
attended location. For example, if participants were cued to attend to the
left stream on trial n, the attention cue (“K” or “A”) would appear in the
left stream during trial #n + 1. The next cue appeared 4, 6, or 8 s after the
previous cue presentation.

In addition to the functional data obtained during task performance,
we acquired a high-resolution anatomical scan for registration of the
functional images to a standardized template as well as a resting state scan
to independently define the DMN and DAN regions of interest (ROIs).
Participants fixated a central cross with no explicit task for the duration
of the 5 min resting-state scan. The remainder of the scanning session
consisted of eight runs of a shortened version of the task in which the
frequency of shift and hold cues varied across runs (data not reported
here).

fMRI data acquisition and analysis. MR images were acquired with a
Phillips Intera 3T scanner at the Kirby Center for Functional Brain Im-
aging at the Kennedy Krieger Institute in Baltimore, Maryland. For each
subject, a high-resolution anatomical scan was acquired with an
MPRAGE T1-weighted sequence with an isotropic voxel size of 1 mm
[repetition time (TR) = 8.1 ms; echo time (TE) = 3.7 ms, flip angle = 8°,
150 axial slices, 0 mm gap, SENSE factor = 2]. T2*-weighted echoplanar
images were acquired with a 32-channel SENSE head coil in 36 trans-
verse, sequential slices (TR = 2000 ms; TE = 30 ms; flip angle = 70°
acquisition matrix = 76 X 76, field of view = 192.00 mm X 171.79
mm X 107.50 mm; 0.5 mm gap; SENSE factor = 2), yielding voxels that
were 2.5 mm isotropic and covering most of the brain. Each EPI scan
began with four dummy pulses before the RSVP onset to allow magneti-
zation to reach steady state. We acquired 112 volumes for each of the 12
RSVP runs such that each lasted ~3.7 min. The resting-state scan was
identical to the functional runs, with the exception that 150 volumes were
acquired for a total of 5 min.

Preprocessing of the data was performed using Analysis of Functional
NeuroImages (AFNI; Cox, 1996) with the exception of removing the
skull from the anatomical scan to improve image coregistration, which
was performed using fsl_anat (Jenkinson etal., 2012). We applied AFNI’s
nonlinear warping (3dQWarp) to morph each subject’s anatomical scan
into Talairach stereotaxic space according to the Colin 27 template. All
functional images were first corrected for slice time acquisition. Next, we
corrected for subject motion and registered each image to the corre-
sponding normalized anatomical scan by applying the parameters from
the nonlinear warping. The functional runs were resampled to an isotro-
pic resolution of 2 mm during coregistration. Last, we performed spatial
smoothing with a kernel of 4 mm full width half maximum and normal-
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Figure 2.  ROIs. We independently defined ROIs in the DMN and DAN using independent
components analysis in the resting-state data. DMN regions consisted of the precuneus, ven-
tromedial PFC, and bilateral lateral parietal cortices. DAN regions consisted of bilateral intrapa-
rietal sulcus and dorsal prefrontal cortices.

Z=42

ized the BOLD response in each voxel to the voxel’s average MR signal
magnitude across the experimental run.

Defining DMN and DAN ROIs. We conducted an independent com-
ponents analysis in FSL’s Melodic (Jenkinson et al., 2012) to indepen-
dently define key regions of the DMN and DAN using the resting-state
data. We used an automated procedure for deciding the number of com-
ponents and selected the components best resembling the DMN and
DAN through visual inspection. As in earlier studies (Esterman et al.,
2013, 2014; Rosenberg et al., 2015), we sought to isolate the peak 200
contiguous voxels in four regions of each network. Because some of the
peak clusters had voxels with equivalent z-scores, the actual region sizes
ranged from 200 to 203 voxels. For the DMN, we defined the precuneus,
vmPFC, and bilateral lateral parietal cortices. For the DAN, we defined
bilateral intraparietal sulcus and bilateral dorsal prefrontal cortex. The
resulting four regions in each network are displayed in Figure 2.

Preparing the pretrial signal. To examine the relationship between
spontaneous fluctuations of neural activity and modulations of atten-
tional flexibility, we sought to identify regions of the brain for which the
relationship between pretrial BOLD activity and behavioral RT differed
for shift and hold trials. In particular, we were interested in determining
whether a spontaneous change of activity before a cue was associated
with either a corresponding increase or decrease in preparatory atten-
tional flexibility on that trial. One metric of attentional flexibility is the
magnitude of the difference in RT for attention shift versus attention
hold trials (referred to here as a shift cost). By this definition, a flexible
preparatory state of attentional control is associated with a smaller be-
havioral shift cost than is a stable preparatory state. Therefore, we applied
a similar logic as Leber and colleagues (2008; see also Leber, 2010) to
identify whether the magnitude of the shift cost varied reliably with fluc-
tuations in pretrial activity in the DMN and DAN.

Given our rapid event-related experimental design, the raw BOLD
data would serve as a poor indicator of spontaneous pretrial activity.
Rather, task-evoked BOLD responses from preceding trials could mask
any weaker fluctuations in the BOLD time course that result from spon-
taneous fluctuations in activity. We, therefore, used a general linear
model (GLM) to partial out task-evoked variability in the BOLD re-
sponse as well as nuisance variability attributable to sources of noninter-
est such as subject motion, respiration, and scanner artifacts. Such an



448 - J. Neurosci., January 13,2016 - 36(2):445— 454

approach is feasible because spontaneous fluctuations and task-evoked
responses in brain activity are additive (Fox et al., 2006; Al-Aidroos et al.,
2012). For each of the four event types of interest (hold attention left,
hold attention right, shift attention from left to right, and shift attention
from right to left), we modeled the BOLD response with a set of 12 finite
impulse response (FIR) tent basis functions (one for each volume ac-
quired starting at the onset of the cue and continuing to 24 s post-cue). As
in earlier studies (Leber, 2010; Al-Aidroos et al., 2012), we sought to also
remove nuisance variability from the BOLD time course. We therefore
entered the six demeaned parameters of subject motion into the model
and also regressed out any linear or quadratic drift in the signal. Last, we
entered the BOLD time course of activity from a cluster of voxels falling
inside deep white matter as well as the mean of all voxels in the whole-
brain dataset (a measure of global brain activity) as two final regressors of
noninterest (Fox et al., 2005). Time points for which the Euclidean norm
of the motion derivative exceeded 0.3°, along with the preceding time
point, were censored from the model as well as from all later reported
fMRI analyses. Censoring resulted in a loss of <3% of all acquired vol-
umes. Trials in which participants made an incorrect response or failed to
respond were included in the model and were not differentiated from
those in which an accurate response was made. Together, these trials
comprised <12% of the total number of trials and could not have been
reliably modeled separately. Due to a programming error, a small num-
ber of accurate responses were logged as failures to respond for four of the
20 participants. Because these trials lacked behavioral RTs, they are ex-
cluded from the trial-by-trial RT prediction analyses below. Neverthe-
less, because these participants provided sufficient data (>140 trials for
each condition after censoring for motion outliers), we have included
their trials with recorded responses in the RT correlation analyses below.
All behavioral accuracy analyses are reported with these participants
excluded.

To provide a measure of spontaneous pretrial brain activity, we iso-
lated the unexplained variance in the BOLD signal after running the
GLM described above. To the extent that our regressors accounted for
task-evoked responses and known sources of nuisance variability, this
residual time course reflected intrinsic fluctuations in brain activity. As in
earlier studies (Leber et al., 2008), we focused our trial-by-trial analysis
on the single-volume acquisition preceding the cue presentation. The
samples of pretrial activity used in the main analyses were therefore
collected 2 s before the cue presentation and thus cannot reflect even the
earliest task-evoked response. Importantly, although the hemodynamic
response takes 4—10 s to peak, there are immediately measurable effects
after the onset of an event of interest. Therefore, any samples taken after
the time of cue onset may reflect task-related processing in addition to
any carryover preparatory effects. Therefore, only samples taken before
the cue’s onset serve as a pure measure of the relationship between in-
trinsic fluctuations in preparatory brain activity and moment-by-
moment attentional flexibility.

Predicting trial-by-trial fluctuations in attentional flexibility. To address
the main question of interest, we identified regions of the brain for which
the relationship between pretrial activity and trial-by-trial RT signifi-
cantly differed for shift and hold trials. First, we tested whether pretrial
fluctuations of activity in the DMN and DAN covaried with the magni-
tude of the behavioral cost in RT associated with shifting attention. For
each ROI, we computed the correlation between trial-by-trial pretrial
activity and RTs separately for attention shift and attention hold trials.
First, we averaged across the voxels of each ROI individually for each
sample of pretrial activity and computed the correlation between these
averages of pretrial activity and RT for shift trials and hold trials inde-
pendently. We then ran a two-tailed paired groups ¢ test on these corre-
lations to determine whether the magnitude of the behavioral cost
associated with shifting attention relative to holding attention varied as a
function of pretrial activity in either network. In a related analysis, we
binned shift and hold trial RTs according to the magnitude of pretrial
activity in each network and tested whether the magnitude of the shift
cost was significantly different for the third of trials with the greatest
pretrial activity than for the third of trials with the lowest pretrial activity.
To test the temporal specificity of the window in which BOLD predicted
trial-by-trial attentional flexibility, we conducted a follow-up analysis in
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which we repeated the DMN and DAN comparisons for data collected at
time points ranging from 4 s before cue onset to 4 s after the cue onset.

As an exploratory follow-up analysis, we next used a voxelwise ap-
proach as in earlier studies of fluctuations in cognitive flexibility (Leber et
al., 2008; Leber, 2010). We again computed the voxel-by-voxel correla-
tion between pretrial activity and behavioral RT for shift and hold trials
independently for each participant, resulting in two statistical parametric
maps of correlations for every participant. At the group level of analysis,
we then ran a two-tailed paired-groups ¢ test to identify voxels for which
the correlations, averaged across participants, differed for shift and hold
trials. This analysis yielded voxels in which the magnitude of shift costs,
an indicator of attentional flexibility, varied based on intrinsic pretrial
brain activity.

Last, we tested whether pretrial fluctuations of activity in the regions
associated with attentional stability and those associated with attentional
flexibility in the whole-brain analysis uniquely accounted for variance in
shift trial RT. For shift trials only, we z-scored the samples of pretrial
activity for the two sets of regions and the behavioral RTs independently
for each participant and then concatenated the scores across participants.
We then used a linear regression model to test whether the two sets of
regions independently accounted for variability in shift trial RT.

Identifying shift-related task-evoked activity. To compare our findings
with earlier studies of covert attentional control (Chiu and Yantis, 2009),
we next tested for the presence of task-evoked brain activity. We used an
ARMA (1,1) model with restricted maximum likelihood estimation of
temporal autocorrelation in the time series to estimate the evoked re-
sponse for each of the four event types of interest listed above. We mod-
eled a period of 10s, starting with the time of cue onset, with a series of six
FIR tent basis functions, thus making no assumptions about the shape of
the hemodynamic response. Furthermore, we included the demeaned six
parameters of subject motion as regressors of noninterest into the model
and also corrected for linear and quadratic trends in the BOLD time
course. We censored TR pairs for which the Euclidean norm of the mo-
tion derivative exceeded 0.3° as above.

Whole-brain multiple-comparisons correction. Due to our hypotheses
that large cortical regions would be associated with spontaneous fluctu-
ations in attentional flexibility and the possibility of weak effects inherent
in a trial-by-trial analysis of such fluctuations, we adopted a liberal two-
tailed height threshold of #,4) = 2.09, p = 0.05 for the whole-brain
spontaneous fluctuations analysis. However, for the more statistically
robust contrast of evoked activity when comparing the response associ-
ated with shift and hold trials, we adopted a more stringent threshold of
t9) = 2.86, p = 0.01. Given these uncorrected thresholds, all whole-
brain group-level results were corrected for multiple comparisons by
running 10,000 Monte Carlo simulations in 3dClustSim to determine the
probability of obtaining a cluster of significant activity of a certain size
given the spatial smoothness of the data. Spatial smoothness was esti-
mated from the residuals of the GLM in which we partialled out task-
evoked and nuisance sources of variability. The simulation accounted for
both positive and negative voxels passing the set two-tailed height thresh-
old given a synthetic dataset with the same voxel dimensions and spatial
smoothness as the acquired data. All EPI data were masked according to
the registration template resampled to isotropic 2 mm voxels. The result-
ing mask yielded an extent threshold of 214 contiguous voxels (1712
mm?°) for the spontaneous fluctuations analysis and an extent threshold
of 70 contiguous voxels (560 mm *) for the evoked activity contrast such
that the familywise rate of error was p < 0.05 for both.

Results

Behavioral results

We first tested whether behavioral RTs and accuracies differed for
attention shift trials compared with attention hold trials. A
paired-groups ¢ test revealed that participants were indeed slower
to make the parity judgment on shift attention trials (M =
998.29, SD = 117.84) compared with hold attention trials (M =
884.70, SD = 128.06), t(,9) = 7.64, p < 0.001) (Fig. 3). Further-
more, analysis of the 16 participants with valid accuracy data
revealed that there were no significant differences in behavioral
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Figure3.  Vincentized plot of parity judgment response times.
Table 1. Mean behavioral RTs as a function of behavioral accuracy
Previous trial accuracy
Accurate Inaccurate
Shift trials 1014.42 (104.16) 1085.22 (179.54)
Hold trials 893.95 (128.77) 980.07 (174.55)

SDs are displayed in parentheses.

accuracies for shift (M = 91.49, SD = 6.08) and hold (M = 91.52,
SD = 7.23) trials (t,5, = 0.05, p = 0.965). Last, we tested whether
attentional flexibility varied based on previous trial accuracy. For
example, it is possible that participants adjusted attentional con-
trol settings after errors differently than after trials with an accu-
rate response. We therefore analyzed the behavioral RT data with
an additional 2 X 2 ANOVA with factors of current cue type
(shift vs hold) and previous trial accuracy (accurate vs inaccu-
rate). Although participants were in general slower after a trial in
which they made an error (F, ;5 = 10.64, p = 0.005), there was
no significant interaction of cue type and previous trial accuracy
(Fas = 021, p = 0.655) (Table 1). We next investigated
whether fluctuations in pretrial brain activity could predict the
magnitude of the observed shift cost in RT.

Imaging results

Spontaneous fluctuations predict attentional flexibility

We tested whether pretrial activity served as an index of spatial
attentional flexibility on a trial-by-trial basis. To isolate sponta-
neous fluctuations in the BOLD time series, we extracted samples
of pretrial activity after partialling out task-evoked activity and
nuisance variability. Although we chose to model behavioral er-
ror trials with correct response trials in the GLM, the RT corre-
lation analyses included only those trials in which participants
responded correctly within the 2 s response window. Because we
extracted the single volume recorded two seconds before the cue
onset for each trial from the residual time course of BOLD activ-
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Table 2. Mean pearson correlations (r) between pretrial brain activity and RT
Region of interest

DMN DAN
Shift trials 0.07*** (0.08) —0.05%** (0.05)
Hold trials 0.00 (0.09) —0.04** (0.06)

SDs are displayed in parentheses.
***p < 0.001 when testing against 0; **p << 0.01 when testing against 0.

ity, our pretrial measure cannot reflect an early response to the
shift or hold cue. For each participant, we computed the correla-
tion between these samples of pretrial activity and RTs for shift
and hold trials separately.

DMN and DAN contributions to attentional flexibility

Given our hypothesis that both the DMN and DAN may be in-
volved in spontaneous fluctuations in attentional flexibility, we
first independently defined each network and conducted an ROI
analysis (see Materials and Methods). For each participant and
each network, we separately computed the correlation between
pretrial activity and RT and then subjected these r-statistics to a
group-level paired-groups t test. For both networks, the distribu-
tions of shift and hold trial correlations were normal according to
Kolmogorov—Smirnov tests with Lilliefors significance correc-
tion (p > 0.095). We therefore do not Fisher z-transform the
correlations in the analyses reported below. However, the con-
clusions of all tests reported here remain identical when a Fisher
transform is applied. Our analysis was designed to identify both
regions in which increases of activity were associated with a de-
crease of shift costs, as in earlier studies (Leber et al., 2008), and
regions in which increases of activity were associated with an
increase of shift costs. Furthermore, fluctuations in pretrial activ-
ity could be associated with a change in shift trial RT only, hold
trial RT only, or both shift and hold trial RT. Although the rela-
tionship between pretrial activity and RT for shift trials did not
differ from that of hold trials for the DAN (f,4) = —0.63, p =
0.539), attentional flexibility did covary with pretrial fluctuations
of activity in the DMN (t(,5, = 3.55, p = 0.002) (see Table 2 for
mean correlations). Moreover, when averaging across partici-
pants, shift trial RTs increased as a function of DMN pretrial
activity (¢,9) = 4.40, p < 0.001), whereas there was no significant
change in hold trial RTs (¢4, = 0.11, p = 0.918). Conversely,
high pretrial activity in the DAN was associated with faster re-
sponse times for both attention shift (¢, = —4.40, p < 0.001)
and attention hold (¢,5) = —3.36, p = 0.003) trials. As a direct
comparison of the relationships between pretrial activity and RT
across the two networks, we followed up the above analyses by
subjecting the correlations to a 2 X 2 ANOVA with factors of cue
type (shift vs hold) and network (DMN vs DAN). In addition to
significant main effects of cue type (F(; 19y = 6.99, p = 0.016) and
network (F(, ;) = 20.35, p < 0.001), there was a significant in-
teraction of the two factors (F(, 4, = 7.87, p = 0.011), providing
evidence that pretrial spontaneous fluctuations of activity in the
DMN and DAN carry different consequences for attentional flex-
ibility. Critically, whereas pretrial increases of activity in the DAN
were associated with a speeding of RT regardless of cue type,
perhaps due to increased task engagement, only pretrial fluc-
tuations in the DMN covaried with trial-by-trial attentional
flexibility.

To better illustrate how behavior changed as a function of
pretrial DMN and DAN activity, we binned shift and hold trial
RTs into three groups each according to the amplitude of pretrial
activity and tested whether the magnitude of the shift cost dif-
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fered in the third of trials with the lowest A B
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ticipants were, overall, slower when DMN
activity was high. Importantly, consistent
with the correlation analysis above, there
was a significant interaction of cue type
and pretrial activity (F, 9y = 6.65, p =
0.018; Fig. 4A). When we repeated the
same analysis using the DAN as the ROI, we found significant
main effects of cue type (F(, ;) = 43.51, p < 0.001) and pretrial
activity (F; 19y = 30.80, p < 0.001), but no significant interaction
(F1,19) = 0.02, p = 0.880; Fig. 4B). Although participants had
shorter RTs when DAN pretrial activity was high than when it was
low, this change in RT was equivalent for shift and hold trials and
therefore does not indicate a change in the readiness to update
spatial attentional selections.

In the above analyses, we collected samples of pretrial activity
from the volume acquired closest in time, but preceding, the cue
onset. Given our design, these samples came 2 s before the ap-
pearance of the cue. We focused our analysis on this particular
time point because we were interested in whether intrinsically
generated fluctuations occurring prior the cue’s onset predicted
trial-by-trial flexibility, as has been demonstrated previously in
the domains of task switching and susceptibility to attentional
capture (Leber etal., 2008; Leber, 2010). To better understand the
temporal dynamics of how intrinsic fluctuations in brain activity
relate to ongoing changes in attentional flexibility, we repeated
the above analyses using samples of brain activity ranging from
4 s before cue onset through 4 s after cue onset. For the DMN, we
observed the same significant difference between the shift trial
correlations and hold trial correlations at 4 s before cue onset
(t(19y = 2.84,p = 0.010) and at the time of cue onset (#,4) = 2.15,
p = 0.045; Fig. 5A). In both cases, one-sample t tests revealed that
the correlations were, on average, significantly greater than 0 (r >
3.41, p < 0.004), whereas the hold trial correlations did not sig-
nificantly differ from 0 (¢t < 0.69, p > 0.502. Furthermore, fluc-
tuations in the DAN failed to covary with attentional flexibility at
both time points (t < 0.59, p > 0.568; Fig. 5B). Our above find-
ings are therefore not specific to samples taken 2 s before cue
onset.

We next investigated whether DMN activity continued to dif-
ferentially predict shift and hold trial RT in the temporal window
after cue onset. Elevated activity within the DMN has been asso-
ciated with lapses of attentional engagement (Weissman et al.,
2006; e.g., Christoff et al., 2009) and the relationship between
brain activity and behavioral performance may therefore change
according to the temporal window of interest. In support of a
more nuanced relationship between DMN activity and prepara-
tory attentional control, the correlations between brain activity
and behavioral performance for shift and hold trials did not differ
at the group level for samples taken at both 2 and 4 s after the cue
presentation (< 0.33, p > 0.746). Interestingly, atboth 2 and 4 s
after cue onset, DMN activity was associated with increased RT
for both shift and hold trials ( > 5.34, p < 0.001). Late increases
in activity were therefore associated with slow task performance

Figure 4.
within-subject SEM.
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Figure5. Mean correlations between intrinsic brain activity and behavioral RT as a function

of time relative to cue onset for the DMN (4) and DAN (B). Time point 0 denotes the time of cue
onset.

regardless of cue type. As in the temporal window preceding cue
onset, we observed no difference in the shift and hold trial corre-
lations for the DAN in the post cue window (¢ < 1.06, p > 0.306).

Last, we compared the relationship between DMN brain ac-
tivity and attentional flexibility in the temporal window preced-
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High pretrial activity
associated with
increased shift costs

[l High pretrial activity
associated with
decreased shift costs

Figure 6.  Areas in which intrinsic fluctuations predicted moment-by-moment attentional
flexibility. High pretrial activity in areas shown in red was associated with an increase in atten-
tional stability; high pretrial activity in areas shown in blue was associated with an increase in
attentional flexibility.

ing cue onset directly with that after cue onset by collapsing the
precue (2 and 4 s before the cue) and the post-cue (2 and 4 s after
the cue) correlations for each participant. A repeated-measures
ANOVA with factors of cue type (shift vs hold) and temporal
window (pre cue vs post cue) yielded significant main effects of
cue type (F(; 19y = 6.57, p = 0.019) and temporal window (F; ;o)
= 24.21, p < 0.001), which were qualified by a significant cue by
window interaction (F(, 4y = 6.01, p = 0.024). Only early fluc-
tuations in DMN activity predicted ongoing changes in prepara-
tory states of attentional flexibility.

Whole-brain analysis

After the targeted ROI approach, we conducted a whole-brain
analysis to determine whether spontaneous fluctuations of activ-
ity in any additional brain regions predicted ongoing changes in
attentional flexibility. Rather than averaging voxels within an
ROI, we computed the shift and hold trial correlations indepen-
dently for each voxel and conducted a voxelwise paired-groups ¢
test to identify regions in which the magnitude of shift costs
varied based on pretrial activity (Leber, 2010). Given our interest
in relating intrinsic fluctuations of preparatory brain activity to
moment-by-moment changes in behavioral performance, we fo-
cused on samples taken 2 s before the cue onset for all remaining
analyses. As illustrated in Figure 6, we identified several regions
for which pretrial fluctuations of activity predicted moment-by-
moment increases or decreases in attentional flexibility, in addi-
tion to those already contained in the DMN ROI. In addition to
significant clusters in the precuneus, the vmPFC, and the bilateral
lateral parietal cortex, which largely overlapped with those areas
tested as the DMN RO, the left anterior superior frontal gyrus
(aSFG) and right anterior medial frontal cortex were associated
with states of increased attentional stability (see Table 3 for coor-
dinates, volumes, and mean correlations). Conversely, significant
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clusters falling in bilateral anterior insula (AI) as well as the pre-
supplementary motor area/supplementary motor area (pre-
SMA/SMA) demonstrated the opposite relationship. Specifically,
shift costs decreased as a function of pretrial activity in the Al and
pre-SMA/SMA, suggesting that spontaneous increases of activity
were associated with an increase in attentional flexibility.
Although the primary focus of the experiment was to identify
regions in which the predictive relationship between pretrial ac-
tivity and behavioral performance differed for shift and hold at-
tention trials, we also tested the relative contribution of the
stability- and flexibility-associated regions identified above when
serving as predictors of RT together. We focused on shift atten-
tion trials because the DMN ROI analysis revealed that DMN
pretrial activity did not significantly covary with hold trial RT.
We averaged across the stability-associated and flexibility-
associated regions for each participant to yield two samples of
pretrial activity. We then z-scored the samples of pretrial brain
activity and behavioral RTs for each participant and concate-
nated across participants to run a single regression model. Last,
we conducted a forward stepwise linear regression to predict RT
based on pretrial activity in the stability-associated and
flexibility-associated regions. In the first model, high pretrial ac-
tivity within the stability associated regions was associated with
an increase in shift trial RT (8 = 0.101, ¢ = 6.19, p < 0.001,
adjusted R* = 0.010), as would be expected from the way in
which these regions were defined. Importantly, however, both
stability-associated regions (8 = 0.072, t = 4.04, p < 0.001) and
flexibility-associated regions (8 = —0.071, t = —4.00, p < 0.001)
served as significant predictors of shift trial RT when in the re-
gression model together (adjusted R* = 0.014). As reflected by
the adjusted R* above, inclusion of both sets of regions did not
yield a large boost in the percentage of variance in RT that was
explained by pretrial brain activity. However, even though the
predictive relationships between pretrial activity and RT are
small, the important observation for the current question of in-
terest is that they significantly differ. The multiple regression
analysis supplements this finding by revealing that both sets of
regions uniquely contribute to the prediction of shift trial RT.

Examining task-evoked activity

In replication of earlier studies, we also examined task-evoked
activity. To determine whether group-level differences existed in
evoked activity across the four trial types, we summed the 8
weights of the 10 basis functions to compute the area under the
curve (AUC) for each trial type. A whole-brain repeated-
measures ANOVA of the AUCs revealed converging evidence in
support of previous accounts of sustained and transient shift-
related neural activity (Chiu and Yantis, 2009). As illustrated in
Figure 7, there was a transient increase in activity for shift relative
to hold trials within a series of frontal and parietal regions that
previous studies have implicated in covert shifts of spatial atten-
tion (see Table 4 for Talairach coordinates and volumes).

Last, we tested whether there was a significant difference in
evoked activity within any of the regions identified in the whole
brain analysis above as indexing trial-by-trial attentional flexibil-
ity. Such a difference might have suggested that the relationship
between pretrial activity and trial-by-trial flexibility was in part
due to an incomplete removal of task-evoked activity from the
BOLD time series. Contrary to this account, mean evoked activity
for attention shift and attention hold trials did not significantly
differ for any of the regions that predicted trial-by-trial atten-
tional flexibility in the whole brain analysis (+ < 1.88, p > 0.075).
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Table 3. Regions predicting moment-by-moment flexibility in the whole-brain analysis

Sali et al. ® Spontaneous Changes in Attentional Flexibility

Area Talairach coordinates (mm) Volume (mm?) Correlation r (SD)
High activity associated with stability
B precuneus — — — 8,192 0.04 (0.05) —0.01(0.04)
R hemisphere 3 —49 30
L hemisphere —1 —41 38
R anterior medial frontal cortex 19 45 40 4,776 0.04 (0.04) —0.01(0.04)
B ventromedial prefrontal cortex — — — 3,128 0.05 (0.04) 0.00 (0.04)
R hemisphere 5 59 -2
L hemisphere -9 41 12
L anterior superior frontal gyrus -9 27 54 2,976 0.04 (0.04) —0.02 (0.04)
R lateral parietal cortex 53 —59 14 2,432 0.04 (0.04) —0.02 (0.04)
L lateral parietal cortex —47 —61 38 1,856 0.05 (0.06) —0.01(0.06)
High activity associated with flexibility
R anterior insula 35 15 4 2,208 —0.04 (0.03) 0.01 (0.04)
L anterior insula -39 16 1,984 —0.04(0.02) 0.02 (0.04)
B presupplementary motor area/ — — — 1,720 —0.04(0.03) 0.01(0.03)
supplementary motor area
R hemisphere 7 17 44
L hemisphere =1 7 36

Talairach coordinates indicate the peak voxel within each cluster (familywise error p << 0.05). The mean Pearson correlations between pretrial activity and behavioral RT are displayed separately for shift and hold attention trials for each

region.

R, Right; L, left; B, bilateral cluster spanning both hemispheres (peak coordinates are displayed for each hemisphere).

mSPL
MFG

mSPL

Figure7.

1 Shift Attention > Hold Attention

TPJ

Transient shift-related activity on a partially inflated 3D rendering of the Talairach template used for coregistration. mSPL, Medial SPL; SFS, superior frontal sulcus; SMG, supramarginal

gyrus; TPJ, temporoparietal junction; MFG, middle frontal gyrus; PCG, postcentral gyrus; IPS, intraparietal sulcus.

Discussion

In the current study, we investigated whether spontaneous
fluctuations in pretrial brain activity predicted moment-by-
moment changes in preparatory control over spatial atten-
tional selection. In particular, we sought to identify regions of
the brain for which the predictive relationship between pre-
trial activity and trial-by-trial RT differed for trials requiring a
covert shift of attention compared with those in which partic-
ipants held covert attention at a single peripheral location. We
found that pretrial activity within the precuneus, right ante-
rior medial frontal cortex, left aSFG, vmPFC, and bilateral
lateral parietal cortex covaried with attentional flexibility such
that high activity was associated with an increase in attentional
shift costs. Conversely, the Al and pre-SMA/SMA demon-
strated the opposite relationship such that increases of activity

Table 4. Regions demonstrating shift-related activity

Area Talairach coordinates (mm) Volume (mm°>)
B medial superior parietal lobule ~ — — — 7232
R hemisphere 5 —57 44
L hemisphere -13 —57 50
R superior frontal sulcus 25 -9 58 2968
L superior frontal sulcus —-23 -3 50 2160
R supramarginal gyrus 59 —45 28 1136
R temporoparietal junction 41 —61 20 888
R middle frontal gyrus 39 29 32 880
R postcentral gyrus 49 43 38 792
Rintraparietal sulcus 33 —65 28 712
L postcentral gyrus —35 —35 38 624

Talairach coordinates indicate the peak voxel within each cluster (familywise error p < 0.05).

R, Right; L, left; B, bilateral cluster spanning both hemispheres (peak c s are displayed for each
hemisphere).
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were associated with lower shift costs, indicating a readiness to
update attentional selection.

The results of the current study extend the role of key DMN
regions beyond indexing generalized levels of engagement or the
degree to which cognition is inwardly focused, as has been sug-
gested previously. Instead, our findings provide evidence that
ongoing spontaneous changes in activity may have differential
behavioral consequences depending on whether a participant
needs to shift attention or instead to maintain the focus of atten-
tion at a single location. Importantly, both shift trials and hold
trials in the current experiment required participants to detect a
briefly presented cue among a stream of distractor filler items and
therefore placed equal demands on attentional engagement. If
pretrial activity predicted pure engagement without any change
in preparation to shift attention, we would have observed a sim-
ilar behavioral consequence for both shift and hold trials. We
found no evidence of even a trend of slower RT on hold trials
being associated with higher DMN pretrial activity. Rather, it was
the difference between shift and hold trials regarding the RT—
activity correlation that was significant. Future research is needed
to determine whether mild states of low task engagement associ-
ated with high DMN activity may predispose participants to
adopt a stable attentional state that ultimately slows their time to
shift attention, but not their RT to targets at the current locus of
attention. Alternatively, fluctuations of pretrial activity within
the precuneus, vimPFC, and lateral parietal cortex may modulate
attentional stability independently of task engagement.

In contrast to samples of DMN activity taken before cue onset,
those falling after the cue were associated with equivalent in-
creases in both shift and hold trial RT. Both self-reported low task
engagement during repetitive and boring sustained attention
tasks (Christoff et al., 2009) and behavioral slowing in perceptual
judgments requiring the focus of attention (Weissman et al.,
2006) have been associated with increased DMN activity. More-
over, elevated prestimulus DMN activity has been associated with
increased behavioral error rates (Eichele et al., 2008; Li et al.,
2007). Our post-cue results, therefore, complement these prior
findings, suggesting that high DMN activity is, under some cir-
cumstances, associated with impaired stimulus detection. How-
ever, unlike these earlier studies, only increases in DMN activity
during the behavioral response window slowed performance re-
gardless of the trial type. Importantly, although the hemody-
namic response takes several seconds to peak, the response begins
immediately. Our post-cue samples of activity may therefore re-
flect changes in brain activity associated with receiving the cue
itself and with making the parity judgment. As has been demon-
strated in other domains of cognition (Sadaghiani et al., 2009),
the relationship between fluctuations in DMN activity and
changes in behavioral performance is more nuanced than a sim-
ple change in the level of engagement. Our findings are novel in
that they provide evidence that pretrial fluctuations in DMN ac-
tivity carry consequences for the flexibility of attentional control
beyond any changes in generalized task engagement.

Recently, others have suggested that the relationship between
DMN activity and behavioral performance varies based on fluc-
tuating cognitive states that modulate response variability (Ester-
man et al., 2013, 2014). In one recent study, periods of low RT
variability were associated with heightened activity within the
DMN and high DMN activity preceded trials in which partici-
pants made attentional lapses. Conversely, during periods of less
stability, indicated by more variable RTs, DMN activity did not
significantly differ before attention lapse and correct response
trials. Instead, DAN activity was greater before accurate re-
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sponses than lapses during these less stable periods (Esterman et
al., 2013). Our results are therefore convergent in suggesting that
a moderate increase of activity within the DMN, but not in the
executive control regions of the frontal and parietal cortices, is
associated with preparatory states of behavioral stability. Impor-
tantly, our study extends these findings from a target detection
paradigm to one in which participants were periodically cued to
update the spatial focus of attention, enabling us to distinguish
attentional stability from attentional lapses.

In addition to those regions comprising the DMN, we found
evidence that the bilateral Al and the pre-SMA/SMA were also
associated with trial-by-trial fluctuations in attentional flexibil-
ity, but these areas showed the opposite relationship such that
participants were more ready to shift attention as pretrial activity
increased. Recent advances have suggested that the Al plays a role
in both saliency detection and modulating the relative engage-
ment of different brain networks in response to a physically sa-
lient event (for review, see Menon and Uddin, 2010). Sridharan
and colleagues (2008) demonstrated that the AI plays a causal
role in changing the reciprocal balance of activity between the
DMN and the DAN during task performance, even in the absence
of a task (Sridharan et al., 2008). Although we did not find a
significant relationship between modulations of attentional flex-
ibility and components of the DAN in the current study, the
inverse relationship between Al pretrial activity and the magni-
tude of shift costs supports the role of the Al in regulating the
balance of activity between the default mode and DANs. Our
findings provide additional evidence that the Al may contribute
to spontaneous changes in the balance of activity across brain
networks and provides an account of how these spontaneous
changes relate to moment-by-moment fluctuations in behavioral
performance.

One explanation for the distinction between our findings and
previous research (Leber et al., 2008) may be the nature of pre-
paring to perform a covert shift of attention versus update task set
rules. In the case of task switching, a participant may be able to
execute a switch of rules before the onset of the stimuli and still be
able to complete the trial accurately. For example, elevated pre-
paratory activity in regions important for carrying out a task
switch may yield a behavioral advantage for task switch trials over
task hold trials. However, in the domain of spatial attention,
preferential selection of the to-be-attended location may prohibit
detection of a visual cue at the previously attended location and
consequently impair accurate performance. Intrinsic increases of
activity in regions implicated in attentional orienting may there-
fore carry weaker behavioral advantages than in the case of
task-switching. The generality of spontaneous fluctuations in
cognitive flexibility across domains such as attentional selection,
task set updating, and the manipulation of representations in
working memory therefore remains an unanswered question.

The interaction of spontaneous changes in brain activity with
other factors influencing attentional flexibility remains an im-
portant topic of inquiry. Genetic polymorphisms that regulate
PFC and striatal dopamine have been associated with persistent
trait-level individual differences in cognitive flexibility (Cools,
2008; Cools and D’Esposito, 2011). In particular, elevated base-
line dopamine within the PFC is associated with greater cognitive
stability, whereas elevated dopamine within the striatum is asso-
ciated with increased flexibility at the cost of heightened distract-
ibility (Nolan et al., 2004; Bertolino et al., 2006; Heatherton and
Wagner, 2011). An area of future research, therefore, remains the
relationship between the neurobiological bases of persistent in-
dividual differences in cognitive flexibility and the magnitude
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and rate of spontaneous fluctuations in preparatory control
states.

The current study has important implications for understand-
ing the mechanisms of attention and its dysfunction. For exam-
ple, children with ADHD have more variable response times on
tasks of response inhibition than children without histories of
impairment (Vaurio et al., 2009). Prolonged periods of cognitive
flexibility in situations in which there are many distractions may
contribute to the inattentive symptoms that are the hallmark of
ADHD. Studying the neural mechanisms behind fluctuations of
attentional control may therefore improve our understanding
of the neural basis of attentional flexibility and stability and how
the potential dysfunction of these mechanisms may contribute to
disorders of cognitive control.

We examined the neural bases of moment-by-moment fluc-
tuations in individuals’ abilities to control covert spatial atten-
tion. Our findings suggest that fluctuations of activity within
components of the DMN, the Al, and the pre-SMA/SMA index
fluctuations in individuals’ readiness to shift or hold attention.
This identification of the neural bases of spontaneous fluctua-
tions in cognitive control will contribute to our understanding of
the neural mechanisms involved in both normal variations in the
control of attention and clinical impairment in psychopathology
and addiction disorders.
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