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Combining Transcranial Direct Current
Stimulation and Electrophysiology to Understand
the Memory Representations that Guide Attention

Shrey Grover and Robert M. G. Reinhart

Abstract

How attention is used during visual search is intricately associated with memory. A considerable body of
work has demonstrated that representations in both working memory and long-term memory can guide
attention in a variety of different circumstances. Neural evidence of such memory-mediated attentional
guidance has been elegantly shown using noninvasive electrophysiological measurements of human brain
activity. Recently, with the rising popularity of noninvasive brain stimulation techniques, such as transcranial
direct current stimulation (tDCS), researchers have been able to gain insight into the causal mechanisms of
memory-guided attention. Here, we review our current understanding of the role of memory representa-
tions in guiding attention and how tDCS can be used to characterize the mechanisms and establish causal
relationships. We further discuss the translational implications of using tDCS to alleviate memory-based
attentional deficits in psychiatric disorders, such as schizophrenia.

Keywords Memory-guided attention, Attention, Working memory, Long-term memory, tDCS,
CDA, Anterior P1, Schizophrenia, N2pc

1 Introduction

The human brain is constantly interacting with a complex envi-
ronment. At any given moment, our senses are bombarded with
numerous streams of information. Yet, for the most part, we
function seamlessly. We identify what is relevant, disregard what
is not, and store information in the “backs of our minds” for later
use. The ability to selectively attend to targets within a field of
distracting information is essential for goal-directed behavior.
Whether it is food in the grasslands, an explosive among luggage,
or an abnormal lesion in a mammogram, our attention plays a
vital role in determining what is perceived, remembered, and
processed for later action. But, what guides our perceptual atten-
tion toward some inputs in the environment and away from
others?
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Searching for something is easier when we know what we are
looking for. When we hold a representation of a search target in
memory, we are able to find it better. For example, remembering
that the keychain attached to our car key is blue and shiny will help
us see it more easily in a bowl of similar-looking keys. The internal
representations of search targets, which can be stored in different
memory systems of the brain, have been of interest to scientists for
nearly a century, but only recently have we begun to examine the
nature of these memory representations and how they guide our
perceptual attention and behavior.

Advances in neuroscience have considerably improved our
knowledge about how information stored in working memory or
previously laid down in long-term memory can guide future action.
New behavioral paradigms combined with noninvasive neuromoni-
toring methods, such as electroencephalography (EEG) with its
exquisite temporal resolution, have provided us with a window into
the neural dynamics of attentional guidance processes as they rapidly
unfold over time. The opportunity to visualize the dynamics of the
memory mechanisms guiding attention has opened up an entirely
new realm of theoretically important, empirical hypotheses about the
nature of the cognitive mechanisms guiding attention. In addition to
electrophysiological measurements of brain activity, the field of
memory-guided attention may benefit from a new class of neurosci-
ence tools that offer the possibility of directly modulating neural
activity in a noninvasive and reversible manner. Such tools promise
the unique opportunity to establish causal relations between the
brain, cognitive processes, and behavior and to more rigorously
address questions about the nature of goal-driven behavior.

In this chapter, we focus on the neuromodulation method of
transcranial direct current stimulation (tDCS). We discuss how
tDCS has been used in conjunction with electrophysiological mea-
surements of human brain activity to examine the memory systems
underlying the control of attention during the analysis of complex
visual scenes.We begin with a brief overview of themajor theories of
memory-guided attention. Thenwe discuss the electrophysiological
signatures in human EEG that provide the correlative evidence for
these theories. This is followed by a brief discussion on tDCS and its
purported mechanisms of action. Next, we consider in some detail
how tDCS has helped clarify the dynamic interplay among working
memory and long-term memory in guiding visual search. Finally,
we discuss the translational potential of tDCS and its ability to
temporarily reverse attentional impairments by modulating faulty
memory representations in schizophrenia.
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2 Memory-Guided Attention: Theory and Electrophysiological Evidence

Intuitively, we know that we can pay attention to only a small part
of what we see at any given time. Since there are often important
consequences for what we pay attention to, identifying relevant
inputs from the environment is critical. Current theories describe
attention as an interplay between factors that make an input stand
out against others (the bottom-up, stimulus-driven capture of
attention) and factors that allow the volitional focus on inputs
relevant for current task demands (top-down control and guidance
of attention) [1–3]. Here, we discuss some of these top-down
factors that guide our attention.

Theoretical accounts of attention have sought to explain how
top-down factors influence the selection of one input over others. As
Desimone and Duncan [4] suggest, “objects in the visual field
compete for representation, analysis, or control.” In an influential
computational theory of visual attention [5, 6], Bundesen and
colleagues propose how this competition could be solved in favor
of one input over others. This critical role is accomplished by the
memory systems of the brain. Representations of a target object in
these memory systems can provide “templates” to the attentional
system describing what to search for in the environment. In this
role, memory systems provide top-down control of information to
the attention systems. These templates are eventually used to cate-
gorize inputs as relevant targets or irrelevant distractors [5, 6].Main-
tenance of an internal template to match inputs in order to identify
them as targets has been a prevailing feature in many theoretical and
descriptive accounts of visual search (e.g. [4, 7–9]). In the brain,
these representations are thought to provide a biasing signal that
feeds the neurons engaged in visual perception, increasing their
sensitivity for detecting target features of interest [4, 6, 9].

The question that naturally follows is how are these templates
maintained within our cognitive makeup? The predominant view
implicates working memory in this process. When searching for a
target object in a cluttered scene, an active representation of the
target is maintained in working memory. These representations
provide biasing signals to perceptual areas. To experimentally vali-
date this hypothesis, variations of the memory-guided visual search
paradigm have been used across laboratories (see Fig. 1a for an
example). In these tasks, participants are required to search for a
target in an array of non-target distractors. However, before the
search array is presented, participants are cued with the identity of
the upcoming search target. During the time interval between cue
and search array presentation, the cued target is thought to be
actively maintained in working memory. That is, because partici-
pants are completely informed beforehand about what the target
looks like, they can maintain a representation of the target in
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working memory to provide a biasing signal to facilitate target
detection and speed behavioral responses. Thus, working memory
can be an appropriate store for maintaining such templates.

Indeed, extensive work in cognitive psychology has found
reliable evidence for the role of working memory representations
in guiding attention. When a representation is held in working
memory, participants are quicker to attend to objects that match
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Fig. 1 Memory-guided visual search paradigm and the ERP components used to study working memory, long-
term memory, and attentional focus. (a) Task-relevant cue (red) is presented indicating the target that should
be searched for in the search array. A task-irrelevant cue (blue) is also presented to balance visual input
across hemifields. Following a delay period, the search array is presented, and the participant indicates
whether the target is present in the array or not. The cue could remain fixed across runs of three to seven
trials. (b) During the delay period between presentation of cue and search array, memory representations of
the cue can be observed using electrophysiology. Working memory involvement is observed using the CDA
(bottom panel), while long-term memory can be indexed using the anterior P1 (top panel). Both representa-
tions have distinct spatial and temporal profiles, with anterior P1 appearing early relative to the CDA (gray
shaded areas), and the former having a bilateral frontal topography while the latter is localized to the
contralateral posterior sites. (c) Both memory representations improve attentional focus which is measured
using the N2-posterior-contralateral potential. The N2pc is evident after the presentation of the search array
suggesting a completely independent temporal profile
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the representation than those which do not [10–17]. This tuning
of attention is often measured as changes in reaction times or how
long it takes to react to a target when some representation is
within memory versus when it is not. If a representation is main-
tained in working memory, attention is likely to be drawn to the
matching objects. However, a parallel body of work has also
suggested that simply keeping a representation in working mem-
ory is not enough to automatically attract attention. Such repre-
sentations do not always capture attention and can even be
strategically used to guide attention away from potential distrac-
tors [18–23]. Further, working memory representations can dif-
ferentially affect target selection based on current task goals
[16, 17], task difficulty and demands [24–27], magnitude of
rewards [28], and state of the representation within working
memory [29, 30]. Such evidence agrees with more recent addi-
tions to the theories of visual attention which propose that
upstream executive control mechanisms can provide directions
on how working memory representations should guide attention
[6, 31]. Together, these studies have further expanded the initial
proposition that representations in working memory guide atten-
tion, by suggesting that the exact manifestation could differ across
different environmental conditions.

With recognition of this complexity, the need for supplement-
ing behavioral evidence with established neural measures becomes
necessary. The original theoretical models made explicit proposals
on neuronal modulation by memory contents [4]. This strengthens
the need to determine neural correlates of working memory in
attention. The first set of neural evidence in favor of working
memory-guided attention came from studies in nonhuman primate
electrophysiology. Chelazzi and colleagues observed sustained fir-
ing in the inferotemporal cortex during maintenance of the cued
target representation prior to visual search [32, 33]. Firing activity
even after the offset of visual input suggests that an internal repre-
sentation of the cue is maintained to eventually select the appropri-
ate target and suppress attention to distractors. Thus, at least in
nonhuman primates, information maintenance in working memory
could be reflected in sustained firing patterns in the brain. This
provides a potential neural measure to examine the contribution of
working memory in nonhuman primates, but a noninvasive mea-
sure is more appropriate for studying the phenomenon in humans.

Supporting evidence from human studies was made possible
with the discovery of an event-related potential (ERP) observed
when a representation is maintained in working memory. ERPs are
systematic voltage deflections evident in averaged EEG segments
time-locked with respect to stimulus or response events. When
storing an object presented on one half of the visual field, the
average voltage at electrodes on the back of the head (posterior),
opposite to the side where the cue was presented (contralateral),
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becomes more negative compared to the corresponding electrodes
on the same side of the target (ipsilateral) [34]. Subtracting the
potentials from the contralateral and ipsilateral sites provides a
measure called the “contralateral delay activity,” or CDA, as it is
observed during the delay period of working memory tasks, mirror-
ing the sustained activity pattern of inferotemporal neurons in
primates (see the bottom panel of Fig. 1b for an example). The
effect emerges approximately 300 ms after the presentation of the
object. A large body of work has demonstrated the CDA to be a
reliable signature of information maintenance in working memory.
The CDA tracks the quantity of objects represented in working
memory, increasing in amplitude up to each individual’s visual
working memory capacity [35–37]. It is sensitive to the quality or
precision of the stored object representations [38] and to various
features of stored objects, such as color [35, 39], orientation
[36, 39], or shape [37, 40]. The CDA does not only track retention
of previously displayed items but also reflects online processing of
concurrently visible items as discussed in a preceding chapter by
Balaban and Luria [41]. The CDA occurs even when the informa-
tion stored in memory needs to be compared with objects that can
appear anywhere in the visual field [28, 42–47], making it an ideal
tool for studying the role of working memory in attentional guid-
ance during visual search in humans.

To test the role of working memory in guiding attention using
the CDA, variations of the cued visual search paradigm are typically
used. In this paradigm, on each trial, a target-cue array is followed
by a complex search array of objects (Fig. 1a). The cue informs
participants of the identity of the target prior to search. Thus, the
cue can be maintained in working memory to guide attention
during search. Importantly, EEG can be acquired as participants
perform this task, and the voltage fluctuations in response to the
cue and search array can be later analyzed. Consistent with the view
that attentional templates are maintained in visual working mem-
ory, the cue-elicited CDA has been observed (Fig. 1b, bottom
panel) to continue until search is performed and to correlate with
later search performance, with higher CDA amplitudes predictive
of faster search reaction times [42, 43]. Immediately following the
search array, a second ERP component can be measured called the
N2-posterior-contralateral or N2pc (Fig. 1c), a well-validated and
reliable index of the deployment of covert visual attention
[48–51]. The N2pc has been measured in a number of studies in
conjunction with the CDA to provide further evidence that work-
ing memory mechanisms can direct perceptual attention under
various circumstances [28, 44, 45, 52–54]. The results from these
studies show that ERPs can be used to directly measure the visual
working memory representations that proactively drive the
attention-demanding search process, when targets switch from
moment to moment, as is typically the case in the real world.

Shrey Grover and Robert M. G. Reinhart



While our environment is often dynamic and search demands
frequently change, we also come across situations that are similar to
earlier experiences. If such experiences are repeatedly and consis-
tently encountered, we learn and adapt our behavior to perform
required actions more efficiently, skillfully, and automatically.
Researchers studying learning and skill acquisition have proposed
theoretical models to explain how behavior becomes automatized
with increasing experience [55–59]. In Logan’s instance theory of
attention and memory [56], each encounter with a given object
leaves a trace or an “instance” in memory. As more instances are
accumulated over time, they increasingly influence the choice
among various behavioral options such that one option becomes
more biased, leading to faster selection of that choice. Similar
speeding of performance due to attentional tuning has long been
observed in the field of visual search when search targets repeat trial
after trial [60–63]. Thus, it is possible that even the search process
can be automatized if the search environment remains consistent
over time. In a way, we can learn to guide our attention automati-
cally in relatively stable environments.

We know that visual working memory representations benefit
attentional search in dynamic environments. But, are workingmem-
ory representations equally important when performing search in
consistent environments? When working memory is filled to capac-
ity by information irrelevant for the search process, one might
expect visual search to worsen. This is because the limited working
memory resources can no longer be leveraged to maintain active
target representations to guide the search process. In dynamic
environments where search demands change from moment to
moment, Woodman and colleagues [64] observed precisely this
effect. In their study, participants performed an orthogonal
demanding task along with memory-guided visual search. The sec-
ond task demanded working memory resources, leaving little avail-
able for maintaining an active cue representation for the search.
Consequently, if the cues changed from trial to trial, participants
became worse at maintaining those cue representations, and their
search performance suffered. However, if the cue remained consis-
tent for a series of consecutive three to seven trials (called “runs”;
Fig. 1a), the lack of working memory resources had no effect on
search performance. That is, search can be performed equally well
regardless of whether working memory is available or not as long as
one is searching for the same target over and over again. Using
electrophysiology, Carlisle and colleagues [43] observed that the
CDA amplitude in response to the cues systematically decreases if
the cue identity remains fixed during a run of trials, even though
search performance progressively improves. This result again sug-
gests that the need for maintaining a representation in working
memory reduces over time in consistent environments. Since search
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performance is unaffected, these data suggest that visual search can
be aided by some source other than working memory.

Despite the prevailing theoretical view that working memory
representations of target objects provide top-down control of
attention as we search for these objects in cluttered visual scenes
[4–7, 29], a more current alternative view, though not mutually
exclusive, is that long-term memory representations play a critical
role in guiding attention [45, 56, 65–74]. The incorporation of
long-term memory into the mechanisms that tune visual attention
has the advantages of both freeing up limited resources from work-
ing memory and leveraging the virtually unlimited capacity of long-
termmemory [75, 76], which enables the storage of a large number
of items without incurring costs on behavior [65]. This perspective
has strong real-world significance, as the guidance of attention
during everyday activities often relies on past experiences without
explicit cues. Thus, when environments are stable, attention may be
aided by long-term memory in lieu of the working memory system,
which is more important when environments are dynamic or
unpredictable.

Electrophysiology has again been tremendously useful to
address the hypothesis that long-term memory is taking over the
role of attentional guidance from working memory in consistent
environments. To examine how search behavior becomes rapidly
automatized, researchers have employed an additional ERP mea-
sure indexing long-termmemory called the anterior P1, in addition
to the CDA component indexing visual working memory. The
anterior P1 or P170 is a product of the long-term recognition
memory literature using visual memoranda [77–79], in which
modulation of this early frontal positivity has been demonstrated
to predict the magnitude of behavioral priming effects across pro-
tracted memory intervals (i.e., hundreds of stimuli in the past)
[80]. Although the anterior P1 is a positive component, it becomes
increasingly more negative as encounters with a stimulus accumu-
late traces in long-term memory [28, 45, 79] (see the top panel of
Fig. 1b for an example). As a result, the anterior P1 is generally
thought to reflect the successful buildup of information in long-
term memory on the basis of stimulus familiarity [79–82]. Given
the different spatial and temporal profiles of the anterior P1 (fron-
tal; 150–200 ms after stimulus onset) and the CDA (posterior;
300 ms onward after stimulus onset), both ERP components can
be independently measured, thereby giving simultaneous measures
of working memory and long-term memory.

If the hypothesis is correct that long-term memory takes over
the control of attention from working memory during the tuning
of visual attention, then the automation of attentional performance
should derive from a decline in attentional templates in working
memory, indexed by decreasing CDA amplitudes, and a rise in
attentional templates in long-term memory, indexed by increasing
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anterior P1 negativity. Indeed, these patterns of CDA and anterior
P1 effects were observed by Woodman and colleagues [45] using
data from Carlisle et al. [43]. Using the cued visual search task with
runs of trials in which the same target was repeatedly cued, partici-
pants showed an increase in negative anterior P1 amplitudes, a
decrease in CDA amplitudes, and faster reaction times, as they
continued to search for the same target object over runs of trials.
The results suggest that the tuning of attention was accomplished
by the transitioning of target representations guiding attention
from working memory to long-term memory. These data provide
a prime example of how control of attention can be construed as a
dynamic process among multiple memory systems in line with
theoretical proposals emphasizing a role for mechanisms of long-
term memory [45, 56, 65–74] and executive control [31, 70] in
the tuning of perceptual attention.

Subsequent studies have further investigated the dynamic inter-
play between the memory systems that direct attention when parti-
cipants analyze complex scenes for target objects. First, the
co-occurrence of mounting anterior P1 negativity and declining
CDA amplitudes during attentional tuning has been replicated in
several studies using simple andmore complex stimuli [47, 53]. Sec-
ond, we now also know that anterior P1 amplitudes continue to
change over longer time scales of learning, while the trends of CDA
amplitude modulation do not change over time. This suggests that
the two memory systems are at least partially independent with
non-overlapping roles in guiding attention [53]. Third, it has
been found that even after working memory relinquishes control
when the targets of search become increasingly familiar, its
resources can be recruited under situations of heightened cognitive
control [28, 52]. Although the precise role of the anterior P1 is
under debate (see [47]), and its modulations have yet to be as
thoroughly investigated as the CDA, the linkage between long-
term memory and the anterior P1 seems encouraging. Further,
the negatively correlated changes in anterior P1 and CDA suggest
a transition of representations from working memory to long-term
memory, with the role of attentional guidance switching between
the two.

We have gained some insight into the memory mechanisms
that control attention using theories from cognitive psychology
and various electrophysiological tools. The literature outlined
here has shown that the strength of working memory representa-
tions, as indexed by the CDA, is predictive of attentional behavior
and how repetitive visual search comes to rely less on working
memory, potentially transferring control to long-term memory in
order to guide attention. However, in the field of human memory-
guided attention, the body of evidence to date has been largely
correlative in nature. That is, our inferences derive from relating
changes in behavior to changes in neural activity according to
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experimental manipulations of cognitive demands. It is true that
visual search performance has been associated with changes in the
CDA and anterior P1, but we do not yet know whether these
changes are mechanistically causing behavioral enhancements. Fur-
ther, the nature of the anterior P1 and its relationship to long-term
memory attentional control has yet to be sufficiently characterized.
Thus, stronger evidence is needed to determine how these electro-
physiological signals interrelate and affect search performance.

3 Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) has gained increas-
ing popularity among scientists in recent years as a noninvasive
neuromodulation technique that can provide an opportunity to
obtain causal insight into how human brain activity relates to
cognitive processing and behavior, with implications for the devel-
opment of therapeutic interventions for clinical populations
[83]. The approach is safe, well tolerated, inexpensive, portable,
and straightforward to administer [84], which are partly the rea-
sons for its growing popularity. TDCS involves the noninvasive
application of a low-intensity and sustained direct electrical current
with the goal of modulating neuronal excitability in a causal and
reversible manner. Conventionally, two relatively large electrodes
(5 � 5 cm) are used with an appropriate electrolyte buffer (e.g.,
conductive gel, paste, or saline) applied between electrodes and the
surface of the scalp. The electrode from which current enters the
body is designated the anode, and the electrode from which current
exits the body is designated the cathode. Classic in vivo animal
studies have shown that neuronal excitability tends to increase
nearest the inward current flow of the anode and decrease nearest
the outward current flow of the cathode [85–89]. More current
work showing anodal/cathodal stimulation leads to somatic depo-
larization/hyperpolarization, and increase/decrease in firing rate
[90, 91] further supports the sliding-scale rationale that the anode
excites and the cathode inhibits, which, although oversimplified,
remains a reasonable first approximation for introducing how dif-
ferences in tDCS polarity generally influence the brain. Thus, appli-
cation of a weak current has the potential to modify how excitable a
cortical tissue of interest is in a polarity-dependent manner, allow-
ing researchers to obtain bidirectional control over brain activity
and behavior [92]. Using computational models that estimate how
the applied current should flow through the brain, we can fine tune
stimulation parameters, such as the location and intensity values of
the anodal and cathodal electrodes, to maximize the effect on a
given brain region while minimizing impact on nearby regions
[93]. Further, improved neuromodulation methods, such as high-
definition tDCS (HD-tDCS), which use an array of smaller

Shrey Grover and Robert M. G. Reinhart



electrodes (e.g., 10 mm in diameter) in carefully designed mon-
tages have been shown to stimulate one brain region or a network
of regions with higher spatial resolution and longer-lasting effects
compared to conventional tDCS [94].

The applied direct current interacts with the physiology of
neurons and other cells in the brain [95–97]. Unlike other brain
stimulation techniques, such as transcranial magnetic stimulation
(TMS), tDCS does not cause direct spiking or firing of neurons. A
conventional tDCS experiment involves applying between 1 and
2 mA current using a regular 9-V battery. Most of the applied
current is filtered out by the skull, scalp, and intermediate layers
which protect the brain [98]. The remaining current produces a
weak electrical potential gradient typically less than 1 V/m
[99, 100], which, by itself, is not sufficient to cause neurons to
directly fire [90, 98]. Instead, the beneficial effects of tDCS that
outlast the stimulation duration happen through gradual, cumula-
tive changes in neuronal membrane potential [88]. Although this
implies that effects of tDCS take minutes to develop and are not as
immediate as compared to TMS effects, tDCS has been shown to
exert a surprising degree of temporal precision by influencing spe-
cific electrophysiological mechanisms that are as brief as 100 ms
during a 1–5 s flow of information processing [101].

The low-intensity electrical current used in typical tDCS studies
confers benefits to participant comfort and safety and to the effec-
tiveness of sham control procedures. TDCS is most commonly
associated with only minor side effects, such as slight itching sensa-
tions under electrodes observed, as the current ramps up and initi-
ally spreads over the scalp [84, 102]. In order to control for these
side effects, an “active” stimulation session is often coupled with a
sham stimulation session (analogous to a placebo). Participants are
generally kept blind to the stimulation condition they undergo in a
given session. Of note, the experimenter can also be kept blind to
the stimulation condition which greatly facilitates the use of tDCS
for randomized controlled designs. Themost common type of sham
design involves brief periods of ramping up of the current before
switching it off completely. This ramp-up period simulates the itch-
ing sensations experienced in the actual “active” stimulation condi-
tion. After the ramp-up, the current is ramped down and switched
off for a period of time that matches the duration of the total
stimulation in the active condition. As no current is being delivered,
few neurophysiological effects are expected (however, see [103] for
a review ofmixed results). Toward the end of this period, the current
is ramped up and down again to simulate the itching sensations
observed at the end of an active stimulation session. Alternate
designs involve continuous delivery of a current at the same site
as in active stimulation but at much weaker intensity or application
of a current with the same intensity but at a different site
[103–107]. Newer designs that provide the same current intensity
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but use amontage that effectively shunts the current within the scalp
preventing it from reaching the brain have also been proposed
[108]. Determining optimal sham controls is still an active area of
tDCS research, but the ease of designing sham controls and the
tolerability of the side effects during stimulation make tDCS an
attractive tool for neuromodulation.

Complex biophysical mechanisms potentially underlie the
effects observed with tDCS. As the current moves through the
brain tissue, it affects the membrane potential of neurons in its
path. This changes the flux of ions across the neuronal membranes,
changing the neurons’ likelihood of firing [84, 109–111]. Pro-
longed changes in the membrane potential can modify the efficacy
of neurotransmitter receptors, such as NMDA, which leads to
changes in the overall excitability of the tissue [111]. As excitability
changes, small modulations are observed in the firing rates which
get amplified due to the intrinsic connectivity across neurons in the
cortical networks, leading to the macroscopic effects observed in
behavior [91]. Much work remains to be done on the biophysical
basis of tDCS, but we know that a variety of neurotransmitter
systems are potentially implicated including GABA, glutamate,
dopamine, serotonin, and acetylcholine [112–114] suggesting
that tDCS broadly affects a variety of networks. Thus, tDCS is
potentially a powerful tool to modulate intrinsic brain activity
through both electrophysiological and chemical changes.

Various avenues of research are currently in progress to maxi-
mize the utility of tDCS. For developing better montages and fine-
tuning stimulation parameters, the biophysical mechanisms have
to be precisely elucidated. In this regard, examination of in vivo
and in vitro models of applied electric field on neural tissue is a
major area of investigation [115]. Special emphasis is also being
given to merge tDCS with neuroimaging techniques such as fMRI
and EEG, with other stimulation methods such as TMS, and with
structural connectivity measurements obtained from diffusion
imaging. Doing so provides a window to observe the macroscopic
effects in neuronal functioning and broad, network-based changes
in brain states due to stimulation [116–121]. A major body of
work uses tDCS to modulate brain networks that are hypothesized
to underlie a specific cognitive function such as attentional alloca-
tion, learning, and memory [120, 122]. Another active area of
work examines how tDCS, with its neuromodulatory abilities, can
be used as a therapeutic intervention to correct for deficits in
neuropsychiatric disease [123]. In the following sections, we
build on these areas of research, discussing recent multimodal
evidence obtained via tDCS in combination with EEG about
memory-guided attention in healthy population and in people
with schizophrenia.
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4 Visual Attention Improved in Healthy Young Adults by Modulating Long-Term
Memory Electrophysiology with tDCS

The ability to manipulate neural processes using transcranial stimu-
lation has important implications for studying cognition, in gen-
eral, and memory-guided attention, in particular. We have seen that
modulation of electrophysiological signals indexing working mem-
ory and long-term memory is associated with enhanced attentional
performance. Transcranial stimulation allows us to examine this
relationship more stringently by modifying the neural processes
directly. We can dissect how multiple control mechanisms con-
verge, diverge, or compete to direct attention by studying which
mechanisms are most differentially affected when we externally
modulate attention.

A growing body of work shows evidence that tDCS can be used
to transiently improve attentional performance (see [124, 125] for
a review). Given that both dorsal and ventral attentional networks
span a variety of brain areas [126], researchers have targeted various
nodes of these networks to enhance attention, including dorsolat-
eral prefrontal cortex (DLPFC) [127, 128], inferior frontal cortex
[105], and posterior parietal cortex (PPC) [129, 130]. However,
few studies have taken advantage of such converging evidence of
attentional enhancement with brain stimulation to study top-down
attentional guidance.

An earlier study using TMS tested how attention is captured by
items that either match active working memory representations or
match items that are perceptually familiar due to prior exposure
[131]. The authors observed that activating visual cortex with
TMS differentially affected the two forms of attentional capture.
This suggests that the two representations influence attention dif-
ferently – an important finding that supports multiple sources of
attentional control. In another recent study, TMS was performed
overDLPFC andPPC, and it was found that activating these regions
leads to greater attentional capture by working memory representa-
tions [132]. These studies add to growing causal evidence that
memory representations lead to different attentional states which
can be demarcated in the brain.However, concurrentmeasurements
of working memory and long-term memory would be necessary in
order to examine the dynamics of their interactions.

Reinhart and Woodman [53] tested whether representations in
working memory and long-term memory can be modified by tDCS
to guide attention. In an earlier study, they observed that performing
anodal stimulation over the medial frontal cortex improved target
detection [92].Medial frontal cortex is not commonly thought of as a
region involved in the canonical attentional network of frontoparietal
structures. However, medial frontal cortex is not a unitary structure.
It is a broad categorization of various functional areas such as the
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anterior cingulate cortex (ACC), the supplementary motor area
(SMA), and the pre-supplementary motor area (pre-SMA). The cin-
gulate cortex is considered a part of a wider cingulo-opercular net-
work that shows functional connectivity with the attentional network
during perceptual search [133]. This area also performs core cogni-
tive control functions, including specifying task sets or rules, and the
making and monitoring of choices [134–140]. Due to this perfor-
mancemonitoring role, theACChas also been considered a part of an
anterior attention system influencing recruitment of attention
[141]. The pre-SMA and SMA have also been shown to perform
performance monitoring [142, 143], indicating their potential
involvement in attentional control. Therefore, attentional control
could be modified by broadly targeting the medial frontal cortex
which could improve detection performance [92].

The positioning of the medial frontal cortex makes it relatively
inaccessible for tDCS to directly target. However, using current
flow models, the authors [53] were able to confirm that by placing
the anode over the FCz site in the international 10–20 convention
and placing the cathode over the right cheek, current could be
maximally distributed over the pre-SMA, the SMA, and the
fronto-medial surface of the brain including the ACC. Therefore,
such a stimulation montage that broadly targets various nodes
within the medial frontal cortex could influence the control of
which top-down signals need to be sent to the downstream visual
areas to guide attention.

Based on this evidence, Reinhart and Woodman [53] targeted
medial frontal cortex as the site of anodal stimulation during
memory-guided visual search. The same paradigm was previously
used to test both working memory and long-term memory con-
tributions by repeatedly looking for the same target for a series of
trials [43]. Specifically, participants searched for a target among a
bilateral array of distractors (Fig. 1a). The target identity was
informed prior to search onset and would remain constant for
three to seven consecutive trials. Earlier studies observed reduction
in the CDA amplitudes and increasing anterior P1 negativity across
these short bursts of learning trials, suggesting that the control of
attention shifted from working memory to long-term memory
[28, 45]. By combining tDCS with these electrophysiological sig-
nals, the authors examined whether attentional enhancements
brought about by medial-frontal stimulation were accompanied
by changes in the CDA or anterior P1 or both. It is possible that
exciting the medial frontal cortex leads to improved working mem-
ory representations providing stronger downstream attentional
control. If that is the case, then the reduction in the CDA ampli-
tudes might disappear or even reverse. Alternatively, if the behav-
ioral enhancement happens due to increasing contribution from
long-term memory, anterior P1 amplitudes would become exceed-
ingly negative, without much change in the CDA.

Shrey Grover and Robert M. G. Reinhart



As expected, attentional tuning was observed as participants
repeatedly searched for the same target across the short runs of
trials in the baseline (sham) condition. Stimulation of the medial
frontal cortex enhanced this effect even further. In fact, attentional
performance became so efficient that the time taken to search for
the target reached floor levels within the first two repetitions. This
effect was supported by an electrophysiological correlate of atten-
tional focus. With stimulation, the N2pc component in response to
the search target reached its highest amplitudes within the first two
repetitions, indicating that modulation of medial frontal cortex
could significantly enhance attentional allocation. However, the
crucial question was whether stimulation improved the working
memory representation making the search process more efficient
or whether the stimulation caused participants to rely on a stronger
long-term memory representation.

Comparing the CDA amplitudes between sham and stimula-
tion conditions can test whether working memory representations
changed as a consequence of stimulation. In the sham condition,
working memory indexed by the CDA was found to reduce with
repeated target search in line with previous studies. However, there
was no evidence that stimulation affected this rate of change of the
CDA with repetition. The authors tested this effect in two experi-
ments where participants were asked to remember and look for
simple shapes (Landolt-Cs) or real-world objects. Neither experi-
ment showed evidence that stimulation affected the natural modu-
lation of the CDA with repetition. This suggests that the medial-
frontal stimulation-induced improvements in visual search were not
due to improved representations in working memory.

Although evidence using the CDA indicated that working mem-
ory representations remained unaffected following tDCS, long-term
memory representations may have been driving the attentional ben-
efits.As theparticipants engaged inmultiple instances of searching for
the same target, these instances could contribute to a greater buildup
of target representation in long-termmemory [55, 56]. Thus, behav-
ioral improvements can happen due to changes in long-termmemory
instead of relying on active working memory. Since anterior P1 can
index the buildup in the long-term memory, its amplitude might
become more negative with repetitive search during stimulation.
This is precisely what the authors observed. With stimulation, it
took less repetitions for anterior P1 to reach its maximum amplitudes
(highest negativity) than in the sham condition. In fact, anterior P1
amplitudes peaked within the first two repetitions, paralleling behav-
ioral andN2pc observations. The change in the amplitude of anterior
P1 across repetitions correlated with the change in reaction
times across repetitions during stimulation across all participants.
Further, these results were consistent across search for simple shapes
and real-world objects. These results suggest that when looking for
the same target repeatedly, exciting the medial frontal cortex caused
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long-termmemory representations to rapidly take over the control of
attention without affecting working memory.

Similar evidence of enhanced long-term memory aiding atten-
tion was evident at even more protracted time scales. The runs of
three to seven trials where the search target remained constant were
repeated throughout the experiment. We have already discussed
how reaction times progressively decreased within each run, with
simultaneous decreases in the CDA and increases in anterior P1
negativity. As runs are repeated, offering more opportunity to learn
the identity of a previously encountered target, learning effects
could accumulate throughout the experiment. If learning-induced
changes in anterior P1 underlie improvements in attention, then
learning at even longer time scales such as the time course of the
experiment should be reflected in anterior P1 amplitudes and
behavioral performance. In order to examine this, the authors
looked at performance and ERP amplitudes for the same runs
during the first third, middle third, and last third of the experiment.
The authors observed that even without stimulation, reaction times
at the beginning of the runs progressively reduced across the early,
middle, and late phases of the experiment. Anterior P1 amplitudes
similarly became more negative potentially reflecting greater local
consolidation of the target item in long-term memory over the 3-h
time course of the experiment. The pattern of CDA amplitudes
within a run, however, did not vary across the duration of the
experiment. Thus, visual search improved with repetition through-
out the experiment not because of a better use of working memory
representations but potentially through increasing consolidation in
long-term memory. Anodal stimulation over the medial frontal
cortex led to even faster reaction times and greater attentional
tuning over the course of the experiment. Anterior P1 amplitudes
became even more negative even though the CDA amplitudes
remained unaffected. These results imply that visual search effi-
ciency could be improved with stimulation and were potentially
brought about by greater reliance on long-term memory. Of note,
stimulation was performed for only 20 min which was still enough
to improve representations in long-term memory and enhance
attentional performance for nearly 3 h. Therefore, stimulation
could provide behavioral benefits that outlast its duration if the
appropriate neuronal networks are targeted.

To our knowledge, this is the only study so far testing simulta-
neous contributions of working memory and long-term memory in
attentional guidance using tDCS. The study provides additional
evidence that the contributions from one type of memory system
could be preferentially enhanced without affecting the other, sug-
gesting the presence of independent memory guidance mechanisms
that likely produce different downstream effects in the sensory
regions, as proposed by Soto and colleagues [131].
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The study was informative in various aspects. First, the study
suggests that stimulation-induced benefits in attentional allocation
can happen due to rapid recruitment of long-term memory for
guiding attention. Second, it lends further support to the idea of
multiple memory systems guiding attention [70] since stimulation
enhanced long-termmemory without changing the role of working
memory in guiding attention compared to baseline. Third,
performing stimulation is advantageous since it provides prelimi-
nary evidence for the putative origins of the anterior P1 ERP
component. Much work is needed to determine whether anterior
P1 is a definitive reflection of long-term memory or how its
response to familiarity is dependent on the nature of inputs and
task requirements. Identifying the sources of anterior P1, as poten-
tially indicated by this study to include medial frontal cortex, might
be a good starting point. Fourth, the study suggests that top-down
control can be relegated to long-term memory rapidly – within the
first two repetitions of repeating the same search behavior. This
potentially suggests newer avenues for theories of automaticity as
under the right neural conditions (enhanced excitability) the tran-
sition to long-termmemory can happen rapidly without much need
for repetition of instances of search. Finally, using tDCS and
observing its effects allow us to determine which of the two mem-
ory guidance mechanisms under consideration are best available for
manipulation. Under situations where attention is sub-optimal,
identification of the prime locus of selection guidance presents itself
as a potential target for manipulation to improve any deficits, as will
be discussed further in the following section.

5 Identifying and Remediating Memory-Guided Attentional Deficits in Schizophrenia
with tDCS

Impairments in cognition are prevalent in various neuropsychiatric
disorders [144, 145]. Cognitive impairments often precede and are
predictive of later functional disability, such as the mild cognitive
impairment observed before the onset of Alzheimer’s disease [146]
or cognitive symptoms prior to the onset of psychosis in schizophrenia
[147]. These impairments remain a defining feature throughout the
progression of the disorder. Therefore, identifying the sources of cog-
nitive deficits and finding ways to slow, stop, or reverse these impair-
ments are major goals of psychiatry and translational neuroscience.

Realizing this objective generally requires linking various
domains of experimental and theoretical neuroscience. Within cog-
nitive neuroscience, theoretical frameworks and their associated
experimental paradigms can be developed, and their validity can
first be tested in healthy human samples, observing transient mod-
ulations in cognitive functioning with respect to baseline. These
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human-validated interventions can then be transferred to a patient
population, in order to bring the level of cognitive functioning
closer to the baseline levels of healthy participants. However, deter-
mining a theoretical framework that can be empirically validated
in healthy individuals consistently is a difficult feat in itself
[148]. Here, we discuss how a framework developed to study
memory-guided attention, with supporting theoretical, behavioral,
and electrophysiological evidence, can be translated to study cogni-
tive dysfunction and remediation in schizophrenia.

Schizophrenia is a debilitating brain disorder, characterized by
complex combinations of positive, negative, and cognitive symp-
toms that show considerable variability across individuals. Its path-
ological origins and treatment options are a matter of interest,
debate, and profound implications. Despite the variability, cogni-
tive impairments, especially those related to attention, are consid-
ered “core” pathophysiological signatures of schizophrenia
[148]. In this view, despite the variability of symptoms across
patients, deficits in certain basic cognitive processes like attention
would be consistently observed throughout the disease progression
but might remain uncaptured in conventional neuropsychiatric
examinations [148–150]. Since the subtleties of attentional pro-
cesses are routinely quantified in cognitive neuroscience, we can
adapt frameworks from cognitive neuroscience to examine atten-
tional deficits in schizophrenia.

Top-down control of attention during visual search is one frame-
work from cognitive neuroscience found to be impaired in schizo-
phrenia [151]. What is not known for certain, however, is the source
of this impairment. The theoretical motivation for how attentional
deficits play out in visual search follows from our previous discussion
on models of learning and skill acquisition. Cognitive models of
schizophrenia suggest that faulty internally generated predictions
cause various symptoms due to mismatch between unreliable predic-
tions and the incoming perceptual input [148, 152, 153]. Memory
representations of previous experiences are a crucial source of these
predictions. If representations are not stored in memory or if they are
inaccessible, various cognitive symptoms could arise [148]. At the
same time, the top-down control of attention during visual search
could be unfavorably affected. According to theoretical models of
learning and memory [55, 56], repeated encounters of an object
should lead to a greater number of instances being stored in long-
term memory. In the absence of any deficits, after searching for the
same object repeatedly, attention can be automatically guided by
representations of that object in long-term memory. However, if
long-term memory representations are impaired, they cannot prop-
erly guide attention. In order to perform visual search successfully,
schizophrenia patients would have to consistently rely on their work-
ing memory resources. Every instance of visual search, in a way, is a
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new search in itself, having little benefit fromprevious instances of the
same search.

This deficit in the ability of long-term memory to guide atten-
tion in schizophrenia was noted in a recent study by Reinhart and
colleagues [54]. We now know that memory-guided visual search
paradigms when used in conjunction with electrophysiology can be
used to distinguish the contributions of working memory and
long-term memory in attentional guidance in healthy individuals
[28, 45, 47, 52, 53]. In their study with schizophrenia patients,
Reinhart and colleagues [54] examined whether the contribution
of working memory and long-term memory, as indexed by the
CDA and anterior P1, respectively, was different between healthy
people and people with schizophrenia. For healthy participants, if
the target identity for visual search is fixed for a set of consecutive
trials, attention appears to increasingly rely on long-term memory
representations and less on working memory representations. This
is evidenced by increasing negativity of anterior P1 and reduction in
the CDA amplitudes. Reinhart et al. found that schizophrenia
patients did not exhibit a reduction in CDA amplitudes despite
maintenance of the target identity over a series of consecutive trials.
In fact, the patients exhibited even greater CDA amplitudes at
baseline relative to healthy controls, and these amplitudes did not
change with repetitive search. This demonstrates that schizophre-
nia patients engage more working memory resources to maintain
the same target representations as healthy individuals. Moreover,
the anterior P1 amplitude did not change over time unlike the
increasing negativity observed in healthy controls. Therefore,
prior instances of searching for the same target did not lead to a
gradual transfer of attentional control to long-term memory.
Instead, every search was like a new search causing the patients to
rely on their limited working memory resources. This is perhaps
why the CDA amplitudes did not reduce over time, unlike healthy
controls. These results support the hypothesis that attentional
deficits in schizophrenia could stem from an inability to perform a
successful transition from working memory to long-term memory
to guide attention, consistent with the well-established structural
and functional alterations in long-term memory brain regions such
as the hippocampus in schizophrenia [154, 155].

Given research showing how medial-frontal tDCS can be used
to preferentially enhance the contribution of long-term memory in
attentional guidance in healthy young adults [53], it is possible that
a similar stimulation protocol could temporarily reverse the atten-
tional deficits in patients with schizophrenia. Indeed, following
20 min of anodal tDCS over medial frontal cortex, Reinhart and
colleagues [54] observed that schizophrenia patients exhibited
behavioral and electrophysiological patterns that were indistin-
guishable from healthy controls at baseline. After stimulation,
schizophrenia patients showed faster search times, reduced CDA
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amplitudes, and increasingly negative anterior P1 amplitudes as a
function of target repetitions. Stimulation also improved atten-
tional focus in schizophrenia patients as their N2pc amplitudes
went up. This suggests that even downstream attentional selection
mechanisms can be improved if deficits in guidance are corrected.
Overall, these results imply that 20 min of medial-frontal stimula-
tion was enough to transiently improve attentional performance in
people with schizophrenia.

The pattern of results provides a compelling framework of
attentional dysfunction in schizophrenia. Attentional abnormalities
could arise due to inefficiencies in working memory and an inability
to transfer the control between working memory and long-term
memory representations in consistent environments. While healthy
individuals can successfully transfer control to long-term memory,
schizophrenia patients have to continue to rely on the resource-
limited working memory throughout. Since patients require
greater working memory resources to maintain a given representa-
tion, the inefficiency of working memory affects attentional perfor-
mance. Increased excitability of the medial frontal cortex may
correct for the deficits in the long-term memory system that
would have otherwise taken over the process of attentional guid-
ance or may modify cognitive control mechanisms that mediate
among different memory subsystems in order to execute task
demands. More work will be needed to establish the robustness of
these effects and validate these hypotheses further.

While other recent studies have looked at the benefits of tDCS
on working memory enhancement ([156, 157], but see [158]), no
other study has yet examined working memory and long-term
memory together, specifically in the context of attentional guid-
ance. Further, even though tDCS has been used in a variety of other
neuropsychiatric disorders (see [159, 160] for a review), its use in
ameliorating attentional deficits due to impairments in top-down
control needs more research in schizophrenia as well as other ill-
nesses. Here, we have discussed in detail the recent evidence that
tDCS can transiently remedy such impairments in schizophrenia
and can even provide mechanistic understanding to the causes of
these impairments. Such line of work, still in its infancy, can have
important translational implications going forward for various neu-
ropsychiatric disorders.

6 Conclusions and Future Directions

It is intriguing how we direct our attention to find something of
interest and relevant in a complex environment. Over the years,
we have gained considerable insight into the various memory sys-
tems that can store object representations that serve as a template to
guide attention [45, 70]. While theoretical proposals on this matter
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go back a century [161], we discussed empirical evidence for
memory-guided attentional allocation following advancements in
cognitive psychology and electrophysiology in the recent decades,
and we believe we are now in a position to determine the causal
relationships between the phenomena of memory-guided attention
and its neural substrates with the advent of noninvasive neuromo-
dulation techniques such as tDCS. With the recent use of tDCS in
examining memory-guiding attention, we have gained insight into
how long-term memory-related neural dynamics drive improved
attention, independent of working memory top-down control.
Further, the locus of attentional deficits in schizophrenia was iden-
tified in the transition between working memory and long-term
memory, and tDCS was found to transiently reverse these deficits.
Thus, with tDCS we can test how different memory systems con-
tribute and interact to provide top-down control and guide atten-
tion during the analysis of complex visual scenes.

Despite these advances, there is much work to be done. Deter-
mining the action mechanisms of tDCS is a major frontier to cross
in order to interpret its effects and design better experiments to
answer subtle questions. As a noninvasive neuromodulation tech-
nique, it is difficult to precisely determine the effects of tDCS on
physiology directly. The efforts have primarily centered on in vitro
and in vivo stimulation in animal models [115] although a growing
body of work uses neuroimaging in humans to observe network-
level changes in neuronal functioning and linking them with what
we know from animal models [162]. More recently, using human
cadavers as a model, scientists have determined that conventionally
applied tDCS is quite weak raising concerns about the purported
focality and efficacy of stimulation [98]. The fact that we do not
completely understand how tDCS affects the underlying tissue in
the living human brain, what stimulation parameters are most
effective for modulating cognitive processes, and the heterogeneity
of cognitive paradigms tested with tDCSmight account for some of
the observed variability across tDCS studies that have led to con-
tradictory results [163]. Scientists now argue for more integrated
experimental designs which leverage information from anatomy
and physiology to develop computational models of induced elec-
tric field gradients in the brain and of the consequent behavioral
effects [98, 164–166] to determine more focal and effective stimu-
lation parameters and protocols. Given that effects of most tDCS
designs are limited to the cortex, newer stimulation tools are being
developed in animal models which can target deeper, subcortical
structures [167], and these designs are currently being adapted for
humans. Thus, we can examine the interaction among these mem-
ory systems more stringently, as our designs of tDCS and under-
standing of its mechanisms advance.

Another growing consensus in neuroscience is that large-scale,
coordinated activity across populations of neurons underlies
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cognition [168]. While we discussed the putative ERP measures
associated with working memory and long-term memory, a large
body of work suggests that patterns of rhythmic, oscillatory activity
and their interactions, as observed in EEG and magnetoencepha-
lography (MEG), are also associated with these cognitive phenom-
ena. For example, activity in the alpha frequency band (8–12 Hz)
[169–171] and interactions between theta and gamma bands
[107, 172–174] have been shown to index contents of working
memory. Theta (4–8 Hz) and beta (12–30 Hz) oscillations, among
others, have been widely implicated in long-term memory consoli-
dation [175–177]. As oscillations are observed across various spa-
tial scales of neuronal investigation, such phenomena can be more
reliably tied to neuronal physiology improving their validity and
interpretability compared with ERP components [178]. Thus,
scientists are now interested in the effects of tDCS beyond simple
excitation and inhibition of a given region, examining how they
specifically impact brain oscillations. Examining EEG before and
after tDCS can show the stimulation-induced changes in activity
across various frequency bands [179]. Recently, mathematical
models applied to MEG data have also been used to examine
changes in oscillatory activity during tDCS [180]. Using principles
similar to tDCS, a growing body of work directly modulates these
oscillatory activity patterns, entraining a neuronal population at a
certain frequency using transcranial alternating current stimulation
(tACS) or modulating the interactions among oscillatory activity
patterns across networks [107, 181–186]. Understanding how
these transcranial stimulation methods modulate global activity
patterns and linking them with changes occurring at a single neu-
ron and synapse level will be crucial in determining their efficacy for
scientific and translational objectives. Moving forward, we are
hopeful that innovative multimodal approaches will allow us to
more definitively test, and potential unify, major theories of
attention, learning, and skill acquisition [55–59] and ultimately
advance a more robust understanding of human goal-directed cog-
nition and action.
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