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Abstract
■ To achieve our moment-to-moment goals, we must often keep

INTRODUCTION
The working memory ( WM) process of maintaining information temporarily in mind, in the absence of external
input, has been described as internally oriented attention
(Kiyonaga & Egner, 2013; Chun, 2011). Attentional and
WM processes are thought to rely on many of the same
neural functions (Gazzaley & Nobre, 2012; Awh &
Jonides, 2001), and demands on one domain can impact
the other (Kiyonaga & Egner, 2014a, 2014b; Watanabe &
Funahashi, 2014; Zokaei, Heider, & Husain, 2014;
Barrouillet, Portrat, & Camos, 2011; Woodman & Luck,
2010; de Fockert, Rees, Frith, & Lavie, 2001). Likewise,
in a recent fMRI study, we observed an interaction in the
fronto-parietal response between dual-task visual WM and
attentional demands. Namely, visual-search-related BOLD
effects were magnified when the concurrent WM load was
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characterize how those regions contribute to behavior. We first examined whether behavioral indices of WM and visual search differentially correlate with left and right parietal dual-task BOLD
responses. Then, we delivered TMS over fMRI-guided left and
right parietal sites during dual-task WM–visual search performance. Only right-parietal TMS influenced visual search behavior,
but the stimulation either helped or harmed search depending on
the current WM load. Therefore, whereas the left and right parietal
contributions were distinct here, attentional and WM functions
were codependent. Right parietal cortex seems to hold a privileged role in visual search behavior, consistent with prior findings,
but the current results reveal that behavior may be sensitive to the
interaction between visual search and WM load only when normal
parietal activity is perturbed. The parietal response to heightened
WM and attentional demands may therefore serve to protect
against dual-task interference. ■

greater (Kiyonaga, Dowd, & Egner, 2017). Behavioral
measures of WM and visual search dual-task performance
were also anticorrelated, corroborating theories of a competitive trade-off between these task demands.
Despite a great deal of evidence for reciprocity between
WM and attention oriented toward external stimuli, however, there is a clear conceptual distinction between them:
Unlike the object of externally oriented attention, WM
content must be endogenously maintained when the
sensory input is no longer present to evoke the representation. Accordingly, recent work has highlighted important distinctions in the mechanisms underlying WM
versus attention and cautions against conflating the two
concepts (Bae & Luck, 2018; Harrison & Bays, 2018;
Sheremata, Somers, & Shomstein, 2018; MendozaHalliday & Martinez-Trujillo, 2017; Myers, Stokes, &
Nobre, 2017; van Kerkoerle, Self, & Roelfsema, 2017;
Ester, Serences, & Awh, 2009). Indeed, concurrent demands on either visual WM or attention sometimes fail
to impact behavior in the other domain (Hollingworth &
Maxcey-Richard, 2013; Woodman, Vogel, & Luck, 2001).
Such null effects support the idea that WM and attentional
processes may be independent, further undermining the
prospect of their reliance on identical neural substrates.
There is little consensus as to why WM and (externally oriented) attention demands influence each other in some
Journal of Cognitive Neuroscience 33:8, pp. 1428–1441
https://doi.org/10.1162/jocn_a_01740

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

information temporarily in mind. Yet, this working memory (WM)
may compete with demands for our attention in the environment.
Attentional and WM functions are thought to operate by similar
underlying principles, and they often engage overlapping frontoparietal brain regions. In a recent fMRI study, bilateral parietal cortex BOLD activity displayed an interaction between WM and visual
attention dual-task demands. However, prior studies also suggest
that left and right parietal cortices make unique contributions to
WM and attentional functions. Moreover, behavioral performance
often shows no interaction between concurrent WM and attentional demands. Thus, the scope of reciprocity between WM and
attentional functions, as well as the specific contribution that parietal cortex makes to these functions, remain unresolved. Here, we
took a causal approach, targeting brain regions that are implicated
in shared processing between WM and visual attention, to better

(Wolinski, Cooper, Sauseng, & Romei, 2018; Mackey et al.,
2016; Blankenburg et al., 2010; Sauseng et al., 2009; Hamidi,
Tononi, & Postle, 2008; Hilgetag, Théoret, & Pascual-Leone,
2001; Walsh, Ellison, Ashbridge, & Cowey, 1999). For
instance, alpha frequency parietal stimulation (10 Hz) can
impair WM for contralaterally presented visual stimuli while
showing the opposite effect for ipsilateral stimuli (Sauseng
et al., 2009). Similarly, TMS to the right TPJ can increase
attentional capture by distractors in the left visual hemifield,
while having the opposite effect on right-lateralized stimuli
(Chang et al., 2013). During a visual attention task, therefore, we would expect parietal stimulation to differentially
impact attentional processing in the contralateral and ipsilateral visual hemifields. However, it is unclear how this
hemifield-specific impact would interact with concurrent
WM and attentional load, when fMRI findings suggest that
both hemispheres would be engaged.
In summary, reciprocity between WM and attentional
functions is inconsistent across studies. Fronto-parietal regions are associated with a variety of WM- and attentionrelated processes, but it is unclear what specific functions
are reflected by activations in these regions or whether
those functions are shared between WM and attentional
domains. The parietal cortex is considered especially
important to WM and attentional processes, but causal
studies provisionally indicate that the two domains of processing may be differentiated across the two cerebral hemispheres. Even causal lesion and offline TMS approaches are
temporally nonspecific, leaving ambiguity about which task
stages rely on the studied region, especially in complex
dual-task conditions that comprise several subprocesses.
The current study aimed to address these ambiguities.
Here, we tested the temporally specific causal contributions of parietal regions to WM, visual attention, and the
interaction between them. We examined whether regions
that display similar fMRI responses, in a dual-task WM–visual
search context, play unique functional roles in performance.
We first conducted new analyses on our previous data set
to correlate left and right parietal fMRI responses with
behavioral indices of WM and visual search performance. We
then used online, event-locked TMS to test whether these
correlative fMRI observations translate into a causal role in
behavior. We stimulated left- and right-hemisphere parietal
regions to examine the effect on the interplay between WM
and attentional demands. Previous findings suggest that left
parietal cortex may preferentially support WM maintenance
processes, whereas right parietal cortex may preferentially
support visual search efficiency (Kiyonaga et al., 2014).
Here, we causally tested this idea by delivering TMS, timelocked to visual search performance, at varying levels of
concurrent WM load and visual search difficulty.

METHODS
Study Overview
We first reanalyzed fMRI data from a previous study
(Kiyonaga et al., 2017) to examine whether left and right
Kiyonaga et al.
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cases but not others, or what neural functions underpin
the relationship between the demands (cf. Lorenc,
Mallett, & Lewis-Peacock, 2021; Oberauer, 2019).
A variety of WM- and attention-related demands are associated with activity in distributed fronto-parietal regions
(Christophel, Klink, Spitzer, Roelfsema, & Haynes, 2017;
D’Esposito & Postle, 2015; Eriksson, Vogel, Lansner,
Bergström, & Nyberg, 2015; Corbetta & Shulman, 2002),
and regions of the parietal cortex are thought to uniquely
serve as a bottleneck for attention and WM capacity (Xu &
Chun, 2009; Marois & Ivanoff, 2005). Indeed, many causal
studies implicate parietal cortex as a substrate for WM and
attentional functions (Chouinard, Meena, Whitwell, Hilchey,
& Goodale, 2017; Emrich, Johnson, Sutterer, & Postle,
2017; Juan, Tseng, & Hsu, 2017; Mackey & Curtis, 2017;
Mackey, Devinsky, Doyle, Golfinos, & Curtis, 2016; Morgan,
Jackson, van Koningsbruggen, Shapiro, & Linden, 2013;
Berryhill, Chein, & Olson, 2011; Koenigs, Barbey, Postle, &
Grafman, 2009; Schenkluhn, Ruff, Heinen, & Chambers,
2008; Luber et al., 2007; Beck, Muggleton, Walsh, & Lavie,
2006; Husain et al., 2001; Oliveri et al., 2001). However, these
studies have targeted a range of parietal subregions and,
consequently, attribute a variety of distinct subfunctions to
parietal cortex. It remains unclear which subregions are necessary for both WM and attentional function.
Parietal cortex is functionally diverse (Duncan, 2010) and
can be parcellated into many subdivisions (Yeo et al., 2015;
Capotosto et al., 2013; Vincent, Kahn, Snyder, Raichle, &
Buckner, 2008; Cavada & Goldman-Rakic, 1989). Thus,
different parietal regions may play unique roles in WM and
attentional processing. Moreover, using TMS, left- and righthemisphere parietal cortices have been shown to play distinct attentional roles (Mevorach, Humphreys, & Shalev,
2006) and make dissociable contributions to cognitive control over WM content (Kiyonaga, Korb, Lucas, Soto, &
Egner, 2014). For instance, an offline TMS study shows that
a left parietal region strengthens the effect of WM content to
guide attention toward matching visual targets. The same
study shows that a right parietal region suppresses the effect of irrelevant visual distraction instead (Kiyonaga et al.,
2014). Thus, although bilateral parietal regions are engaged
by WM and visual attention demands, the functions could
potentially be insulated from cross-competition via hemispheric lateralization. Both neuroimaging and lesion data
also suggest hemispheric specialization for verbal WM versus visuospatial processing in left versus right parietal cortex, respectively (de Schotten et al., 2011; D’Esposito,
Cooney, Gazzaley, Gibbs, & Postle, 2006; Smith, Jonides,
& Koeppe, 1996). However, those observed distinctions
may depend primarily on the content domain (i.e., verbal
vs. spatial) or be mainly quantitative differences (vs. qualitative; Rushworth, Ellison, & Walsh, 2001), as opposed to distinguishing between WM and attention functions, per se.
Although evidence for lateralization of WM versus attentional function is mixed, parietal lesion and TMS studies reliably demonstrate that each hemisphere preferentially
processes stimuli from the contralateral visual hemifield

TMS Study Participants and Approvals
Effect sizes for TMS main effects and interactions across a
variety of WM studies fall in the range of η2p = .21–.44, with
a mean of .32 (Heinen, Feredoes, Ruff, & Driver, 2017;
Morgan et al., 2013; Lee & D’Esposito, 2012; Sauseng
et al., 2009; Beck et al., 2006). With the expectation of an
effect size in the middle of this range (η2p = .32), the
G*Power 3.1.9.2 (www.gpower.hhu.de) tool for a priori
calculation of required sample size for repeated-measures
ANOVAs indicates that a sample of n = 15 would yield an
actual power of .87 at α = .05. Here, 17 healthy volunteers
from the community were screened for TMS contraindications and gave written informed consent to participate.
All procedures were carried out in accordance with the
experimental protocols that were approved by the Duke

University Institutional Review Board. All experimental data
and code are available at osf.io/h8gtv/. Unthresholded group
fMRI maps are available at neurovault.org/collections
/AZELKTWQ/.
Volunteers were recruited from a pool of the laboratory’s previous research participants for whom recent
high-resolution T1-weighted brain scans were available.
All participants were paid $20 per hour for their participation. Three participants were excluded for poor task
performance (<55% accuracy) on either the WM (two
participants) or visual search task (one participant) component. Therefore, 14 participants were included in the
final TMS analysis (seven men; mean age = 29 years, age
range = 19–43 years).

Dual-Task WM/ Visual Search Procedure
The task was designed to independently vary WM and
visual attentional load in a fully balanced 2 ( WM load:
one item vs. two items) × 2 (visual search difficulty: easy
vs. hard) factorial design. The task comprised a delayed
match-to-sample WM test, with a visual search during
the delay (Figure 1A). Across different trials, participants
had to remember either one (low WM load) or two (high
WM load) images of faces or houses for a later memory
probe (Figure 1B). During the WM delay, participants
performed a visual search for a perfectly vertical target
stimulus among horizontal (easy search) or diagonally
tilted (hard search) distractors (Figure 1B). TMS was delivered at the onset of the visual search display, during
the WM delay, for all trials (Figure 1A). Because our
TMS targets were motivated by BOLD activations during
visual search performance (Kiyonaga et al., 2017), we applied TMS during the comparable epoch of the current
task. This online TMS protocol is expected to have a
short-lived impact on neural activity and would thus be
unlikely to last the duration of the trial. Our goal was to
examine the roles of the targeted parietal regions in
visual attention performance (when the TMS should
have its effect) as a function of concurrent WM maintenance demands.

Figure 1. Dual-task design. (A) On each trial, participants remembered one or two WM sample images, performed a visual search for the single
vertical item during the WM delay, and were tested on their WM recognition. A train of five TMS pulses was delivered at 10-Hz frequency at the onset
of each visual search display. (B) WM load, for face or house stimuli, was varied between one and two items. Visual search difficulty, for tool or body
stimuli, was varied by making distractors either more or less discriminable from targets.
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parietal responses correlate with behavioral performance
in a WM–attention dual-task setting. We then targeted
group activation peaks from the previous study to causally manipulate the implicated parietal regions in a new
cohort. For the TMS study, high-resolution T1-weighted
anatomical brain scans were first acquired for stereotaxic
neuronavigation to TMS targets. Left and right parietal
group coordinates were mapped onto individual anatomical images as experimental TMS targets. During a separate experimental session, short trains of online TMS (five
pulses at 10 Hz) were applied during a dual WM–visual
search task (Figure 1), to each of three scalp locations.
Left parietal, right parietal, and vertex sites were each targeted for stimulation in separate experimental blocks, in
counterbalanced order. The vertex control site was employed to reproduce the sensations of TMS to the active
sites of interest and to account for nonspecific effects of
the stimulation (Pitcher, Garrido, Walsh, & Duchaine,
2008). Participants were first trained on the WM–visual
search dual-task procedure, which was modeled closely
after the task described in a recent article (Kiyonaga
et al., 2017). Participants then completed experimental
blocks of the task, while TMS was delivered online during
the WM delay of each trial.

probes. Visual search stimuli, locations, and orientations
were also chosen in random order on every trial but could
repeat across trials. Participants completed one practice
block of 16 trials before any stimulation and then three
experimental runs wherein stimulation was delivered
during the WM delay. Every run—one for each TMS target
site—lasted ∼15 min and comprised five blocks of 16 trials
each, for a total of 80 trials in each TMS target condition.
Kiyonaga et al. (2017) Reanalysis
In a previous study, we measured fMRI activity during a
dual-task WM and visual attention paradigm. All details of
the fMRI acquisition and analysis are reported in Kiyonaga
et al. (2017), and the relevant analyses are summarized
below. The original task procedure closely resembled
the paradigm described above for the current TMS
follow-up (Figure 1A). The task comprised a WM delayed
match-to-sample, wherein a visual search was completed
during the WM delay. The primary difference in the original study task was that the visual search component consisted of a series of four search trials, lasting 8 sec in total,
rather than just a single search. The new fMRI analyses
focus on this search epoch.
A model of the task was created for each participant via
vectors corresponding to the onset of the visual search
series (8-sec boxcar) for each condition. The model
included regressors for WM and visual search load and
stimulus category, resulting in 16 regressors of interest.
Analyses collapsed across stimulus category, however,
producing four main conditions of interest—low
WM/easy search, low WM/ hard search, high WM/easy
search, and high WM/hard search. WM sample and probe
epochs, error trials, head-motion parameters, and grand
means of each run were modeled as nuisance regressors.
Single-participant contrasts were calculated to establish
the hemodynamic correlates of WM load, visual search
difficulty, and their interaction effects. Group effects were
assessed by submitting the individual SPMs to one-sample
t tests where participants were treated as random effects.
To control for false positives, we applied a whole-brain
voxel-wise false discovery rate correction ( p < .05, combined with a cluster extent of 20 voxels).
During the delay-spanning visual search task epoch, we
observed an interaction between factors of WM load (one
vs. two items) and Visual search difficulty (easy vs. hard)
at the whole-brain level. This interaction contrast revealed
both left and right parietal clusters of activity that were
sensitive to the combination of task demands (Figure 2;
Figure 3B in Kiyonaga et al., 2017; unthresholded t map
available at neurovault.org/collections/AZELKTWQ/). The
effect of visual search difficulty was amplified when concurrent WM load was higher. Although there was no corresponding interaction between factors in behavior, there
was a strong negative correlation between WM accuracy and
visual search RT measures across participants (Figure 2E
in Kiyonaga et al., 2017). This correlation—better WM
Kiyonaga et al.
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The task was programmed and presented in MATLAB
(The MathWorks Inc.) using the Psychophysics Toolbox extensions (Brainard, 1997). Face stimuli were 144 trial
unique grayscale images of male and female faces, drawn
from several databases (Tottenham et al., 2009; Oosterhof
& Todorov, 2008; Minear & Park, 2004; Kanade, Cohn, &
Tian, 2000; Endl et al., 1998; Lundqvist, Flykt, & Öhman,
1998), and cropped to include only the “eye and mouth”
region. House stimuli were 144 trial unique grayscale
exterior images drawn from local real estate Web sites.
Visual search stimuli were 16 male and female bodies, with
heads cropped (Downing, Jiang, Shuman, & Kanwisher,
2001), and 16 tools (hammers and wrenches) drawn from
freely available online sources. Stimuli were displayed
against a neutral gray background.
Each trial began with a variable intertrial interval (1–4 sec),
designed to jitter the delay between successive TMS trains.
The WM sample then appeared for 2 sec. Low WM load
samples consisted of a single, centrally presented face or
house. High WM load samples consisted of either two faces
or two houses presented side-by-side. After a 2-sec fixation
delay, a visual search display appeared for 1 sec. Each search
array comprised four stimuli (either all tool or all body
images) at the corners of an imaginary square. In all conditions, the target stimulus was perfectly vertical, whereas
three distractors were tilted to the left or right. The task
was to indicate whether the target stimulus was oriented
right side up or upside down. Participants entered visual
search responses with a right-handed keyboard button
press of either “I” (right side up) or “J” (upside down).
For easy search trials, the distractors were perfectly horizontal (i.e., tilted 90° to the left or right), making them easily
discriminable from the vertical target. For hard search trials,
on the other hand, distractors were slanted 45° to the left or
right, making their orientation less discriminable from the
vertical target (Treisman & Gelade, 1980).
The type and number of stimuli were identical for easy
and hard searches, equating the amount of perceptual
input across all conditions. Only the orientation difference
between the target and distractor stimuli varied, serving as
the manipulation of search difficulty. The search target
locations were counterbalanced and were thus equally
likely to appear on the left or right side of the array in all
conditions. The TMS train coincided with the onset of the
visual search display and lasted 500 msec (i.e., five pulses
delivered at 10-Hz frequency). The 1-sec search display
was followed by a 500-msec delay during which visual
search responses could still be entered, for a total response window of 1.5 sec. Then, a WM probe image, which
was either a novel image (50% of trials) or an exact match
to a WM sample, appeared for 3 sec. Participants made a
left-handed keyboard button press to indicate whether
the image was the same or different from any item in
the WM sample set. Participants were instructed to maintain central fixation throughout the trial.
WM samples were chosen in random order and never
repeated across the experiment, except as matching

TMS Methods
Target Selection
Stimulation targets were based on group activation coordinates from the recent study described above (Kiyonaga
et al., 2017). Previous studies have indicated that there may
be functional distinctions between left and right posterior
parietal cortex in WM and attentional processes (Yamanaka,
Yamagata, Tomioka, Kawasaki, & Mimura, 2010; Beck
et al., 2006; Mevorach et al., 2006) and specifically in the
interplay between those processes (Kiyonaga et al., 2014).
Brain–behavior correlations, furthermore, showed dissociable relationships for left versus right parietal clusters with
WM and search behavior (described below; Figure 2). We
therefore identified peaks within left and right parietal
clusters of the interaction contrast and designated them
as TMS targets, to test the causal roles of these regions in
dual-task WM–visual search performance. Both clusters
spanned large sections of the parietal cortex, so we constrained our targets to sites that were among the top three
local maxima for the interaction contrast and displayed similar t values to each other. An alternative approach would
have been to select symmetrical sites in each hemisphere,
but we wanted to maximize the likelihood that the targeted
experimental regions would be engaged by the task to similar degrees. The left hemisphere target was Montreal
Neurological Institute (MNI) = (−36, −46, 55), along the
anterior portion of the intraparietal sulcus, and the right
hemisphere target was MNI = (33, −64, 61), on the middle
portion of the superior parietal lobule (Figure 2). Each individual’s vertex was measured as the point midway between
the nasion and the inion (at x = 0).
TMS Equipment
The Brainsight 2 frameless stereotaxic neuronavigation
system (Rogue Research, Montreal, QC, Canada) was used

Figure 2. Brain–behavior correlations and TMS targets. Pink overlay shows regions that exhibited an interaction between WM and visual attentional
load (Kiyonaga et al., 2017). Bar graphs show beta estimates extracted from ROIs surrounding local maxima from left and right parietal clusters (peaks
marked with black nodes), which served as experimental TMS targets for the current study. Scatterplots show the magnitude of the interaction in
beta estimates (double subtraction) from each ROI, correlated with WM probe and visual search RT task performance measures (n = 28).
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being associated with slower difficult visual search—
suggests a possible trade-off between task components.
That is, in this dual-task behavior, the interplay between
WM and visual search manifested as a negative relationship between the different tasks, rather than a within-task
interaction between factors. We reasoned that these basic
task performance measures—that traded off with one
another—might also relate to the BOLD interaction response during this task. We were also further motivated
by previous evidence for a distinction between left and right
parietal regions in WM and attentional function; we therefore examined whether beta estimates from left and right
parietal clusters differentially related to WM recognition
and visual search performance measures.
Using MarsBaR software (marsbar.sourceforge.net),
6-mm spherical ROIs were centered on peak group activations from the left and right parietal clusters that displayed
an interaction. Mean β estimates were extracted from the
ROIs for every participant (n = 28) in each of the four
primary task conditions. A double subtraction between
the effects of WM load and visual search difficulty was
calculated to characterize the strength of the interaction
in BOLD activity for each participant. A larger interaction
effect indicates that the visual search difficulty effect was
more strongly modulated by the concurrent WM load.
That neural interaction metric was then correlated with
individual measures of mean WM probe recognition accuracy and visual search RT. We also conducted control correlation analyses including WM probe RT and visual search
accuracy, although we had no a priori hypothesis that
those measures should be related to the neural interaction
metric here. We conducted these analyses to rule out the
possibility that any dissociation between the ROIs might
be driven by their relationships to a given type of performance data (i.e., accuracy vs. RT), rather than cognitive
task demand (i.e., WM vs. visual search).

Stimulation Procedure
Participants were seated in a reclining chair outfitted with a
supportive neck rest and adjustable arms to stabilize the
coil throughout the sessions (Rogue Research). A laptop
was used to present the experimental task and trigger
the stimulator. The laptop was positioned on an adjustable
tray table and tailored to a viewing distance of approximately 80 cm for each participant. Many prior repetitive
TMS studies have used offline stimulation to produce
temporary reductions in cortical excitability before task
execution (Parkin, Ekhtiari, & Walsh, 2015), but this
method can influence all stages of task processing and
therefore prevents causal inference about the stimulated
brain regions in any particular task subprocess. Our TMS
targets were selected based on group activation peaks
during WM delay-spanning visual search performance.
We therefore applied short-lasting trains of online TMS
during this visual search epoch of the current task
paradigm. Previous studies have successfully used 10-Hz
stimulation online to perturb neural activity and influence
behavior (Sauseng et al., 2009; Hamidi et al., 2008;
Feredoes, Tononi, & Postle, 2007; Beck et al., 2006;
Kennerley, Sakai, & Rushworth, 2004). We therefore delivered trains of five TMS pulses at 10-Hz frequency—lasting
500 msec—at the onset of each visual search display
(Figure 1A).

RESULTS
Brain–Behavior Correlation
In the new analysis of the previous study data, BOLD
activity measured during the delay-spanning visual search
task correlated with individual task performance.
However, BOLD responses in left and right parietal
regions displayed dissociable correlations with WM and
visual search behavior (Figure 2). The interaction in BOLD
activity—from the period during visual search performance—
manifested as a stronger effect of visual search difficulty
when WM load was also high. The magnitude of this

interaction effect in the left parietal cluster correlated negatively with WM probe accuracy (r = −.41, p = .029, 95% CI
[−.68, −.048]) but did not relate to search RT (r = .17, p =
.39, 95% CI [−.22, .51]). Conversely, the interaction effect in
the right parietal cluster correlated negatively with visual
search RT (r = −.40, p = .033, 95% CI [−.68, −.037]) but
did not relate to WM probe accuracy (r = −.05, p = .80, 95%
CI [−.42, .33]). That is, greater modulation of left parietal
activity by WM load related to worse WM performance,
whereas greater modulation of right parietal activity by
WM load related to better visual attentional performance.
Fisher’s z tests confirmed that the correlations with WM accuracy significantly differed between left and right parietal
BOLD response, z = 1.79, p = .037. Similarly, the correlations with visual search RT also significantly differed between
left and right parietal BOLD response, z = −2.77, p = .003.
This suggests that these parietal regions may make unique
contributions to dual-task WM and visual search behavior
and that the internally versus externally oriented aspects of
behavior may depend on unique neural substrates.
Control analyses further indicated that neither visual
search accuracy nor WM probe RT correlated with the
BOLD interaction from either parietal site (search accuracy
− left parietal: r = .022, p = .91; search accuracy − right
parietal: r = .29, p = .14; WM probe RT − left parietal: r =
.24, p = .21; WM probe RT − right parietal: r = .028, p = .89).
TMS-Behavior Causation
WM Probe Performance
When TMS was delivered during task performance, WM
accuracy averaged 83% correct, confirming that participants followed instructions and were able to complete
the task. In a Stimulation Site (vertex, left parietal, right
parietal) × WM Load (one item vs. two items) × Visual
Search Difficulty (easy vs. hard) ANOVA, WM accuracy
was impacted by a main effect of WM Load, F(1, 13) =
65.98, p < .001, η2p = .84, as well as a marginal main effect of Stimulation Site, F(2, 26) = 2.95, p = .070, η2p =
.19, but no other effects of task condition or interactions
between factors (all ps > .2). Memory was less accurate
for two items (vs. only one), as expected, and was slightly
worse than control after right-hemisphere stimulation
(Table 1). WM probe RT (for correct responses) was also
impacted by a main effect of WM Load, F(1, 13) = 105.37,
p < .001, η2p = .89, as well as a marginal main effect of
Visual Search Difficulty, F(1, 13) = 3.54, p = .082 η2p =
.21, but no effects of Stimulation Site or interactions between factors (all ps > .14). Replicating previous findings,
WM probe RT was faster when WM load was lower.

Visual Search Performance
Because online TMS was delivered at the time of the
delay-spanning visual search trial and was expected to
have only a brief impact on neural activity, our analyses
Kiyonaga et al.
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to (1) coregister an MNI brain to each participant’s anatomical MRI, (2) localize the TMS targets and corresponding scalp position of the TMS coil for each participant, and
(3) monitor the coil position and record all TMS pulse trajectories throughout each stimulation run. Stimulation
was delivered with a Magstim Rapid 2 stimulator via a
Magstim Double 70-mm Air Film Coil. In light of evidence
that motor threshold is an unreliable index of the excitability of other brain regions (McConnell et al., 2001;
Rushworth et al., 2001; Stewart, Walsh, & Rothwell, 2001),
and in keeping with parameters used in many similar studies (Pitcher et al., 2008; Silvanto, Cattaneo, Battelli, &
Pascual-Leone, 2008; Pitcher, Walsh, Yovel, & Duchaine,
2007), stimulation was delivered at a fixed intensity for all
participants (50% of maximum stimulator output).

Table 1. WM Probe Accuracy for All Conditions
Easy Search
One Item

Hard Search
Two Items

One Item

Two Items

TMS Site

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Vertex

92.5%

7.5%

80.7%

9.8%

91.1%

8.5%

79.3%

11.5%

Left parietal

89.3%

12.8%

77.9%

12.1%

90.0%

8.9%

78.6%

7.5%

Right parietal

82.9%

18.6%

72.9%

18.8%

80.4%

18.8%

75.0%

18.3%

Stimulation Site (vertex vs. left parietal vs. right parietal),
Target Hemifield (left vs. right), WM Load (one item vs.
two items), and Visual Search Difficulty (easy vs. hard).
The ANOVA revealed a main effect of Search Difficulty,
F(1, 13) = 69.9, p < .001, η2p = .84, whereby search
was slower in the hard condition. Crucially, the analysis
also revealed a four-way Stimulation Site × Target
Hemifield × WM Load × Visual Search Difficulty interaction, F(1, 13) = 3.7, p = .039, η2p = .22, which we decompose below (Figure 3B, depicting effect only for search
targets contralateral to TMS site). There were no other
significant main effects or interactions (all ps > .1).
To simplify the analyses and display, the remaining results will be examined as a difference from control performance (i.e., RT during experimental TMS − vertex TMS).
To parse the significant four-way interaction, we therefore
ran separate 2 × 2 × 2 ANOVAs for each parietal stimulation site (using the difference score from vertex), including the factors of Target Hemifield, WM Load, and Visual
Search Difficulty. Analysis of the left parietal stimulation
site condition produced no significant main effects or
interactions (all ps > .16). However, the right parietal
stimulation site condition revealed a three-way interaction

Figure 3. (A) Visual search RT
during control TMS condition
(vertex stimulation), replicating
Kiyonaga et al. (2017). (B) The
impact of experimental TMS
on visual search RT for
contralateral targets. Plots
display difference scores,
relative to vertex TMS, to
illustrate the effect of left and
right parietal TMS at each level
of WM load and visual search
difficulty. Plots depict only
search for targets in the visual
hemifield contralateral to TMS.
Individual points represent
mean difference scores for each
individual participant. For both
A and B, error bars represent
SEM, and lighter shades denote
easy search conditions, whereas
bold shades denote hard search
conditions.
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focus primarily on visual search performance. Search accuracy was high (mean = 97%, SD = 2.9%) and was unaffected by any task or stimulation conditions (all ps >
.1). To establish that vertex stimulation served as a valid
control condition, we first submitted accurate visual
search RTs during the vertex TMS condition to a WM
Load × Visual Search Difficulty ANOVA. As expected,
search was slower when targets were less discriminable
from distractors (hard search), F(1, 13) = 67.25, p <
.001, η 2p = .84 (Figure 3A). Search was descriptively
(but not significantly) slower during higher WM load trials, and there was no interaction between WM and search
factors (both ps > .3). This performance pattern replicates previous findings (Kiyonaga et al., 2017), indicating
that the vertex condition is an appropriate control against
which to compare performance after experimental TMS.
The influence of parietal TMS during visual attention
and WM depends on the visual hemifield of the relevant
information (Blankenburg et al., 2010; Sauseng et al.,
2009; Hamidi et al., 2008; Hilgetag et al., 2001; Walsh
et al., 1999). The omnibus repeated-measures ANOVA
therefore included a factor of search target visual hemifield. This produced a 3 × 2 × 2 × 2 design including

contralateral visual hemifield, (2) mainly right-hemisphere
stimulation impacted visual search performance during
WM maintenance, and (3) the TMS effect on attentional
performance hinged on the level of concurrent WM
demand (Figure 3).

Reconciling Inconsistent Evidence for Competition
between WM and Visual Attention
The observed interaction between WM and visual search
load factors is consistent with many prior findings that
these functions rely on overlapping mechanisms
(Kiyonaga & Egner, 2014b, 2016; Kuo, Rao, Lepsien, &
Nobre, 2009; Griffin & Nobre, 2003; Awh, Anllo-Vento,
& Hillyard, 2000; Awh, Jonides, & Reuter-Lorenz, 1998).
However, the two demands failed to impact each other
behaviorally during the control TMS condition. WM load
only modulated search behavior after perturbation of
right parietal cortex—a region that has shown an fMRI
BOLD interaction during a similar dual-task demand.
This study therefore provides causal evidence that the interaction between WM and search demand factors in
BOLD activity (Kiyonaga et al., 2017) may reflect control
processes that mitigate the impact between concurrent
demands to promote successful performance. Cases
where such WM and attentional demands fail to influence
each other behaviorally are often taken as evidence that WM
and attentional rely on distinct processes (Hollingworth &
Maxcey-Richard, 2013; Woodman & Luck, 2010; Woodman
et al., 2001). However, the current findings suggest that
such null behavioral interactions may actually be accompanied by heightened engagement of cognitive control circuitry. Control processes can minimize the competition
between functions and eliminate an observable impact on
behavior. Behavioral signatures of the interference between
WM and attentional functions may therefore only emerge
when the cognitive control system is unable to handle
the competition between the two—either because the
demands are too great or because normal neural activity
has been perturbed.

Neural Mechanisms of 10-Hz Online TMS

DISCUSSION
Here, we examined whether left and right parietal regions
make unique contributions to behavior in a dual-task WM–
visual search setting. We first found that the BOLD response in these regions displayed dissociable correlations
with basic WM and visual search performance measures:
Left parietal responses related uniquely to WM probe recognition accuracy, and right parietal responses related to
visual search speed (Figure 2). We then used online TMS
to examine whether the correlations reflected a causal
role of these regions in behavior. We found that (1) TMS
preferentially impacted visual search for targets in the

The 10-Hz online TMS protocol that was delivered here
has been used to disrupt behavior, but recent applications
of rhythmic stimulation—either sensory or transcranial—
indicate that such a protocol might also entrain neural oscillations in the alpha frequency (Herring, Thut, Jensen, &
Bergmann, 2015; Spaak, de Lange, & Jensen, 2014; de
Graaf et al., 2013; Mathewson et al., 2012; Thut et al.,
2011; Sauseng et al., 2009). Parietal transcranial direct
current stimulation has further been shown to modulate
alpha power and WM capacity (Hsu, Tseng, Liang,
Cheng, & Juan, 2014). This entrainment may be helpful
or harmful to behavior, depending on the task goals and
the endogenous rhythms of the stimulated region (Riddle,
Kiyonaga et al.
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between all factors, F(1, 13) = 8.1, p = .014, η2p = .38.
There were no other main effects or interactions (all ps >
.13). The effects of TMS that produce an interaction between
task conditions, therefore, seem to be driven by the right
parietal stimulation site (however, we display results for both
sites for comparison, Figure 3B). Note that because these
analyses were performed on difference scores (subtracted
from the control TMS condition), it is unsurprising that there
are no main effects of Search Difficulty.
Because of the expectation that parietal TMS may
uniquely impact processing in the contralateral visual
hemifield, we further decomposed this three-way interaction with separate 2 × 2 ANOVAs for each target hemifield,
including WM Load and Visual Search Difficulty factors (for
the right parietal stimulation condition only). Whereas
visual search performance was unaffected for targets that
were ipsilateral to the stimulation site (no main effects or
interaction, all ps > .11), search for contralateral targets
showed a significant WM Load × Visual Search Difficulty interaction, F(1, 13) = 7.8, p = .015, η2p = .37 (Figure 3B). This
finding confirms that the effects of right parietal TMS were
specific to processing in the contralateral visual hemifield
(and thus results are displayed only for contralateral target
conditions).
Although there were essentially no differences from
control performance on easy search trials, the effect on
hard search trials was modulated by concurrent WM load
(Figure 3B). Right parietal TMS caused a slowing in search
performance relative to control when WM demands were
low, but a speeding when demands were highest, and
these conditions were significantly different from each
other, t(13) = 2.9, p = .013, Cohen’s d = .77, 95% CI
[25.9, 182.2]. That is, TMS impaired visual attentional
performance when only one item was maintained in WM
but improved performance when two items were maintained (10 of 14 participants show this effect). Therefore,
the targeted parietal region is causally involved in dual-task
visual search processes, and its involvement varies with
current WM maintenance demands. Just as WM load
modulates the visual-search-related BOLD response in
parietal cortex, it also modulates the impact of parietal
TMS on search performance.

Functional Diversity of Parietal Cortex
The prior fMRI findings suggest that the targeted parietal
regions might also be engaged to overall different degrees
during the current experimental task (Figure 2). For instance, although both left- and right-hemisphere ROIs
showed interaction effects of comparable magnitude,
the left parietal region showed a relatively smaller search
difficulty effect during low WM load as well as overall lower
1436
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beta estimates than the right parietal target. Thus, the distinct effects of TMS to the two sites could be explained by
differing levels of activation at the time of stimulation. This
could explain why only right parietal TMS produced a statistically significant change in behavior.
Alternatively, these findings could indicate that the left
versus right parietal regions play diverging functions, and
therefore the same cortical effect produces different behavioral outcomes. That is, although both regions display
a BOLD interaction of similar magnitude, distinct underlying functional roles may drive the interaction. The left
parietal region has the following properties: (1) it displays
a minimal fMRI effect of visual search difficulty during low
WM load, (2) the magnitude of the interaction in this region relates to worse overall WM performance, and (3)
stimulation of this region had minimal impact on visual
search behavior (and, descriptively, the impact occurred
only in the easy search condition). The right parietal region, on the other hand, has the following properties:
(1) it shows a larger fMRI effect of visual search difficulty
in both WM conditions, (2) the magnitude of the interaction in this region relates to better overall search performance, and (3) stimulation of this region significantly
influenced visual search behavior only in the hard search
condition. Combined with the trade-off we have previously
observed between WM and visual search measures
(Kiyonaga et al., 2017), the fMRI, brain–behavior correlation, and TMS results all converge on the idea that each
parietal region may preferentially support a unique aspect
of dual-task behavior.
The left parietal TMS target is nearby to a portion of the
superior intraparietal sulcus that has been associated with
WM capacity (Xu & Chun, 2006; Todd & Marois, 2004),
and its engagement may underpin WM storage processes
that become taxed when concurrent attentional demands
are high. Considering prior findings, the current observations suggest that the interaction in neural response may
reflect the region’s capacity limit, whereby a stronger interaction relates to worse WM. If the left parietal region underpins WM maintenance, the brief TMS perturbation during
visual search may do little harm. Activity in the right parietal
region, by contrast, may instead underpin visual attentional
efficiency, especially when it is challenged by heightened
concurrent load, whereby increased engagement supports
better search behavior.
These findings are also consistent with prior evidence
for stronger effects of right parietal TMS (vs. left) on WM
and attentional function ( Yamanaka et al., 2010; Beck
et al., 2006; Kessels, d’Alfonso, Postma, & de Haan,
2000). These findings may reflect a greater necessity of
right parietal regions in these functions or could be a
consequence of the more diffuse attentional scope of
the right hemisphere. That is, whereas the left hemisphere
is predominantly involved in spatial attention in the contralateral visual hemifield, the attentional scope of the
right hemisphere spans both hemifields (Mesulam, 1981,
1999; Heilman & Van Den Abell, 1980). Therefore, the
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Scimeca, Cellier, Dhanani, & D’Esposito, 2020). Power in
the alpha band, for instance, is increased contralateral to
irrelevant distractors and decreased ipsilateral to relevant
targets; entrainment of this frequency can likewise impair
processing of relevant contralateral stimuli while improving
inhibition of irrelevant distractors (Sauseng et al., 2009).
Here, we found that right parietal TMS impaired visual
search when WM demands were low but improved
performance when WM demands were high. This finding
is broadly consistent with many observations that the prestimulation cortical state can determine the direction of
TMS effects (Silvanto et al., 2008; Silvanto & Pascual-Leone,
2008). The present finding suggests that WM load modulated
the underlying state of the right parietal TMS site, thereby
modulating the direction of the TMS effect on behavior.
Likewise, although the right parietal BOLD response was (descriptively) modulated more by WM load during the easier
visual search condition, here the TMS impact was observed
only in the harder visual search condition. This is likely because the region was overall engaged more during the
harder search condition and therefore more receptive to
stimulation.
Stimulation (and possibly alpha entrainment) of the right
parietal region could have improved discrimination between targets and distractors when demands were highest,
when the stimulated region was likely maximally engaged
(according to the fMRI findings). Alternatively, stimulation
may have interfered with endogenous alpha rhythms,
thereby releasing contralateral targets from alpha suppression and improving performance. We can make complementary interpretations to explain the impairment during
low WM load: Alpha entrainment could have evoked detrimental suppression of contralateral targets, or alpha “interference” could have disrupted fragile target discrimination
processes. It is difficult to distinguish between these possibilities without simultaneous recordings of electrophysiological activity. Regardless of the particular oscillatory
mechanism, however, the findings reinforce previous evidence that right parietal cortex plays a preferential role in
distractor inhibition (Kiyonaga et al., 2014). The present
TMS findings add, however, that concurrent WM load
modulates the neural substrates of such visuospatial processing. In addition to testing the causal contribution of
these parietal regions to behavior, therefore, the transcranial stimulation may serve as something of a probe into
the condition-dependent state of the targeted site (Rose
et al., 2016).

right hemisphere could potentially compensate for TMS to
the left hemisphere (when processing right-lateralized
stimuli), whereas the left hemisphere is less likely to be
involved in processing left-lateralized stimuli.
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A retrospective analysis of the citations in every article
published in this journal from 2010 to 2020 has revealed
a persistent pattern of gender imbalance: Although the
proportions of authorship teams (categorized by estimated
gender identification of first author/last author) publishing
in the Journal of Cognitive Neuroscience ( JoCN) during
this period were M(an)/M = .408, W(oman)/M = .335,
M/ W = .108, and W/ W = .149, the comparable proportions
for the articles that these authorship teams cited were M/M =
.579, W/M = .243, M/ W = .102, and W/ W = .076 (Fulvio
et al., JoCN, 33:1, pp. 3–7). Consequently, JoCN encourages all authors to consider gender balance explicitly when
selecting which articles to cite and gives them the opportunity to report their article’s gender citation balance. The
authors of this article report its proportions of citations by
gender category to be as follows: M/M = .667, W/M =
.194, M/ W = .083, and W/ W = .056.

REFERENCES
Awh, E., Anllo-Vento, L., & Hillyard, S. A. (2000). The role of
spatial selective attention in working memory for locations:
Evidence from event-related potentials. Journal of Cognitive
Neuroscience, 12, 840–847. https://doi.org/10.1162
/089892900562444, PubMed: 11054925
Awh, E., & Jonides, J. (2001). Overlapping mechanisms of
attention and spatial working memory. Trends in Cognitive
Sciences, 5, 119–126. https://doi.org/10.1016/S1364-6613(00)
01593-X, PubMed: 11239812
Awh, E., Jonides, J., & Reuter-Lorenz, P. A. (1998). Rehearsal in
spatial working memory. Journal of Experimental Psychology:
Human Perception and Performance, 24, 780–790. https://doi
.org/10.1037/0096-1523.24.3.780, PubMed: 9627416
Bae, G.-Y., & Luck, S. J. (2018). Dissociable decoding of spatial
attention and working memory from EEG oscillations and
sustained potentials. Journal of Neuroscience, 38, 409–422.
https://doi.org/10.1523/JNEUROSCI.2860-17.2017, PubMed:
29167407
Barrouillet, P., Portrat, S., & Camos, V. (2011). On the law relating
processing to storage in working memory. Psychological
Review, 118, 175–192. https://doi.org/10.1037/a0022324,
PubMed: 21480738
Beck, D. M., Muggleton, N., Walsh, V., & Lavie, N. (2006). Right
parietal cortex plays a critical role in change blindness.
Cerebral Cortex, 16, 712–717. https://doi.org/10.1093/cercor
/bhj017, PubMed: 16120797
Berryhill, M. E., Chein, J., & Olson, I. R. (2011). At the
intersection of attention and memory: The mechanistic
role of the posterior parietal lobe in working memory.
Neuropsychologia, 49, 1306–1315. https://doi.org/10.1016/j
.neuropsychologia.2011.02.033, PubMed: 21345344
Blankenburg, F., Ruff, C. C., Bestmann, S., Bjoertomt, O.,
Josephs, O., Deichmann, R., et al. (2010). Studying the role
of human parietal cortex in visuospatial attention with
concurrent TMS–fMRI. Cerebral Cortex, 20, 2702–2711.
https://doi.org/10.1093/cercor/bhq015, PubMed: 20176690

Kiyonaga et al.

1437

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

Although this TMS study provides evidence for unique
contributions of the stimulated parietal regions, it does
not provide definitive evidence for lateralization of WM
and attentional function. We aimed to stimulate regions
that would most likely be engaged by the task demands,
and thus we targeted sites based on observed functional
activations, although they were not homologous. The left
parietal target was located slightly anterior and inferior to
the right parietal target. The two regions may thus map
onto distinct functional subdivisions of parietal cortex
( Yeo et al., 2015), which are associated with distinct
patterns of functional and anatomical connectivity (de
Schotten et al., 2011; Vincent et al., 2008; Cavada &
Goldman-Rakic, 1989). The effects that we observed here
could therefore be a result of the differential propagation
of the TMS effect throughout a network, wherein a
connected region may in fact be the critical causal substrate of behavior. The cortical geometry underneath the
TMS coil also likely differed between these targets and may
thus have influenced the nature and extent of the TMS
effect. Moreover, TMS effects were variable across participants, and the modest sample size for the TMS experiment
leaves open the possibility that significant effects of left
parietal stimulation may emerge with higher power.
Nonetheless, these results provide converging correlational and causal evidence that visual WM and attentional
demands influence each other, and their interaction is underpinned by parietal cortex activity. However, left and
right parietal regions play distinct underlying roles in
visual WM and attentional behavior, as TMS perturbation
of these regions has distinct and condition-dependent
effects on behavior. Left parietal regions may underlie
WM maintenance functions, whereas right parietal regions
instead underpin visual search efficiency.

1438

Journal of Cognitive Neuroscience

Emrich, S. M., Johnson, J. S., Sutterer, D. W., & Postle, B. R.
(2017). Comparing the effects of 10-Hz repetitive TMS on
tasks of visual STM and attention. Journal of Cognitive
Neuroscience, 29, 286–297. https://doi.org/10.1162/jocn_a
_01043, PubMed: 27626224
Endl, W., Walla, P., Lindinger, G., Lalouschek, W., Barth, F. G.,
Deecke, L., et al. (1998). Early cortical activation indicates
preparation for retrieval of memory for faces: An event-related
potential study. Neuroscience Letters, 240, 58–60. https://doi
.org/10.1016/S0304-3940(97)00920-8, PubMed: 9488174
Eriksson, J., Vogel, E. K., Lansner, A., Bergström, F., & Nyberg,
L. (2015). Neurocognitive architecture of working memory.
Neuron, 88, 33–46. https://doi.org/10.1016/j.neuron.2015.09
.020, PubMed: 26447571
Ester, E. F., Serences, J. T., & Awh, E. (2009). Spatially global
representations in human primary visual cortex during
working memory maintenance. Journal of Neuroscience, 29,
15258–15265. https://doi.org/10.1523/JNEUROSCI.4388-09
.2009, PubMed: 19955378
Feredoes, E., Tononi, G., & Postle, B. R. (2007). The neural
bases of the short-term storage of verbal information are
anatomically variable across individuals. Journal of Neuroscience,
27, 11003–11008. https://doi.org/10.1523/JNEUROSCI.1573-07
.2007, PubMed: 17928441
Gazzaley, A., & Nobre, A. C. (2012). Top–down modulation:
Bridging selective attention and working memory. Trends in
Cognitive Sciences, 16, 129–135. https://doi.org/10.1016/j.tics
.2011.11.014, PubMed: 22209601
Griffin, I. C., & Nobre, A. C. (2003). Orienting attention to
locations in internal representations. Journal of Cognitive
Neuroscience, 15, 1176–1194. https://doi.org/10.1162
/089892903322598139, PubMed: 14709235
Hamidi, M., Tononi, G., & Postle, B. R. (2008). Evaluating frontal
and parietal contributions to spatial working memory with
repetitive transcranial magnetic stimulation. Brain Research,
1230, 202–210. https://doi.org/10.1016/j.brainres.2008.07.008,
PubMed: 18662678
Harrison, W. J., & Bays, P. M. (2018). Visual working memory is
independent of the cortical spacing between memoranda.
Journal of Neuroscience, 38, 3116–3123. https://doi.org/10
.1523/JNEUROSCI.2645-17.2017, PubMed: 29459370
Heilman, K. M., & Van Den Abell, T. (1980). Right hemisphere
dominance for attention: The mechanism underlying
hemispheric asymmetries of inattention (neglect). Neurology,
30, 327–330. https://doi.org/10.1212/ WNL.30.3.327, PubMed:
7189037
Heinen, K., Feredoes, E., Ruff, C. C., & Driver, J. (2017).
Functional connectivity between prefrontal and parietal
cortex drives visuo-spatial attention shifts. Neuropsychologia,
99, 81–91. https://doi.org/10.1016/j.neuropsychologia.2017
.02.024, PubMed: 28254653
Herring, J. D., Thut, G., Jensen, O., & Bergmann, T. O. (2015).
Attention modulates TMS-locked alpha oscillations in the
visual cortex. Journal of Neuroscience, 35, 14435–14447.
https://doi.org/10.1523/JNEUROSCI.1833-15.2015, PubMed:
26511236
Hilgetag, C. C., Théoret, H., & Pascual-Leone, A. (2001).
Enhanced visual spatial attention ipsilateral to rTMS-induced
“virtual lesions” of human parietal cortex. Nature Neuroscience,
4, 953–957. https://doi.org/10.1038/nn0901-953, PubMed:
11528429
Hollingworth, A., & Maxcey-Richard, A. M. (2013). Selective
maintenance in visual working memory does not require
sustained visual attention. Journal of Experimental Psychology:
Human Perception and Performance, 39, 1047–1058. https://
doi.org/10.1037/a0030238, PubMed: 23067118
Hsu, T.-Y., Tseng, P., Liang, W.-K., Cheng, S.-K., & Juan, C.-H.
(2014). Transcranial direct current stimulation over right

Volume 33, Number 8

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial
Vision, 10, 433–436. https://doi.org/10.1163/156856897X00357,
PubMed: 9176952
Capotosto, P., Tosoni, A., Spadone, S., Sestieri, C., Perrucci, M. G.,
Romani, G. L., et al. (2013). Anatomical segregation of visual
selection mechanisms in human parietal cortex. Journal
of Neuroscience, 33, 6225–6229. https://doi.org/10.1523
/JNEUROSCI.4983-12.2013, PubMed: 23554503
Cavada, C., & Goldman-Rakic, P. S. (1989). Posterior parietal
cortex in rhesus monkey: I. Parcellation of areas based on
distinctive limbic and sensory corticocortical connections.
Journal of Comparative Neurology, 287, 393–421. https://doi
.org/10.1002/cne.902870402, PubMed: 2477405
Chang, C.-F., Hsu, T.-Y., Tseng, P., Liang, W.-K., Tzeng, O. J. L.,
Hung, D. L., et al. (2013). Right temporoparietal junction
and attentional reorienting. Human Brain Mapping, 34,
869–877. https://doi.org/10.1002/hbm.21476, PubMed:
22419442
Chouinard, P. A., Meena, D. K., Whitwell, R. L., Hilchey, M. D., &
Goodale, M. A. (2017). A TMS investigation on the role of
lateral occipital complex and caudal intraparietal sulcus in
the perception of object form and orientation. Journal of
Cognitive Neuroscience, 29, 881–895. https://doi.org/10.1162
/jocn_a_01094, PubMed: 28129058
Christophel, T. B., Klink, P. C., Spitzer, B., Roelfsema, P. R., &
Haynes, J.-D. (2017). The distributed nature of working
memory. Trends in Cognitive Sciences, 21, 111–124. https://
doi.org/10.1016/j.tics.2016.12.007, PubMed: 28063661
Chun, M. M. (2011). Visual working memory as visual attention
sustained internally over time. Neuropsychologia, 49,
1407–1409. https://doi.org/10.1016/j.neuropsychologia.2011
.01.029, PubMed: 21295047
Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed
and stimulus-driven attention in the brain. Nature Reviews
Neuroscience, 3, 201–215. https://doi.org/10.1038/nrn755,
PubMed: 11994752
de Fockert, J. W., Rees, G., Frith, C. D., & Lavie, N. (2001). The
role of working memory in visual selective attention. Science,
291, 1803–1806. https://doi.org/10.1126/science.1056496,
PubMed: 11230699
de Graaf, T. A., Gross, J., Paterson, G., Rusch, T., Sack, A. T., &
Thut, G. (2013). Alpha-band rhythms in visual task performance:
Phase-locking by rhythmic sensory stimulation. PLoS One, 8,
e60035. https://doi.org/10.1371/journal.pone.0060035, PubMed:
23555873
de Schotten, M. T., Dell’Acqua, F., Forkel, S. J., Simmons, A.,
Vergani, F., Murphy, D. G. M., et al. (2011). A lateralized brain
network for visuospatial attention. Nature Neuroscience,
14, 1245–1246. https://doi.org/10.1038/nn.2905, PubMed:
21926985
D’Esposito, M., Cooney, J. W., Gazzaley, A., Gibbs, S. E. B., &
Postle, B. R. (2006). Is the prefrontal cortex necessary for
delay task performance? Evidence from lesion and fMRI data.
Journal of the International Neuropsychological Society,
12, 248–260. https://doi.org/10.1017/S1355617706060322,
PubMed: 16573858
D’Esposito, M., & Postle, B. R. (2015). The cognitive neuroscience
of working memory. Annual Review of Psychology, 66,
115–142. https://doi.org/10.1146/annurev-psych-010814
-015031, PubMed: 25251486
Downing, P. E., Jiang, Y., Shuman, M., & Kanwisher, N. (2001).
A cortical area selective for visual processing of the human
body. Science, 293, 2470–2473. https://doi.org/10.1126
/science.1063414, PubMed: 11577239
Duncan, J. (2010). The multiple-demand (MD) system of the
primate brain: Mental programs for intelligent behaviour.
Trends in Cognitive Sciences, 14, 172–179. https://doi.org/10
.1016/j.tics.2010.01.004, PubMed: 20171926

fMRI–TMS study. Journal of Neuroscience, 32, 15458–15466.
https://doi.org/10.1523/JNEUROSCI.0627-12.2012, PubMed:
23115183
Lorenc, E. S., Mallett, R., & Lewis-Peacock, J. A. (2021).
Distraction in visual working memory: Resistance is not futile.
Trends in Cognitive Sciences, 25, 228–239. https://doi.org/10
.1016/j.tics.2020.12.004, PubMed: 33397602
Luber, B., Kinnunen, L. H., Rakitin, B. C., Ellsasser, R., Stern, Y.,
& Lisanby, S. H. (2007). Facilitation of performance in
a working memory task with rTMS stimulation of the
precuneus: Frequency- and time-dependent effects. Brain
Research, 1128, 120–129. https://doi.org/10.1016/j.brainres
.2006.10.011, PubMed: 17113573
Lundqvist, D., Flykt, A., & Öhman, A. (1998). The Karolinska
directed emotional faces (KDEF). Stockholm, Sweden:
Department of Clinical Neuroscience, Psychology Section,
Karolinska Institutet. https://doi.org/10.1037/t27732-000
Mackey, W. E., & Curtis, C. E. (2017). Distinct contributions by
frontal and parietal cortices support working memory.
Scientific Reports, 7, 6188. https://doi.org/10.1038/s41598-017
-06293-x, PubMed: 28733684
Mackey, W. E., Devinsky, O., Doyle, W. K., Golfinos, J. G., &
Curtis, C. E. (2016). Human parietal cortex lesions impact the
precision of spatial working memory. Journal of Neurophysiology,
116, 1049–1054. https://doi.org/10.1152/jn.00380.2016, PubMed:
27306678
Marois, R., & Ivanoff, J. (2005). Capacity limits of information
processing in the brain. Trends in Cognitive Sciences, 9,
296–305. https://doi.org/10.1016/j.tics.2005.04.010, PubMed:
15925809
Mathewson, K. E., Prudhomme, C., Fabiani, M., Beck, D. M.,
Lleras, A., & Gratton, G. (2012). Making waves in the stream
of consciousness: Entraining oscillations in EEG alpha and
fluctuations in visual awareness with rhythmic visual stimulation.
Journal of Cognitive Neuroscience, 24, 2321–2333. https://doi
.org/10.1162/jocn_a_00288, PubMed: 22905825
McConnell, K. A., Nahas, Z., Shastri, A., Lorberbaum, J. P.,
Kozel, F. A., Bohning, D. E., et al. (2001). The transcranial
magnetic stimulation motor threshold depends on the
distance from coil to underlying cortex: A replication in
healthy adults comparing two methods of assessing the
distance to cortex. Biological Psychiatry, 49, 454–459.
https://doi.org/10.1016/S0006-3223(00)01039-8, PubMed:
11274657
Mendoza-Halliday, D., & Martinez-Trujillo, J. C. (2017). Neuronal
population coding of perceived and memorized visual features
in the lateral prefrontal cortex. Nature Communications,
8, 15471. https://doi.org/10.1038/ncomms15471, PubMed:
28569756
Mesulam, M. M. (1981). A cortical network for directed
attention and unilateral neglect. Annals of Neurology, 10,
309–325. https://doi.org/10.1002/ana.410100402, PubMed:
7032417
Mesulam, M. M. (1999). Spatial attention and neglect:
Parietal, frontal and cingulate contributions to the mental
representation and attentional targeting of salient
extrapersonal events. Philosophical Transactions of the
Royal Society of London, Series B: Biological Sciences, 354,
1325–1346. https://doi.org/10.1098/rstb.1999.0482, PubMed:
10466154
Mevorach, C., Humphreys, G. W., & Shalev, L. (2006). Opposite
biases in salience-based selection for the left and right
posterior parietal cortex. Nature Neuroscience, 9, 740–742.
https://doi.org/10.1038/nn1709, PubMed: 16699505
Minear, M., & Park, D. C. (2004). A lifespan database of adult
facial stimuli. Behavior Research Methods, Instruments, &
Computers, 36, 630–633. https://doi.org/10.3758/BF03206543,
PubMed: 15641408

Kiyonaga et al.

1439

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

posterior parietal cortex changes prestimulus alpha oscillation
in visual short-term memory task. Neuroimage, 98, 306–313.
https://doi.org/10.1016/j.neuroimage.2014.04.069, PubMed:
24807400
Husain, M., Mannan, S., Hodgson, T., Wojciulik, E., Driver, J., &
Kennard, C. (2001). Impaired spatial working memory across
saccades contributes to abnormal search in parietal neglect.
Brain, 124, 941–952. https://doi.org/10.1093/brain/124.5.941,
PubMed: 11335696
Juan, C.-H., Tseng, P., & Hsu, T.-Y. (2017). Elucidating and
modulating the neural correlates of visuospatial working
memory via noninvasive brain stimulation. Current Directions
in Psychological Science, 26, 165–173. https://doi.org/10.1177
/0963721416677095
Kanade, T., Cohn, J. F., & Tian, Y. (2000). Comprehensive
database for facial expression analysis. In Proceedings of
the 4th IEEE International Conference on Automatic Face
and Gesture Recognition (pp. 46–53). Grenoble, France:
IEEE. https://doi.org/10.1109/AFGR.2000.840611
Kennerley, S. W., Sakai, K., & Rushworth, M. F. S. (2004).
Organization of action sequences and the role of the preSMA. Journal of Neurophysiology, 91, 978–993. https://doi
.org/10.1152/jn.00651.2003, PubMed: 14573560
Kessels, R. P., d’Alfonso, A. A., Postma, A., & de Haan, E. H.
(2000). Spatial working memory performance after highfrequency repetitive transcranial magnetic stimulation
of the left and right posterior parietal cortex in humans.
Neuroscience Letters, 287, 68–70. https://doi.org/10.1016
/S0304-3940(00)01146-0, PubMed: 10841993
Kiyonaga, A., Dowd, E. W., & Egner, T. (2017). Neural
representation of working memory content is modulated by
visual attentional demand. Journal of Cognitive Neuroscience,
29, 2011–2024. https://doi.org/10.1162/jocn_a_01174, PubMed:
28777056
Kiyonaga, A., & Egner, T. (2013). Working memory as internal
attention: Toward an integrative account of internal and
external selection processes. Psychonomic Bulletin & Review,
20, 228–242. https://doi.org/10.3758/s13423-012-0359-y,
PubMed: 23233157
Kiyonaga, A., & Egner, T. (2014a). Resource-sharing between
internal maintenance and external selection modulates
attentional capture by working memory content. Frontiers in
Human Neuroscience, 8, 670. https://doi.org/10.3389/fnhum
.2014.00670, PubMed: 25221499
Kiyonaga, A., & Egner, T. (2014b). The working memory Stroop
effect: When internal representations clash with external
stimuli. Psychological Science, 25, 1619–1629. https://doi.org
/10.1177/0956797614536739, PubMed: 24958685
Kiyonaga, A., & Egner, T. (2016). Center-surround inhibition in
working memory. Current Biology, 26, 64–68. https://doi.org
/10.1016/j.cub.2015.11.013, PubMed: 26711496
Kiyonaga, A., Korb, F. M., Lucas, J., Soto, D., & Egner, T. (2014).
Dissociable causal roles for left and right parietal cortex in
controlling attentional biases from the contents of working
memory. Neuroimage, 100, 200–205. https://doi.org/10.1016
/j.neuroimage.2014.06.019, PubMed: 24945665
Koenigs, M., Barbey, A. K., Postle, B. R., & Grafman, J. (2009).
Superior parietal cortex is critical for the manipulation of
information in working memory. Journal of Neuroscience,
29, 14980–14986. https://doi.org/10.1523/JNEUROSCI.3706
-09.2009, PubMed: 19940193
Kuo, B.-C., Rao, A., Lepsien, J., & Nobre, A. C. (2009). Searching
for targets within the spatial layout of visual short-term
memory. Journal of Neuroscience, 29, 8032–8038. https://
doi.org/10.1523/JNEUROSCI.0952-09.2009, PubMed:
19553443
Lee, T. G., & D’Esposito, M. (2012). The dynamic nature of top–
down signals originating from prefrontal cortex: A combined

1440

Journal of Cognitive Neuroscience

Silvanto, J., & Pascual-Leone, A. (2008). State-dependency of
transcranial magnetic stimulation. Brain Topography, 21,
1–10. https://doi.org/10.1007/s10548-008-0067-0, PubMed:
18791818
Smith, E. E., Jonides, J., & Koeppe, R. A. (1996). Dissociating
verbal and spatial working memory using PET. Cerebral
Cortex, 6, 11–20. https://doi.org/10.1093/cercor/6.1.11,
PubMed: 8670634
Spaak, E., de Lange, F. P., & Jensen, O. (2014). Local
entrainment of alpha oscillations by visual stimuli causes
cyclic modulation of perception. Journal of Neuroscience,
34, 3536–3544. https://doi.org/10.1523/JNEUROSCI.4385-13
.2014, PubMed: 24599454
Stewart, L. M., Walsh, V., & Rothwell, J. C. (2001). Motor and
phosphene thresholds: A transcranial magnetic stimulation
correlation study. Neuropsychologia, 39, 415–419. https://doi
.org/10.1016/S0028-3932(00)00130-5, PubMed: 11164880
Thut, G., Veniero, D., Romei, V., Miniussi, C., Schyns, P., &
Gross, J. (2011). Rhythmic TMS causes local entrainment
of natural oscillatory signatures. Current Biology, 21,
1176–1185. https://doi.org/10.1016/j.cub.2011.05.049,
PubMed: 21723129
Todd, J. J., & Marois, R. (2004). Capacity limit of visual shortterm memory in human posterior parietal cortex. Nature,
428, 751–754. https://doi.org/10.1038/nature02466, PubMed:
15085133
Tottenham, N., Tanaka, J. W., Leon, A. C., McCarry, T., Nurse,
M., Hare, T. A., et al. (2009). The NimStim set of facial
expressions: Judgments from untrained research participants.
Psychiatry Research, 168, 242–249. https://doi.org/10.1016/j
.psychres.2008.05.006, PubMed: 19564050
Treisman, A. M., & Gelade, G. (1980). A feature-integration
theory of attention. Cognitive Psychology, 12, 97–136. https://
doi.org/10.1016/0010-0285(80)90005-5, PubMed: 7351125
van Kerkoerle, T., Self, M. W., & Roelfsema, P. R. (2017). Layerspecificity in the effects of attention and working memory on
activity in primary visual cortex. Nature Communications,
8, 13804. https://doi.org/10.1038/ncomms13804, PubMed:
28054544
Vincent, J. L., Kahn, I., Snyder, A. Z., Raichle, M. E., & Buckner,
R. L. (2008). Evidence for a frontoparietal control system
revealed by intrinsic functional connectivity. Journal of
Neurophysiology, 100, 3328–3342. https://doi.org/10.1152/jn
.90355.2008, PubMed: 18799601
Walsh, V., Ellison, A., Ashbridge, E., & Cowey, A. (1999). The
role of the parietal cortex in visual attention—Hemispheric
asymmetries and the effects of learning: A magnetic
stimulation study. Neuropsychologia, 37, 245–251. https://doi
.org/10.1016/S0028-3932(98)00099-2
Watanabe, K., & Funahashi, S. (2014). Neural mechanisms of
dual-task interference and cognitive capacity limitation in the
prefrontal cortex. Nature Neuroscience, 17, 601–611. https://
doi.org/10.1038/nn.3667, PubMed: 24584049
Wolinski, N., Cooper, N. R., Sauseng, P., & Romei, V. (2018).
The speed of parietal theta frequency drives visuospatial
working memory capacity. PLoS Biology, 16, e2005348.
https://doi.org/10.1371/journal.pbio.2005348, PubMed:
29538384
Woodman, G. F., & Luck, S. J. (2010). Why is information
displaced from visual working memory during visual search?
Visual Cognition, 18, 275–295. https://doi.org/10.1080
/13506280902734326, PubMed: 24204180
Woodman, G. F., Vogel, E. K., & Luck, S. J. (2001). Visual search
remains efficient when visual working memory is full.
Psychological Science, 12, 219–224. https://doi.org/10.1111
/1467-9280.00339, PubMed: 11437304
Xu, Y., & Chun, M. M. (2006). Dissociable neural mechanisms
supporting visual short-term memory for objects. Nature,

Volume 33, Number 8

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

Morgan, H. M., Jackson, M. C., van Koningsbruggen, M. G.,
Shapiro, K. L., & Linden, D. E. J. (2013). Frontal and parietal
theta burst TMS impairs working memory for visual–spatial
conjunctions. Brain Stimulation, 6, 122–129. https://doi.org
/10.1016/j.brs.2012.03.001, PubMed: 22483548
Myers, N. E., Stokes, M. G., & Nobre, A. C. (2017). Prioritizing
information during working memory: Beyond sustained
internal attention. Trends in Cognitive Sciences, 21, 449–461.
https://doi.org/10.1016/j.tics.2017.03.010, PubMed: 28454719
Oberauer, K. (2019). Working memory and attention—A
conceptual analysis and review. Journal of Cognition, 2, 36.
https://doi.org/10.5334/joc.58, PubMed: 31517246
Oliveri, M., Turriziani, P., Carlesimo, G. A., Koch, G., Tomaiuolo,
F., Panella, M., et al. (2001). Parieto-frontal interactions in
visual-object and visual-spatial working memory: Evidence
from transcranial magnetic stimulation. Cerebral Cortex, 11,
606–618. https://doi.org/10.1093/cercor/11.7.606, PubMed:
11415963
Oosterhof, N. N., & Todorov, A. (2008). The functional basis of
face evaluation. Proceedings of the National Academy of
Sciences, U.S.A., 105, 11087–11092. https://doi.org/10.1073
/pnas.0805664105, PubMed: 18685089
Parkin, B. L., Ekhtiari, H., & Walsh, V. F. (2015). Non-invasive
human brain stimulation in cognitive neuroscience: A primer.
Neuron, 87, 932–945. https://doi.org/10.1016/j.neuron.2015
.07.032, PubMed: 26335641
Pitcher, D., Garrido, L., Walsh, V., & Duchaine, B. C. (2008).
Transcranial magnetic stimulation disrupts the perception and
embodiment of facial expressions. Journal of Neuroscience,
28, 8929–8933. https://doi.org/10.1523/JNEUROSCI.1450-08
.2008, PubMed: 18768686
Pitcher, D., Walsh, V., Yovel, G., & Duchaine, B. (2007). TMS
evidence for the involvement of the right occipital face area
in early face processing. Current Biology, 17, 1568–1573.
https://doi.org/10.1016/j.cub.2007.07.063, PubMed: 17764942
Riddle, J., Scimeca, J. M., Cellier, D., Dhanani, S., & D’Esposito,
M. (2020). Causal evidence for a role of theta and alpha
oscillations in the control of working memory. Current
Biology, 30, 1748–1754. https://doi.org/10.1016/j.cub.2020.02
.065, PubMed: 32275881
Rose, N. S., LaRocque, J. J., Riggall, A. C., Gosseries, O., Starrett,
M. J., Meyering, E. E., et al. (2016). Reactivation of latent
working memories with transcranial magnetic stimulation.
Science, 354, 1136–1139. https://doi.org/10.1126/science
.aah7011, PubMed: 27934762
Rushworth, M. F., Ellison, A., & Walsh, V. (2001). Complementary
localization and lateralization of orienting and motor attention.
Nature Neuroscience, 4, 656–661. https://doi.org/10.1038
/88492, PubMed: 11369949
Sauseng, P., Klimesch, W., Heise, K. F., Gruber, W. R., Holz, E.,
Karim, A. A., et al. (2009). Brain oscillatory substrates of visual
short-term memory capacity. Current Biology, 19, 1846–1852.
https://doi.org/10.1016/j.cub.2009.08.062, PubMed: 19913428
Schenkluhn, B., Ruff, C. C., Heinen, K., & Chambers, C. D.
(2008). Parietal stimulation decouples spatial and featurebased attention. Journal of Neuroscience, 28, 11106–11110.
https://doi.org/10.1523/JNEUROSCI.3591-08.2008, PubMed:
18971453
Sheremata, S. L., Somers, D. C., & Shomstein, S. (2018).
Visual short-term memory activity in parietal lobe reflects
cognitive processes beyond attentional selection. Journal
of Neuroscience, 38, 1511–1519. https://doi.org/10.1523
/JNEUROSCI.1716-17.2017, PubMed: 29311140
Silvanto, J., Cattaneo, Z., Battelli, L., & Pascual-Leone, A. (2008).
Baseline cortical excitability determines whether TMS
disrupts or facilitates behavior. Journal of Neurophysiology,
99, 2725–2730. https://doi.org/10.1152/jn.01392.2007,
PubMed: 18337360

440, 91–95. https://doi.org/10.1038/nature04262, PubMed:
16382240
Xu, Y., & Chun, M. M. (2009). Selecting and perceiving multiple
visual objects. Trends in Cognitive Sciences, 13, 167–174.
https://doi.org/10.1016/j.tics.2009.01.008, PubMed: 19269882
Yamanaka, K., Yamagata, B., Tomioka, H., Kawasaki, S., &
Mimura, M. (2010). Transcranial magnetic stimulation of the
parietal cortex facilitates spatial working memory: Nearinfrared spectroscopy study. Cerebral Cortex, 20, 1037–1045.
https://doi.org/10.1093/cercor/bhp163, PubMed: 19684247

Yeo, B. T. T., Krienen, F. M., Eickhoff, S. B., Yaakub, S. N., Fox,
P. T., Buckner, R. L., et al. (2015). Functional specialization
and flexibility in human association cortex. Cerebral Cortex,
25, 3654–3672. https://doi.org/10.1093/cercor/bhu217,
PubMed: 25249407
Zokaei, N., Heider, M., & Husain, M. (2014). Attention is
required for maintenance of feature binding in visual working
memory. Quarterly Journal of Experimental Psychology, 67,
1191–1213. https://doi.org/10.1080/17470218.2013.852232,
PubMed: 24266343

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/8/1428/1927700/jocn_a_01740.pdf by guest on 18 September 2021

Kiyonaga et al.

1441

