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Visual short-term memory (VSTM) provides an on-line mental space for incoming sensory information to be temporally maintained to
carry out complex behavioral tasks. Despite its essential functions, the capacity at which VSTM could maintain sensory information is
limited (i.e., VSTM can hold only about three to four visual items at once). Moreover, the quality of sensory representation (i.e., precision)
degrades as more information has to be maintained in VSTM. Correlational evidence suggests that the level and the pattern of neural
activity measured in the posterior parietal cortex (PPC) track both VSTM capacity and precision. However, the causal contributions of the
PPC to these different VSTM operations are unclear. Here, we tested whether stimulating the PPC with transcranial direct current
stimulation (tDCS) could increase VSTM capacity or precision. We found that stimulating the PPC in male and female human participants
selectively enhanced VSTM capacity when the number of memory items exceeded capacity limit, without significant effects on VSTM preci-
sion. Moreover, this enhancement of VSTM capacity is region specific as stimulating the prefrontal cortex did not change VSTM capacity or
precision. Null stimulation effects in the sensory memory condition confirmed that the tDCS-induced enhancement of VSTM capacity was not
simply due to changes in sensory or attentional processes. Altogether, these results provide causal evidence suggesting that the PPC has a more
dominant role in supporting the storage capacity of VSTM compared with maintaining the quality of sensory representations. Furthermore,
tDCS could be used as a promising noninvasive method to enhance this PPC VSTM-related function.
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Introduction
Visual short-term memory (VSTM) provides an on-line work-
space for sensory information to be maintained and manipulated

so that humans could carry out complex behavioral tasks at hand
(Baddeley and Hitch, 1974; Cowan, 2001). Despite its essential
functions, VSTM has a severe limit in the storage capacity. For
example, research has demonstrated that humans can only re-
member up to three to four visual items in mind at once (Sper-
ling, 1960; Luck and Vogel, 1997; Cowan, 2001). Importantly, the
storage capacity of VSTM among individuals is highly correlated
with high-order cognitive abilities such as IQ (Conway et al.,
2002; Colom et al., 2008) and academic performance (Swanson,
1994; Alloway and Alloway, 2010). Moreover, VSTM-related
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Significance Statement

Correlational evidence from neuroimaging and electrophysiology suggests that the posterior parietal cortex (PPC) supports the
storage capacity of visual short-term memory (VSTM) and the precision of sensory representations maintained in VSTM. How-
ever, the causal contributions of the PPC to these different VSTM functions were unclear. Here, we found that electrical stimulation
over the PPC selectively enhanced VSTM capacity without changing VSTM precision. Overall, our findings suggest that the PPC has
a dominant and causal role in supporting the storage capacity of VSTM.
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functions decline with age (Gazzaley et al., 2005) and are im-
paired in individuals with neuropsychiatric disorders, such as
schizophrenia and major depression (Lee and Park, 2005; Rose
and Ebmeier, 2006). Thus, finding effective ways to improve
VSTM function is potentially a promising way to enhance learn-
ing abilities and cognitive functions across healthy individuals
and clinical populations.

For the past few decades, there has been converging correla-
tional evidence suggesting that the posterior parietal cortex
(PPC) supports the maintenance of sensory information in
VSTM. Seminal studies using univariate analyses of functional
magnetic resonance imaging (fMRI) and electroencephalogra-
phy (EEG) data have found that the level of PPC activity tracks
the number of items maintained in VSTM and reaches an asymp-
totic level until VSTM is filled (at approximately three to four
items), which is known as the limited capacity level of VTSM
(Todd and Marois, 2004; Vogel and Machizawa, 2004; Xu and
Chun, 2006). Importantly, the levels of PPC activity at these set
sizes precisely predict individual differences in VSTM capacity,
suggesting a tight relationship between the PPC activity and the
storage capacity of VSTM (Vogel and Machizawa, 2004; Fukuda
et al., 2015a,b). Another line of research has also suggested that
the PPC plays a role in preserving the quality of sensory represen-
tations in VSTM (i.e., VSTM precision). Using multivariate anal-
yses of EEG and fMRI data, recent studies have shown that PPC
encodes content-specific sensory representations maintained in
VSTM (Sprague et al., 2014, 2016; Ester et al., 2015; Bettencourt
and Xu, 2016; Galeano Weber et al., 2016, 2017; Yu and Shim,
2017), and the quality of mnemonic contents in the pattern of PPC
activity correlates with the variability of response times and VSTM
precision, obtained behaviorally, across trials and individual subjects
(Bettencourt and Xu, 2016; Galeano Weber et al., 2016).

Together, converging correlational evidence suggests that the
PPC is involved in supporting both VSTM capacity and preci-
sion. However, its causal contributions to these different VSTM
functions are unclear. To investigate this, we applied anodal
transcranial direct current stimulation (tDCS) over the PPC of
human participants before they performed a variant of VSTM
task where they recalled the orientations of memorized visual
items varying in set sizes (two, four, or six items). We simultane-
ously measured VSTM capacity and precision by modeling the
response error distribution (Zhang and Luck, 2008, 2011). To
control for sensory and attentional confounds induced by PPC
stimulation, subjects also encountered sensory memory (SM) tri-
als where the delay period was much shorter than that in VSTM
trials (100 ms in SM vs 1000 ms in VSTM). Across different days,
subjects also received sham stimulation and anodal tDCS over the
dorsolateral prefrontal cortex (DLPFC) to control for placebo
and general excitability effects, respectively. We found that an-
odal PPC tDCS selectively enhanced VSTM capacity (relative to
sham and DLPFC stimulation) when it surpassed the capacity
limit (i.e., set size 6) without changing VSTM precision. There
was no stimulation effect in SM trials, confirming that the PPC
stimulation effect was specific to VSTM function, and not to
changes in sensory or attentional processes. Our results, there-
fore, suggest that the PPC has a dominant and causal role in
supporting the storage capacity of VSTM.

Materials and Methods
Participants. We recruited 20 male and female human adults from the
East China Normal University (ECNU) to participate in the study (14
females, all right handed; mean age, 22.9 � 1.94 years). All participants
had normal or corrected-to-normal vision, no metallic implant, and no
history of any neurological or psychiatric illness. Before their participa-

tion, all subjects provided written informed consent, as required by the
ethics committee at ECNU. The recruitment of 20 subjects is within the
typical range of tDCS studies using similar within-subject designs and
multisession approaches (10 –20 subjects in Tseng et al., 2012; Reinhart
and Woodman, 2014, 2015; Heinen et al., 2016; Reinhart et al., 2016).

Stimuli and tasks. Stimuli were controlled by a 12.5 inch laptop run-
ning MATLAB (R2011b; MathWorks) and the Psychophysics Toolbox
(version 3.0.12; Brainard, 1997; Pelli, 1997). Subjects were seated 60 cm
from the monitor with a gray background of 80 cd/m 2 (refresh rate, 60
Hz; resolution, 1024 � 768; R/G/B, 192/192/192). The experiment was
performed in a noise-isolated room. Figure 1a depicts a schematic of the
experimental paradigm. Each trial started with a stimulus display con-
taining two, four, or six different oriented black bars (visual angle, 2° �
0.3°; luminance, 1 cd/m 2; R/G/B, 0/0/0). Individual bars were presented
at an eccentricity of 6° visual angle and were at least a 2° visual angle apart
from one another. Half of the stimuli was presented on the left, and the
other half was presented on the right hemifield. The orientations of these
stimuli were randomly chosen from 10° to 170° and were at least 10° apart
from one another. The stimulus array was presented for 200 ms followed
by a blank delay for 100 ms for SM trials or 1000 ms for VSTM trials. After
the blank screen, a black circular probe (2° visual angle inner diameters;
0.3° visual angle thickness) appeared at one of the previously presented
stimulus locations. Participants were instructed to report the orientation
of the remembered stimulus at the probed location by clicking on the
black circular probe using a mouse as precisely as possible (on either side
of the bar to produce a virtual bar across the center of the circle). The
location of the probed target was pseudorandomly selected. Intertrial
intervals were jittered from 1000 to 2000 ms.

On the first day, participants completed a practice session with the
VSTM recall task with set size 2 for 50 trials. Then, they received 15 min
of PPC, DLPFC, or sham stimulation. Immediately after stimulation
ended, they completed three blocks of SM and three blocks of VSTM. Set
size was manipulated on a block-by-block basis. Each block consisted of
60 trials. Block order was pseudorandomized within each session. Half of
the subjects started with the SM task, and the other half started with the
VSTM task.

Data analysis. First, we obtained the recall error distribution by calcu-
lating the angular distance between the actual orientation and the re-
ported orientation for each trial. Next, the data were sorted into different
set sizes, memory types, and stimulation protocols. Then, we fit each
response error distribution with the standard mixture model (Zhang and
Luck, 2008) using a maximum likelihood estimation procedure imple-
mented in the MemToolbox in MATLAB (Suchow and Brady, 2013) to
obtain capacity and precision parameters. According to the standard
mixture model, response deviations from the actual orientation reflect a
mixture of trials where the probed bars were remembered and trials
where observers guessed randomly (Fig. 1b). Therefore, the distribution
of recall errors consists of a mixture of a von Mises distribution [the
remembered representation: similar to circular Gaussian distribution
around the correct orientation (SD)] and a uniform distribution [ran-
dom guesses (g)]. Parameter SD is the SD of the von Mises distribution,
which represents the width of the recall error distribution of trials that the
probed item was remembered. Memory precision is an inverse of SD
(SD �1). Parameter g is the height of the uniform distribution represent-
ing the guessing probability, which can be used to calculate the probabil-
ity at which the probed item was remembered in memory (Pm � 1 � g).
Memory capacity ( K) was then obtained from multiplying Pm with set
size. Note that we chose the standard mixture model over the swap model
(Bays and Husain, 2008) because the Akaike information criterion (AIC)
indicated better fits for the standard mixture over the swap models in 18
of 20 subjects and in 85% of all experimental conditions. Moreover, the
Bayesian information criterion (BIC) indicated that the standard mix-
ture model provided better fits for every subject and in 92% of all condi-
tions. The AIC and BIC values of each participant in all conditions are
listed in Tables 1 and 2.

tDCS setup. tDCS was delivered by a battery-driven constant current
stimulator (Eldith, NeuroCon) using a pair of rubber electrodes in a 5 �
7 cm 2 saline-soaked synthetic sponge. Individual subjects underwent
PPC stimulation, DLPFC stimulation, and sham stimulation on 3 differ-
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Figure 1. Experimental procedure. a, Schematic diagrams of the SM and VSTM continuous recall task. The delay intervals of SM and VSTM trials are 100 and 1000 ms, respectively. The unfilled
bar in the probe circle will not appear in the real task, it is an illustration. b, Standard mixture model of performance. The solid black line comprises a mixture of two kinds of trials: trials where items
are remembered in memory and trials where items are not remembered in memory. Parameter g represents the height of the uniform distribution, and SD illustrates the width of recall error
distribution in memory. c, Current density distributions for anodal PPC tDCS (top) and anodal DLPFC tDCS (bottom). The left panels show electrode locations on the scalp surface and the contralateral
cheek as well as cortical current density distributions from a front view. The right panels show cortical current density distributions from an overhead view. L, Left; R, right; A, anterior; P, posterior;
ITI, intertrial interval.

Table 1. The difference in AIC values obtained from the standard mixture model and the swap model, the lower AIC values represent better model fit

AIC (SMM-SWM) par01 par02 par03 par04 par05 par06 par07 par08 par09 par10 par11 par12 par13 par14 par15 par16 par17 par18 par19 par20

WM

Sham

Set size 2 �2.00 �2.05 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.16 �2.00 �2.00 �2.00 �2.04 �2.23 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00

Set size 4 �2.05 0.17 �0.49 �1.36 �1.71 0.27 �1.68 7.33 1.67 4.95 �2.00 �2.00 �1.36 �2.00 �2.00 4.02 �2.07 0.04 �1.29 0.62

Set size6 2.79 �2.00 0.70 �2.00 �2.00 �2.00 �2.22 �2.00 �0.97 �2.00 �2.00 �2.00 �2.07 �2.06 �2.00 �2.00 �1.92 �1.84 �1.49 �0.14

PPC

Set size2 �3.94 �2.04 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00

Set size4 �2.31 �0.02 �2.00 �2.00 �2.02 �2.00 3.73 1.26 �1.23 �1.70 �2.00 �2.00 1.38 �1.53 �0.73 12.21 �2.00 �0.55 �2.11 �2.00

Set size6 �2.00 3.86 �1.96 �2.02 4.46 �2.00 6.30 �2.00 �2.02 �2.16 �1.82 �2.00 �2.00 �2.00 �2.12 �2.00 �2.00 �1.99 0.41 �2.00

DLPFC

Set size2 �2.00 �2.04 �2.01 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.03 �2.00 �2.00 �2.00 �2.01 �2.10 �2.03 �5.82 �2.00

Set size4 �2.00 �2.00 1.59 �1.24 1.40 �1.94 0.50 �0.16 �2.00 �2.00 6.60 �1.65 �2.00 �2.00 �1.77 �1.83 �2.10 �2.00 �1.24 8.46

Set size6 �2.00 �1.12 �1.92 �2.05 �2.00 �1.02 �2.02 �2.02 �1.98 �2.00 �2.00 �1.62 �1.86 �0.53 �2.00 �2.00 �2.00 �0.43 �1.89 �1.03

SM

Sham

Set size2 �2.06 �2.00 �2.00 �2.03 �2.02 �2.00 �2.00 �2.00 �2.01 �2.00 �2.00 �2.07 �2.00 �2.00 �2.43 �2.00 �2.00 �2.00 �2.00 �2.00

Set size4 �1.10 11.11 5.19 �0.99 �2.00 �2.02 0.62 �0.77 �2.00 5.79 0.80 8.77 2.16 �1.18 �2.00 �2.00 �2.01 �2.00 �1.84 �2.00

Set size6 �2.00 �5.37 �1.95 �2.00 �2.00 0.34 2.97 �1.56 �2.00 �2.03 �2.94 �1.36 �2.00 �1.78 �2.00 �0.61 �2.00 �2.00 �2.00 �2.00

PPC

Set size2 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �0.62 �2.09 �2.00 �2.00 �2.00 �2.05 �2.24 �2.00 �2.00 �2.00 �2.37 �2.00

Set size4 �2.00 �0.27 �2.00 3.55 �0.65 �2.00 0.78 8.67 �2.00 �2.00 �1.10 7.34 �1.65 �2.00 �2.00 �2.00 �2.00 �1.31 �2.00 1.16

Set size6 �1.96 �2.00 �2.00 �2.01 �2.00 �2.00 2.38 1.74 �2.00 �0.55 �2.00 �2.00 �1.47 �2.04 �1.67 �2.00 �2.00 �2.00 0.90 �0.52

DLPFC

Set size2 �2.00 �2.35 �2.01 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.03 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00 �2.00

Set size4 �1.74 20.28 �1.35 �2.00 �2.00 �2.01 2.23 �1.97 �2.00 6.44 �2.00 �0.76 �1.03 0.09 6.34 �1.96 �2.00 �1.08 1.19 17.13

Set size6 �2.00 4.26 �2.00 �2.00 �1.77 �1.81 �2.00 �2.00 �0.45 4.56 �2.01 0.12 �2.00 �2.00 �2.00 �1.73 �1.93 6.62 �1.79 0.02

SMM, Standard mixture model; SWM, swap model.
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ent days, separated by at least 48 h to minimize potential carryover effects
related to repeated exposure to brain stimulation. The order of stimula-
tion types was counterbalanced across participants. For PPC stimulation,
the anodal electrode was placed over P4 according to the International
10 –20 system for EEG electrode placement, and the reference electrode
was placed over the left cheek (Tseng et al., 2012; Xue et al., 2012; Hsu et
al., 2014; Li et al., 2017). Here, we took the right hemisphere as our
stimulation site because existing studies have found that the right hemi-
sphere is more dominant in VSTM than the left hemisphere (Vogel et al.,
2003; Owen et al., 2005; Habekost and Rostrup, 2007; van der Ham et al.,
2009; Fukuda et al., 2015a). For DLPFC stimulation, the anodal electrode
was placed over F3 and the reference electrode was placed over the right
cheek (Fregni et al., 2005; Ohn et al., 2008; Elmer et al., 2009; Jo et al.,
2009; Zaehle et al., 2011). We used DLPFC as a control site to exclude
potential confounds from general excitability changes from tDCS. Dur-
ing PPC and DLPFC stimulation, a constant current of 2.0 mA was
applied continuously for 15 min, with a linear fade in and fade out of 20 s.
For sham condition, the electrode placement was either the same as PPC
stimulation in half of the subjects or the same as DLPFC stimulation in
the other half. Unlike the actual stimulation protocol, the duration of
sham stimulation lasted for 30 s from the initial time of the stimulation.
This ensured that in the sham condition participants experienced a sim-
ilar itching feeling that receded over the first few seconds of active stim-
ulation.

Experimental design and statistical analysis. The experiment was a
within-subject design of the following three factors: memory tasks (SM/
VSTM), set size conditions (2/4/6), and stimulation conditions (sham/
PPC/DLPFC). All statistical tests on the capacity and precision
parameters were performed in SPSS version 19.0 (IBM). Two partici-
pants were excluded from the following analyses due to their poor per-
formance in VSTM set size 6 (�2.5 SDs from all participants). Note that
the statistical results were qualitatively similar without excluding these
two subjects. First, we performed two-way repeated-measures ANOVAs
with within-subject factors of memory tasks (SM/VSTM) and set size
conditions (2/4/6) on the capacity and precision parameters. Then, we
performed one-way repeated-measures ANOVAs with a within-subject
factor of set size separately for the SM and VSTM tasks. Post hoc paired t
tests were then performed to test parameter differences between set sizes
2 and 4, 2 and 6, and 4 and 6 for each memory task, and multiple com-
parisons were corrected using the Bonferroni method.

To examine the effects of PPC and DLPFC stimulation on the capacity
and precision parameters, we first subtracted the parameters from the
sham condition of those obtained from the active stimulation (PPC and
DLPFC stimulation) separately for each set size and memory task. Then,
we used paired t tests to compare these normalized values against zeroes,
and multiple comparisons were corrected using the Bonferroni method
(the threshold was set as 0.0083, which was the quotient of 0.05 divided
by 6). To test the main effects of stimulated regions and set size as well as
their interaction on these normalized parameters, we used two-way
repeated-measures ANOVAs with within-subject factors of stimulated
regions (PPC/DLPFC) and set size (2/4/6). Since we found a selective
enhancement of the VSTM capacity parameter at set size 6 with PPC
stimulation, a followed-up pairwise t test was performed to officially
examine whether this enhancement was statistically higher than the effect
of DLPFC stimulation at this set size. Another followed-up t test was also
performed to test whether this capacity enhancement was higher than the
normalized capacity value in the SM task. The effect sizes for all ANOVAs
and t test results were also reported as �p

2 and Cohen’s d, respectively.
In addition, we also estimated the statistical power with the sample size

of current study using G*Power analysis (Faul et al., 2009). With a sample
size of 18 and an effect size of 1.028 for the t test between VSTM capacity
in set size 6 condition after sham and PPC tDCS stimulation (t(17) �
4.291, p � 0.001, Cohen’s d � 1.028; see Results), if the probability of
type I error (�) is set as 0.05, we could reject the null hypothesis with
probability (power, 1 � �) of 0.984, which means that the statistical
power of the sample size in the present study is reasonably high.

Current–flow model. To visualize the current density distributions of
our tDCS protocols, we used an open-source MATLAB-based toolbox,
COMETS (computation of electric field due to transcranial current stim-
ulation; the toolbox package is freely available at http://www.cometstool.
com) to simulate local electric fields. COMETS has been previously used
to investigate inconsistent outcomes of tDCS that may depend on ana-
tomical differences (Kim et al., 2014) and to model the effect of electrode
displacement on tDCS (Ramaraju et al., 2018).

The head model used in this simulation was extracted from standard
Montreal Neurological Institute brain atlas (Collins et al., 1994). It uses a
three-layer boundary element method consisting of the scalp, skull
boundaries, and CSF, as well as a cortical surface model extracted from
MRI T1 images of standard brain atlas via CURRY6. Conductivity values
for the scalp, skull, and CSF were set as 0.22, 0.014, and 1.79 S/m, respec-

Table 2. The difference in BIC values obtained from the standard mixture model and the swap model, the lower BIC values represent better model fit

BIC (SMM-SWM) par01 par02 par03 par04 par05 par06 par07 par08 par09 par10 par11 par12 par13 par14 par15 par16 par17 par18 par19 par20

WM

Sham

Set size 2 �4.09 �4.14 �4.09 �4.09 �4.09 �4.10 �4.09 �4.09 �4.26 �4.09 �4.09 �4.09 �4.13 �4.32 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09

Set size 4 �4.14 �1.92 �2.58 �3.45 �3.80 �1.83 �3.78 5.23 �0.42 2.86 �4.09 �4.09 �3.46 �4.10 �4.09 1.93 �4.17 �2.05 �3.39 �1.48

Set size 6 0.70 �4.09 �1.40 �4.10 �4.09 �4.10 �4.31 �4.10 �3.07 �4.09 �4.09 �4.09 �4.16 �4.15 �4.09 �4.09 �4.01 �3.94 �3.58 �2.23

PPC

Set size 2 �6.03 �4.14 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.10 �4.09 �4.10 �4.09 �4.09 �4.09 �4.09 �4.09

Set size 4 �4.41 �2.11 �4.09 �4.09 �4.11 �4.09 1.64 �0.83 �3.33 �3.79 �4.10 �4.10 �0.71 �3.62 �2.83 10.12 �4.09 �2.65 �4.20 �4.10

Set size 6 �4.09 1.77 �4.05 �4.11 2.37 �4.09 4.20 �4.09 �4.12 �4.26 �3.91 �4.09 �4.10 �4.09 �4.22 �4.09 �4.10 �4.08 �1.68 �4.09

DLPFC

Set size 2 �4.09 �4.13 �4.10 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.12 �4.09 �4.09 �4.09 �4.10 �4.20 �4.12 �7.92 �4.09

Set size 4 �4.10 �4.09 �0.50 �3.34 �0.70 �4.04 �1.59 �2.26 �4.09 �4.09 4.50 �3.75 �4.09 �4.09 �3.87 �3.93 �4.19 �4.09 �3.33 6.37

Set size 6 �4.09 �3.21 �4.02 �4.14 �4.09 �3.11 �4.12 �4.12 �4.08 �4.09 �4.09 �3.71 �3.96 �2.62 �4.09 �4.09 �4.10 �2.52 �3.99 �3.12

SM

Sham

Set size 2 �4.15 �4.10 �4.09 �4.12 �4.11 �4.09 �4.09 �4.09 �4.11 �4.09 �4.09 �4.16 �4.09 �4.09 �4.52 �4.09 �4.09 �4.09 �4.09 �4.09

Set size 4 �3.20 9.02 3.10 �3.08 �4.09 �4.11 �1.48 �2.87 �4.10 3.70 �1.30 6.67 0.07 �3.27 �4.09 �4.10 �4.10 �4.09 �3.93 �4.09

Set size 6 �4.09 �7.46 �4.05 �4.10 �4.09 �1.75 0.88 �3.65 �4.10 �4.13 �5.03 �3.45 �4.09 �3.88 �4.09 �2.71 �4.09 �4.09 �4.09 �4.09

PPC

Set size 2 �4.09 �4.09 �4.09 �4.09 �4.10 �4.09 �4.09 �4.09 �2.72 �4.19 �4.09 �4.10 �4.09 �4.14 �4.33 �4.09 �4.09 �4.10 �4.47 �4.09

Set size 4 �4.09 �2.36 �4.09 1.46 �2.74 �4.09 �1.31 6.57 �4.10 �4.09 �3.20 5.24 �3.74 �4.09 �4.09 �4.10 �4.09 �3.40 �4.09 �0.93

Set size 6 �4.05 �4.09 �4.09 �4.10 �4.09 �4.09 0.28 �0.35 �4.09 �2.64 �4.09 �4.09 �3.57 �4.13 �3.77 �4.09 �4.09 �4.09 �1.20 �2.61

DLPFC

Set size 2 �4.09 �4.44 �4.10 �4.09 �4.09 �4.09 �4.10 �4.09 �4.10 �4.12 �4.09 �4.10 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09 �4.09

Set size 4 �3.84 18.19 �3.44 �4.09 �4.09 �4.10 0.14 �4.07 �4.10 4.35 �4.09 �2.85 �3.13 �2.00 4.24 �4.06 �4.09 �3.18 �0.90 15.04

Set size 6 �4.10 2.16 �4.09 �4.10 �3.87 �3.91 �4.10 �4.09 �2.54 2.47 �4.11 �1.97 �4.10 �4.09 �4.09 �3.83 �4.03 4.52 �3.88 �2.08

SMM, Standard mixture model; SWM, swap model.
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tively (Haueisen et al., 1997). After setting the bipolar electrode config-
urations (position, size, and intensity) on the head model, a 3D finite
element modeling based on electrostatic Laplace equation was adopted
to analyze the current density inside the human head produced by tDCS
(Jung et al., 2013).

Results
Set size effects on capacity and precision parameters
To examine set size effects on capacity and precision parameters
across the SM and VSTM tasks, we used two-way repeated-
measures ANOVAs with within-subject factors of set size (2/4/6)
and task (SM/VSTM) on the parameters obtained from the sham
condition. For the capacity parameter (K), the set size effect was
significant (F(2,34) � 64.085, p � 0.001, �p

2 � 0.790). However,
there were no task effects (F(1,17) � 0.002, p � 0.968, �p

2 � 0.000)
and no interactions between task and set size (F(2,34) � 1.288, p �
0.289, �p

2 � 0.070). Follow-up one-way repeated-measures
ANOVAs revealed that there were significant set size effects in
both SM (F(2,34) � 35.982, p � 0.000, �p

2 � 0.679) and VSTM
(F(2,34) � 57.727, p � 0.000, �p

2 � 0.773). Post hoc pairwise t tests
showed that the significant set size effect in SM was driven by
differences between set sizes 2 and 4 (t(17) � �9.111, p � 0.001,
Cohen’s d � 3.071), between set sizes 2 and 6 (t(17) � �6.695, p �
0.001, Cohen’s d � 2.271), and between set sizes 4 and 6 (t(17) �
�2.965, p � 0.026, Cohen’s d � 0.766). All significant effects
passed Bonferroni-corrected thresholds (see Materials and Meth-
ods). On the other hand, the significant set size effect in VSTM
was driven only by differences between set sizes 2 and 4 (t(17) �
�16.627, p � 0.000, Cohen’s d � 5.681) and between set sizes 2
and 6 (t(17) � �8.303, p � 0.000, Cohen’s d � 2.791), but without
any difference between set sizes 4 and 6 (t(17) � �1.841, p �
0.249, Cohen’s d � 0.534; Fig. 2a). All reported significant effects
passed Bonferroni-corrected thresholds. The null-capacity effect
between set sizes 4 and 6 in VSTM is consistent with those of

several past studies, showing that VSTM capacity reaches a pla-
teau after memory load exceeds three to four items (Luck and
Vogel, 1997; Todd and Marois, 2004, 2005; Vogel and
Machizawa, 2004; Xu and Chun, 2006; McCollough et al., 2007).

For the precision parameter (SD�1), the set size effect was
significant (F(2,34) � 8.996, p � 0.001, �p

2 � 0.346). There were
no task effects (F(1,17) � 2.002, p � 0.175, �p

2 � 0.105), and no
interaction between task and set size (F(2,34) � 1.048, p � 0.362,
�p

2 � 0.058). Follow-up one-way repeated-measures ANOVAs
revealed that the set size effects were significant for both SM tasks
(F(2,34) � 4.920, p � 0.013, �p

2 � 0.224) and VSTM tasks (F(2,34) �
5.731, p � 0.007, �p

2 � 0.252). Post hoc pairwise t tests showed
that the significant set size effect in the SM task was driven by
differences between set sizes 2 and 6 (t(17) � 2.929, p � 0.028,
Cohen’s d � 0.820), without any difference between set sizes 2
and 4 (t(17) � 2.139, p � 0.142, Cohen’s d � 0.632), and between
set sizes 4 and 6 (t(17) � 0.920, p � 1.000, Cohen’s d � 0.205). All
significant effects passed Bonferroni-corrected thresholds. Dif-
ferent from SM, the significant set size effect in VSTM was driven
by differences between set sizes 2 and 4 (t(17) � 4.077, p � 0.002,
Cohen’s d � 0.926), without any difference between set sizes 2
and 6 (t(17) � 1.977, p � 0.194, Cohen’s d � 0.573), and between
set sizes 4 and 6 (t(17) � �1.041, p � 0.937, Cohen’s d � 0.241;
Fig. 2b).

tDCS over PPC selectively enhanced VTSM capacity
As an initial step to examine tDCS effects on memory capacity
and precision, we subtracted the capacity and precision parame-
ters in the sham condition from those in the active stimulation
condition. This subtraction method yielded normalized capacity
and precision measures, which were then compared against ze-
roes using pairwise t tests for each set size condition (2/4/6) and
stimulated region (PPC/DLPFC) separately for the SM and
VSTM tasks (Fig. 3).

For SM, we did not observe any significant tDCS effect on the
normalized capacity value for any set size or stimulated region
(t value range, �2.151 to 0.329; p value range, 0.046 – 0.912
(which did not pass the Bonferroni-corrected threshold of
0.0083); Cohen’s d range, 0.036 – 0.620). Consistent with this re-
sult, a two-way repeated-measures ANOVA showed no signifi-
cant main effects of set size (F(2,34) � 0.665, p � 0.521, �p

2 �
0.038) and stimulated regions (F(1,17) � 1.758, p � 0.202, �p

2 �
0.094) and no interaction between the two factors on the normal-
ized capacity value (F(2,34) � 1.271, p � 0.294, �p

2 � 0.070).
Similarly, for the normalized precision value, there was no signif-
icant tDCS effect compared to zeroes for any set size or stimu-
lated region (t value range, �0.698 to 1.165; p value range, 0.260 –
0.872; Cohen’s d range, 0.189–0.324). A two-way repeated-
measures ANOVA also showed no significant main effects of set size
(F(2,34) � 0.398, p � 0.675, �p

2 � 0.023) and stimulated regions
(F(1,17) � 0.000, p � 0.996, �p

2 � 0.000), and no interaction be-
tween the two factors on the normalized precision value (F(2,34) �
0.473, p � 0.627, �p

2 � 0.027).
Unlike the SM task, we found that tDCS over the PPC en-

hanced the normalized capacity value compared to zeroes in the
VSTM task. However, the enhancement was observed only at set size
6 [t(17) � 4.291, p � 0.001 (passing the Bonferroni-corrected
threshold of 0.0083), Cohen’s d � 1.028] but not at lower set sizes
(set size 2: t(17) � 0.855, p � 0.405, Cohen’s d � 0.293; set size 4:
t(17) � �0.909, p � 0.376, Cohen’s d � 0.221). No significant
tDCS effect was found with DLPFC stimulation at any set size
(t value range, �1.617 to 0.503; p value range, 0.124–0.821; Cohen’s
d range, 0.078–0.409). Consistent with these results, a two-way

0

1

2

3

4

5

6

C
a

p
a

ci
ty

 (
K

)

0.00

0.02

0.04

0.06

0.08

P
re

ci
si

o
n 

(S
D

-1
)

Set size 2
Set size 4
Set size 6

SM VSTM 

a

b

SM VSTM 

Sham

***
*** *

***
***

**
*

Figure 2. Set size effects on capacity and precision parameters. a, Mean capacity values in
the sham condition. b, Mean precision values in the sham stimulation. Error bars indicate the
SEM. Asterisks indicate the significant differences between set sizes with Bonferroni correction:
*p � 0.05, **p � 0.01, and ***p � 0.001.

532 • J. Neurosci., January 16, 2019 • 39(3):528 –536 Wang, Itthipuripat et al. • Stimulating Parietal Cortex Enhances VSTM Capacity



repeated-measures ANOVA showed significant main effects of
set size (F(2,34) � 5.002, p � 0.012, �p

2 � 0.227) and stimulated
region (F(1,17) � 6.482, p � 0.021, �p

2 � 0.276) and a significant
interaction between the two factors on the normalized capacity
value in the VSTM task (F(2,34) � 6.089, p � 0.005, �p

2 � 0.264).
Last, a followed-up pairwise t test revealed that the normalized
capacity value from PPC stimulation was significantly higher
than the normalized capacity from DLPFC stimulation at set size
6 (t(17) � 2.846, p � 0.011, Cohen’s d � 0.711). Another
followed-up t test also showed that the normalized capacity value
from PPC stimulation at this set size was also significantly higher
in the VSTM task than that in the SM task (t(17) � 2.231, p �
0.039, Cohen’s d � 0.668). Altogether, these follow-up compar-
isons confirm that the enhanced memory capacity via tDCS was
specific to PPC (not DLPFC) stimulation and VSTM (not SM)
function. To further explore the individual variability of tDCS
effects, we showed the data of each subject in Figure 4. After the
PPC stimulation, 15 of 18 subjects showed increased VSTM ca-
pacity at set size 6 and all the increments were �13%, leading to
a significant enhancement effect. In contrast, the DLPFC stimu-
lation effect was more variable across subjects. Eight subjects
showed increased VSTM capacity, while the other 10 showed
decreased capacity with DLPFC stimulation. Overall, these re-
sults suggest that the PPC tDCS effect on VSTM capacity was
robust and highly consistent among individuals.

Unlike the capacity results, we observed no enhancement in
the normalized precision parameter at any set size or with any
stimulated region compared with zeroes in the VSTM task
[t value range, �2.440 to 0.943; p value range, 0.026 – 0.919

(which did not pass the Bonferroni-
corrected threshold of 0.0083); Cohen’s d
range, 0.015– 0.628]. The precision value
at set size 6 was slightly reduced with PPC
stimulation, but the effect did not pass the
corrected threshold (t(17) � �2.440, p �
0.026, Cohen’s d � 0.628). A two-way
repeated-measures ANOVA showed no
significant main effect of set size (F(2,34) �
1.929, p � 0.161, �p

2 � 0.102), no main
effect of stimulated region (F(1,17) �
3.547, p � 0.077, �p

2 � 0.173), and no
interaction between the two factors on the
normalized precision value (F(2,34) � 0.990,
p � 0.382, �p

2 � 0.055).

Discussion
The present study tested the causal roles of
the PPC in supporting VSTM capacity
and precision, measured simultaneously
with the VSTM recall task using the stan-
dard mixture model (Zhang and Luck,
2008). We found that anodal tDCS stim-
ulation over the PPC selectively enhanced
VSTM capacity at the highest load (set size
6) compared with sham and DLPFC stim-
ulation, without significantly increasing
VTSM precision. Overall, the results sug-
gest that the PPC may have a relatively
dominant and causal role in supporting
the storage capacity of VSTM compared
with its role in preserving the quality of
the sensory representation hold in VSTM.

Critically, in the present study we used
the SM task to control for potential sen-

sory and attentional effects from PPC stimulation (Sparing et al.,
2009; Loftus and Nicholls, 2012; Roy et al., 2015; Reinhart et al.,
2016), which were not controlled for and were a major concern in
previous tDCS studies (Tseng et al., 2012; Heinen et al., 2016; Li et
al., 2017). Since there were no tDCS effects on the capacity and
precision measurements in the SM, the PPC stimulation effect
observed in the VSTM task could not be due to sensory or atten-
tional confounds. The null effect of DLPFC stimulation also en-
sures that the observed capacity change with PPC stimulation is
not due to global excitability changes with tDCS. Interestingly,
recent studies have shown that applying anodal tDCS over the left
DLPFC could enhance behavioral performance during verbal
working memory (WM) tasks (Fregni et al., 2005; Ohn et al.,
2008; Andrews et al., 2011). Together, the results from these stud-
ies and our present study provide causal evidence suggesting dif-
ferential roles of the PPC and the DLPFC in supporting the active
maintenance of visual and verbal information, respectively, as
suggested by classic theories that make distinctions between the
visual sketchpad and the phonological loop of working memory
(Baddeley and Hitch, 1974; Smith et al., 1996; also see McCarthy
et al., 1996; Wager and Smith, 2003; Walter et al., 2003).

Converging correlational evidence from fMRI and EEG stud-
ies suggests that regions within the PPC might play essential roles
both in supporting the capacity storage of VSTM and in preserv-
ing the quality of sensory representations hold in VSTM (Todd
and Marois, 2004; Vogel and Machizawa, 2004; Xu and Chun,
2006; Sprague et al., 2014, 2016; Ester et al., 2015; Fukuda et al.,
2015a,b; Bettencourt and Xu, 2016; Galeano Weber et al., 2016,
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2017; Yu and Shim, 2017). However, our tDCS results showed
that stimulating the PPC could only enhance the capacity of
VSTM, but it was not sufficient to increase the precision of
VSTM. The null effect of PPC stimulation on the precision pa-
rameter is consistent with the observation that brain regions
other than the PPC, such as occipital and frontal cortices, also
encode sensory representations during the maintenance period
of VSTM (Harrison and Tong, 2009; Serences et al., 2009; Ester et
al., 2013, 2015; Sprague et al., 2014, 2016; Bettencourt and Xu,
2016; Galeano Weber et al., 2017). In contrast to this null PPC
stimulation effect, a recent study has shown that stimulating early
visual areas using transcranial magnetic stimulation (TMS) could
induce changes in VTSM precision (Rademaker et al., 2017). Dif-
ferential effects of stimulating the PPC and visual cortex found
across our present study and the recent TMS study suggest that
these two brain areas may serve differential VSTM functions, as
has actively debated in the WM literature (Ester et al., 2015, 2016;

but see Bettencourt and Xu, 2016; Leavitt et al., 2017; Xu, 2017,
2018; Gayet et al., 2018; Scimeca et al., 2018). Specifically, the
PPC may have a more dominant role in providing the storage for
discrete items in VSTM, but the occipital cortex is relatively bet-
ter at preserving the quality of sensory representations necessary
for behavioral tasks where subjects have to remember and recall
fine-grained details of visual stimuli.

Since tDCS allows the flow of tonic direct current to pass
through the cortical tissue, the anodal stimulation should depo-
larize resting membrane potentials of neurons within the PPC, as
shown in the current density distribution model in Figure 1c.
Accordingly, this depolarization should increase the neuronal
excitability within this cortical region via voltage-dependent ion
channels (Nitsche and Paulus, 2000, 2001; Nitsche et al., 2003; for
review, see Polanía et al., 2018). Because we stimulated the PPC
over 15 min, this stimulation protocol should also lead to changes
in synaptic plasticity regulated by NMDA glutamatergic and
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GABAergic receptors, and this could produce a long-lasting neu-
ronal excitability effect over hours (Nitsche et al., 2003; Stagg et
al., 2009; for review, see Polanía et al., 2018). These neuronal
changes could, in turn, improve the excitability of the PPC during
the VSTM task, hence increasing the maximum number of ob-
jects that can be maintained in VSTM. Future studies could use
similar behavioral and modeling approaches in combination
with neurobiological assessments (e.g., fMRI and EEG) to test the
hypothesis we raised here.

In conclusion, we found that anodal tDCS over PPC selec-
tively improved VSTM capacity without changes in VSTM pre-
cision or SM function. These results provide causal evidence
suggesting that the PPC has a more dominant role in supporting
the storage capacity of VSTM rather than maintaining the quality
of sensory representations. Furthermore, tDCS could be used as a
promising noninvasive method to enhance VSTM function.
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