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Abstract

Visuospatial working memory refers to the short-term memory mechanism that enables humans to remember visual
information across visual blackout periods such as eyeblinks or eye movements. In recent years, neuroscientific studies
have made great progress in uncovering the brain regions that support visuospatial working memory. In this review,
we focus on the role of the posterior parietal cortex in forming and maintaining visual information, and use it as an
example to highlight how noninvasive brain-stimulation techniques, particularly transcranial magnetic, direct current,
and alternating current stimulation, can shed light on this topic because of their unique strengths in modulating brain

activities.
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Anyone who has played children’s favorite game of “spot
the difference” can agree that the game is not as easy as
we would think. This is because during blackout periods
when our eyes move from one image to another, or even
when we blink, the eyes are practically blind (Bridgeman,
Hendry, & Stark, 1975). Therefore, a game like “spot the
difference” is actually an ultimate test of human abilities
in attending to and remembering the right information.
This highlights the intricate relationship between visual
attention and memory and gave rise to the term visuo-
spatial working memory (VWM) in the field of cognitive
psychology to emphasize such active interaction instead
of passive memory storage (Baddeley, 2003).

VWM is an important psychological construct because
it keeps just enough traces of our visual world that our
perception of the world does not fall apart when vision
is turned off momentarily during blackout periods like
those mentioned above. As such, VWM ability has been
shown to be positively correlated with fluid intelligence
(Fukuda, Vogel, Mayr, & Awh, 2010; Kane & Engle, 2002).
Decades of psychological research, however, have repeat-
edly demonstrated that people’s attention and memory
can be surprisingly poor (Chabris & Simons, 2011; Simons

& Rensink, 2005). Behavioral studies using computerized
psychological tasks that test people’s VWM by presenting
multiple simple colors or shapes for less than a second
have mostly concluded that people’s VWM performance
usually averages around three to four items (Bays &
Husain, 2008; Luck & Vogel, 2013). Neuroimaging studies
using similar tasks have also pointed to several brain
regions involving VWM processing, including the occipi-
tal cortex (Harrison & Tong, 2009; Serences, Ester, Vogel,
& Awh, 2009; Silvanto & Cattaneo, 2010), the prefrontal
cortex (PFC; D’Esposito, Postle, & Rypma, 2000; Feredoes,
Heinen, Weiskopf, Ruff, & Driver, 2011; Fregni et al.,
2005; Gazzaley, Cooney, McEvoy, Knight, & D’Esposito,
2005; Higo, Mars, Boorman, Buch, & Rushworth, 2011;
Mulquiney, Hoy, Daskalakis, & Fitzgerald, 2011; Pope,
Brenton, & Miall, 2015; Zaehle, Sandmann, Thorne,
Jancke, & Herrmann, 2011; Zanto, Rubens, Thangavel, &
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Gazzaley, 2011), and the posterior parietal cortex (PPC;
Jones & Berryhill, 2012; Tseng et al., 2012; Tseng et al.,
2013; Xu & Chun, 20006). Across these regions, the activa-
tion of the PPC seems to be one of the major sources to
why we can only remember so little (Ikkai & Curtis,
2011), and it is therefore the focus of this brief review.
Using fMRI, which traces the level of oxygenated blood
in the brain, Todd and Marois (2004) found that PPC
activity increased as people tried to remember more in
VWM but eventually plateaued as people’s behavioral
performance also plateaued around three to four items.
Using electroencephalogram (EEG), which measures the
brain’s electrophysiological activity, Vogel and Machizawa
(2004) found similar findings: Brain-wave waveforms
near the PPC area showed larger amplitudes (i.e., more
activity) as people tried to remember more, and such
amplitude differences can be used to predict who has
good versus bad VWM. Together, converging behavioral
and neuroimaging evidence has so far concluded that (a)
our VWM is worse than what we think it is, and (b) the
cause of such poor VWM seems to be limited activity in
the PPC.

Types of NIBS

Before diving into the application of noninvasive brain
stimulation (NIBS) in investigating the neural mecha-
nisms of VWM, we first introduce the tools that are often
used for stimulation, as well as their strengths and weak-
nesses. Currently, the field of cognitive neuroscience has
mostly used transcranial magnetic stimulation (TMS) and
transcranial electric stimulation (TES) because they are
noninvasive, in the sense that no surgery is involved at
any stage of the experiment. TMS, by definition, uses
magnetic forces to achieve its goal. It does so by generat-
ing a magnetic field via a coil placed over the partici-
pant’s skull, thereby inducing electric activity in the
neurons beneath the skull (interested readers can look
into the physics behind electromagnetism). TMS is rela-
tively expensive, and less portable (though portable ver-
sions are starting to appear on the market), but its high
spatial and temporal resolution makes it an irreplaceable
tool for studies that require high levels of precision. In
terms of spatial resolution, the focal point of a figure-of-
eight coil is about a quarter of the size of a penny, allow-
ing it to target smaller regions on the cortex. Timing-wise,
a TMS pulse can be delivered in less than a millisecond,
so it can be used to target a specific point in time during
a cognitive task (e.g., stimulating the speech area right
before someone is about to speak). Better yet, the num-
ber of TMS pulses can be customized by the experi-
menter. For example, delivering one TMS pulse every 25
milliseconds would result in a total of 40 pulses per sec-
ond (aka 40 Hz), which matches the gamma-band range

(25-100 Hz) of neural activity. Therefore, by carefully
specifying the amplitude and frequency of the pulses,
TMS is also suitable for inducing neural entrainment in
cortical areas, forcing the neurons to fire in a certain pat-
tern that mimics the rhythmic activities (e.g., EEG) seen
during the processing of the desired cognitive tasks
(Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005; Juan
& Muggleton, 2012; Miniussi & Thut, 2010). Several
devices that use this TMS-induced form of neural entrain-
ment are now approved by the FDA for the treatment of
refractory depression (George, Taylor, & Short, 2013; Li
et al., 2014).

TES uses electric current to stimulate the brain, and its
earliest usage dates back to 1960 (Utz, Dimova, Oppenlinder,
& Kerkhoff, 2010). Unlike TMS, TES is inexpensive and
very portable (roughly the size of an external hard drive).
However, TES involves larger electrodes roughly the size
of a large bandage (though there has been an emergence
of penny-sized “HD” tDCS), and the duration of stimula-
tion is usually 1 to 20 minutes, which is far from the mil-
lisecond advantage of TMS. There is one major advantage
of TES, though, and that is due to the direct (tDCS) and
alternating (tACS) natures of electric current. When stim-
ulating with direct current, tDCS involves positively
charged (anodal) and negatively charged (cathodaD
direct current, and the two polarities have been sug-
gested to increase and decrease neuronal activities,
respectively (Nitsche & Paulus, 2000). Although this sim-
ple, dichotomous anodal-increase/cathodal-decrease neu-
ronal view has changed in recent years (Fertonani &
Miniussi, 2016; Jacobson, Koslowsky, & Lavidor, 2012; for
a review in the context of VWM, see Hsu, Juan, & Tseng,
2016), the effect of anodal tDCS in elevating neural activi-
ties has been less controversial in the literature. This abil-
ity to increase neural activity, and thereby possibly
elevate cognitive ability, has been a major advantage and
explains why tDCS has been regaining momentum in
cognitive neuroscience. Like TMS, TES can be used for
neural entrainment if it is used in its alternating-current
format, which is composed of sinusoidal waves with
user-specified amplitude, phase, and frequency. So far,
the number of tACS studies in the field is, although cur-
rently small, growing very rapidly.

In conclusion, TMS and TES both have their advan-
tages and weaknesses. Whereas TMS enjoys high spatial
(to the millimeter) and temporal (to the millisecond) pre-
cision, TES enjoys the advantages of elevating neural
activity (anodal tDCS) and customizable waveforms
(tACS). With these differences in mind, it is also impor-
tant to note two important similarities. First, both tech-
niques can stimulate only the surface level of the brain
(i.e., the cortex), as their stimulating strength is not strong
enough to affect subcortical structures, and second, stim-
ulating one area of the cortex can create a rippling effect,
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something neuroscientists call “functional connectivity”
with other coactivating brain regions, both deep and cor-
tical (see Yu, Tseng, Hung, Wu, & Juan, 2015, for a tDCS-
fMRI study; Liang et al., 2014, for a tDCS-EEG study;
Ellison et al., 2014), that work in concert with the stimu-
lated region to support a particular cognitive task or
function. In the case of VWM, the dorsolateral prefrontal
cortex, the frontal eye fields, areas within the medial tem-
poral lobe, and visual cortices in the occipital lobe have
all been implicated to work in synchrony with the PPC to
support memory formation, maintenance, and retrieval.
Although areas of the medial temporal lobe are too deep
in the brain to be stimulated via NIBS, it is possible to
alter their coactivation by applying NIBS over areas that
are located on the cortex, and such alterations to a brain
region’s coactivation can be very informative in shedding
light on how different regions “functionally connect,” or
interact with each other, to support VWM. Therefore, the
effect of TMS and TES can be widespread within the
brain network beyond just a single cortical region, and
the mechanisms behind this rippling effect are currently
under rigorous investigation.

TMS in VWM

Since the discovery of PPC involvement in VWM via fMRI
and EEG, several TMS studies have been done to test
whether PPC activity is really causally related to VWM,
and if so, at what point in time during the memory pro-
cesses PPC matters the most. The question of causality is
important because neuroimaging evidence is correla-
tional, and correlations can often occur just by random
chance. Additionally, a correlation between Factor A and
Factor B can sometimes be real, but actually controlled
by an unknown X factor (e.g., a city’s number of churches
and its number of crime cases are highly correlated, but
that is mediated by population). Therefore, cause-and-
effect experiments are crucial before one can make infer-
ences based on neuroimaging data. This question was
tackled by Beck, Muggleton, Walsh, and Lavie (2000),
who applied TMS pulses over the PPC of either the left or
the right hemisphere. The logic was that applying TMS
pulses while people were trying to remember something
would create unintended neuronal noise in the PPC and
therefore disrupt memory performance if PPC activity is
really causal to VWM. Interestingly, these authors found
that TMS over the right, but not the left, PPC was able to
impair people’s VWM performance. This study suggested
not only that PPC is indeed casually related to VWM pro-
cessing, but also that only the right PPC (tPPC) is crucial
to such visuospatial memory processes—something fMRI
and EEG studies were not able to pick up.

Beyond causality, the temporally precise nature of TMS
is also able to answer the question of “when”—that is,

when is rPPC activity important? Is it when people are
soaking in information (i.e., encoding), when they try to
maintain information in memory (i.e., retention), or when
they recall information (i.e., retrieval)? With this question
in mind, Tseng and colleagues (2010) tweaked Beck
et al’s TMS design, and, instead of disruptively applying
TMS pulses during the entire memory task, applied them
only in the early or late memory stage. The rationale was
simple: If people’s VWM performance plummets during
the early stage, then rPPC activity likely reflects early
encoding processes, and if it plummets during the later
retrieval stage, then rPPC activity likely reflects retrieval
processes. These authors found that early TMS impaired
people’s VWM performance the most, with weaker impair-
ment during the later stage. This suggests that the rPPC is
doing most of its work early, when people are trying to
take in as much information as they can (Fig. 1a).

tDCS in VWM

With converging evidence from fMRI, EEG, and especially
TMS studies, it was clear that rPPC activity had a direct
cause-and-effect relationship with people’s VWM perfor-
mance. The next natural question, then, became whether
it was possible to help people improve their VWM by
pushing their rPPC activity up a notch. This is where the
unique advantage of anodal tDCS in increasing neural
excitability comes in. In two experiments, Tseng and col-
leagues (2012) applied anodal tDCS over the rPPC and
found that people below the three- to four-item average,
namely those who could remember only three items or
fewer, could indeed benefit from anodal tDCS and
improve their memory to reach the four-item average (see
also Heimrath, Sandmann, Becke, Miiller, & Zaehle, 2012).
However, those participants with good VWM (i.e., above
four items) already, without tDCS, could not benefit from
anodal tDCS. In this group of “high performers,” anodal
tDCS did not help or hurt their VWM performance (Fig.
1b).

This behavioral dichotomy was also reflected in peo-
ple’s brain-wave data, where event-related potentials
near rPPC during both the attention and memory stages
showed large changes after tDCS in low performers but
not high performers (Fig. 2a). One subsequent study by
Hsu, Tseng, Liang, Cheng, and Juan (2014) also found
that these low and high performers differed remarkably
in terms of their brain-wave data and reactivity to tDCS:
Low performers’ EEG signals exhibited high alpha ampli-
tude in the parieto-occipital regions, something that has
been associated with distracted attention, and anodal
tDCS was able to tame it down and improve their VWM
performance (Fig. 2b). As in the 2012 study, high per-
formers did not show any strong alpha amplitude to
begin with, and that remained unaffected by anodal
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Fig. 1. Procedures and results from the (a) 2010 transcranial magnetic stimulation (TMS) study (Tseng et al., 2010) and (b) the 2012 transcra-
nial direct current stimulation (tDCS) study (Tseng et al., 2012). Panel (a) depicts the design of the change-detection task. Participants had to
remember four faces in the first array (i.e., memory stage) and try to detect any change in the second array (i.e., retrieval stage). (Note that the
black bars over the faces are used here for publication but were not used in the actual experiment.) Meanwhile, to delineate the timing of right
posterior parietal cortex (rPPC) involvement, TMS was applied over the rPPC either during the memory stage (i.e., early TMS) or the retrieval
stage (i.e., late TMS). Panel (b) depicts the results, showing that although rPPC TMS was effective in both stages, the effect of early-memory-
stage TMS was by far the largest. This suggests that the rPPC is especially critical to the processes of memory encoding. Panel (b) shows the
change-detection task with color blocks. The task requirement is similar to that in (a), where participants were to judge whether the first and
second arrays were the same or not. The results showed that low performers who could only remember three color blocks or less were able
to improve from sham to anodal tDCS. tDCS did not work for high performers who already scored above the average of three blocks to begin
with. This suggests that, among all the factors that may contribute to the complex nature of tDCS effects, individual capabilities may be one of
them. One possible way to help the high performers to improve is to optimize the parameters of tDCS to better excite their brain activities. This
possibility should be addressed by future tDCS studies.

which echoes the earlier notion that attention and short-

tDCS. Furthermore, these authors found that, in low per-
formers, alpha amplitude before the onset of the task
(i.e., before the participants saw anything on the com-
puter screen to remember) was particularly useful in cat-
egorizing their subsequent VWM performance 2 or
3 seconds later. This observation of alpha amplitude taking
place before the task is interesting, as it implies a critical
involvement of visual attention throughout the processes
of VWM (Tsubomi, Fukuda, Watanabe, & Vogel, 2013),

term memory come hand in hand in most experimental
settings (see Shipstead, Lindsey, Marshall, & Engle, 2014,
for an insightful discussion). Here it is important to note
that different variations of experimental design, such as
task difficulty (Jones & Berryhill, 2012; Wu et al., 2014;
Wu et al., 2016) and the ways in which researchers cate-
gorize low and high performers, may cause different pat-
terns of results (cf. Jones & Berryhill, 2012). Therefore,
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Fig. 2. Transcranial direct current stimulation— (tDCS-) induced changes in low and high performers’ brain waves. Panel (a) shows results from
Tseng et al. (2012). Low performers’ behavioral improvement can be traced to their brain-wave changes after tDCS application. Here, the readers
should look for the gap between the dotted and the solid lines: Bigger separation between the two indicates a bigger tDCS effect. In low per-
formers (top panel), there is no separation between the two lines at all in the sham condition; the separation emerges only in the anodal-tDCS
condition. This tDCS effect is particularly noticeable at the 300-ms and 400- to 600-ms time windows (gray areas), which are known as the N2pc
and SPCN components and represent visual attention and memory processes, respectively. In high performers, note that the gap between the
dotted and the solid line was already apparent even without tDCS, and applying tDCS did not help enlarge the gap, either, which coincides with
the high performers’ behavioral performance quite well. Panel (b) shows similar results observed when we broke down the brain-wave signal
into different frequency components in Hsu, Tseng, Liang, Cheng, and Juan (2014). In low performers, alpha wave was particularly strong in the
parietal and occipital regions (sham), which is indicated by red, orange, and yellow on the chart. Alpha power is mostly used to index unfocused
attention, which is in line with our behavioral observations. The strong alpha power was drastically reduced after tDCS application over the rPPC
(anodal). In high performers, similar to the 2012 study, alpha power was already low in the parietal and occipital regions even without tDCS
(sham), and therefore applying tDCS did not help reduce alpha power any further.

further work is necessary to clarify the interaction of task
characteristics, intrinsic individual differences, and tDCS
effects (for a more systematic investigation, see Hsu et al.,
2016).

tACS in VWM

tACS is a relatively newer form of TES but has been gain-
ing momentum in the field of VWM because of its effec-
tiveness in inducing neural entrainment via alternating

current (its underlying mechanism is quite different from
that of TMS; see Herrmann, Rach, Neuling, & Striiber,
2013). Benchmarking studies have reported a relatively
smaller effect in tACS than tDCS (Paulus, 2011), which is
reasonable since tACS can be viewed as a more precise
version of TES. In VWM, one notable study was con-
ducted by Jausovec and JauSovec (2014). These authors
applied theta-wave tACS (roughly 6 Hz), which was cho-
sen based on persistent EEG observations of theta-gamma
coupling in working memory formation (Sauseng,
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Griesmayr, Freunberger, & Klimesch, 2010), over either
the left frontal or parietal cortex, and found enhanced
VWM performance only when theta tACS was applied
over the PPC. The behavioral improvement was also cou-
pled with stronger brain-wave signals that indicate mem-
ory recognition. Similarly, Tseng, Chang, Liang, Chang,
and Juan (2016) used 40-Hz gamma tACS over the
temporal-parietal pathway and also found that gamma
entrainment was critical to certain types of VWM process-
ing. In the context of tACS, it is usually interpreted that
the two electrodes of tACS are oscillating in rhythm (6
times per second, in this case), forcing the two brain
regions underneath the electrodes to communicate in the
same fashion. You can imagine this as a band playing,
where each band member (i.e., brain region) needs to
coordinate with the others in order to achieve meaning-
ful synchronization (i.e., neural communication). This
network-connectivity nature of tACS can be a useful tool
once each node within the network has been identified
(Battleday, Muller, Clayton, & Cohen Kadosh, 2014). In
the Jausovec and JausSovec study, however, the authors
placed the return electrode over the right eyebrow
instead of over a brain region that has been identified as
a node within the VWM network, and they still observed
an enhancement effect even though the PPC was not
communicating with other regions. Therefore, our tradi-
tional understanding of the mechanisms behind tACS and
their applications may need to be updated in order to
account for the increasing number of new tACS findings
in VWM. This conceptual update will likely include fac-
tors such as individual difference and variability (Hsu
et al., 2016), inter-electrode distance (e.g., Moliadze,
Antal, & Paulus, 2010), inter-electrode phase differences
(Polania et al., 2012; Tseng et al., 2016), and functional
connectivity that we have mentioned earlier (Ellison
et al., 2014; Yu et al., 2015).

On this note, it is exciting to see that studies have
already begun to combine neuroimaging techniques with
NIBS, which has several unique strengths, as it allows
researchers to (a) look deeper into the mechanisms
behind NIBS in the brain and, most important, (b) inves-
tigate the distal network-like effect of NIBS and therefore
map out the participating nodes, as well as how they
interact with each other, in order to give us a closer look
at the neuronal “teamwork” that’s happening behind the
scenes. One excellent example of such a study was car-
ried out by Ellison and colleagues (2014), who applied
cathodal tDCS over the rPPC (which should decrease
activity in the PPC) and monitored changes in activity in
other participating brain regions such as the frontal eye
fields in the prefrontal cortex. These authors observed
decreased frontal eye field activity even though the cath-
odal electrode was placed over the rPPC, which suggests
functional communication between the PPC and the
frontal eye fields, such that activity in the frontal eye

fields can be altered when information flow from the PPC
is disrupted. Similar activity changes can also be observed
in deeper brain regions that are otherwise hard to stimu-
late with NIBS (e.g., Yu et al., 2015). An interesting direc-
tion for follow-up research would be the use of tACS in
different frequencies to test the “channel” in which pari-
etal-frontal communication occurs. Together, a NIBS-fMRI
approach like this provides a unique opportunity to
investigate regional networks in the brain that were not
available to researchers before. For this reason, we expect
to see an increase in NIBS-neuroimaging studies in the
coming years.

Concluding Remarks

Here we have argued for a unique place for NIBS in cog-
nitive neuroscience because of its advantages in estab-
lishing causality, pinpointing temporal windows, boosting
excitability, and assessing network connectivity. It is
important to reiterate that although NIBS is used to stim-
ulate only one or two brain regions, from there its effect
can propagate toward deeper regions that are otherwise
impossible to stimulate, and the field of VWM has bene-
fited much from these attributes. In this review we have
also focused on NIBS studies that helped clarify the roles
of the PPC in supporting VWM. Because VWM is a col-
lective process that involves different aspects of cognitive
processing (attention, encoding, maintenance, etc.), it is
important to note that the PPC should not be taken as a
do-it-all region that is self-sufficient in sustaining VWM.
Rather, the network behind VWM involves contributions
from the PFC, the frontal eye fields, the PPC, and regions
within the occipital cortex. It is also important to note
that PPC activation is by no means exclusive to VWM
processing. In fact, other NIBS studies of phenomena that
are not related to VWM, such as mathematical processing
or time perception, have also reported a critical role for
PPC activity in their respective domains (for a review, see
Bueti & Walsh, 2009). Therefore, as it is with almost all
brain regions, the function of the PPC likely lies in some-
thing much more fundamental across all cognitive
domains. In this light, Walsh (2003) has proposed “a the-
ory of magnitude” that views the PPC as a magnitude
processor whose job is to track different aspects of mag-
nitudes in the world, be they of space, time, number, or
maybe even music (Kadosh et al., 2008)! Although this
theory assumes that the human brain represents space,
time, and numbers all in some kind of common spatial-
coordinate systems (unbeknownst to our conscious
awareness), this assumption has actually gained a lot of
empirical support in the spatial, temporal, and numerical
literature (Bueti & Walsh, 2009).

To put this back in the context of VWM, perhaps
what’s common across all the studies reviewed above is
the number of spatial locations that need to be
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remembered or tracked in VWM. In all VWM studies, as
memory load increases, so does the number of spatial
locations that need to be tracked. Indeed, one study in
particular by Parra, Della Sala, Logie, and Morcom (2014)
used a similar VWM task but randomized the spatial loca-
tions of every memory object so that the locations were
no longer relevant to the task and should not be encoded
into VWM. With such a design, these authors did not find
the commonly observed activation from the rPPC, a result
that lends support to the magnitude theory of PPC func-
tioning. In this respect, although most VWM studies have
pointed to the rPPC as a key player, it is possible that the
PPC is actually tracking “where” and “how many” while
sending such information to other regions within the net-
work via neural entrainment and functional connectivity,
which can be investigated with various kinds of NIBS
such as rTMS or tACS of a specific frequency. To this end,
the field of cognitive neuroscience is moving toward a
combined NIBS-neuroimaging approach, as many of the
reviewed studies have already done, and with that we
anticipate that the number of NIBS studies and their
impact will only increase as the field progresses.
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