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ABSTRACT

Mixed results of the impact of transcranial direct current stimulation (tDCS) on working
memory have been reported. Contrarily to previous studies who focused mainly on
stimulating the dorsolateral prefrontal cortex, we modulated the left intraparietal
sulcus (IPS) area which is considered to support attentional control aspects of working
memory. Using a within-participant experimental design, participants completed
three different conditions: anodal stimulation of the IPS, cathodal stimulation of
the IPS, and sham stimulation of the IPS. Both visual and verbal working memory
tasks were administered. In the visual task, participants had to memorize a random
set of colored figures. In the verbal task, participants had to memorize a string of
letters. Working memory load was manipulated in both tasks (six figures/letters vs.
two figures/letters). No significant differences in accuracy or reaction time between
the anodal, cathodal and sham conditions were found. Bayesian analysis supported
evidence for an absence of effect. The results of the present study add to the growing
body of contradictory evidence regarding the modulatory effects of single session
tDCS on working memory performance.
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INTRODUCTION

Working memory (WM) involves a number of cognitive
processes that allow us to keep active a limited amount
of information for a brief period of time. It is a crucial
ability for decision-making and reasoning (Diamond,
2013). WM capacity starts decreasing relatively early into
adulthood (Park et al, 2002) and is frequently impaired
after brain injury (Dunning, Westage, & Adam, 2016), in
the context of developmental and psychiatric disorders
(Kofler et al, 2018; Barch & Ceaser, 2012) or as a result of
stress (Kim, Woo, & Woo, 2017).

Many studies have therefore tried to determine if
WM capacity could be trained or enhanced, with highly
variable degrees of success as regards both behavioral and
neural stimulation techniques (Melby-Lervag & Hulme,
2013; Soveri et al, 2016). One of the neural stimulation
techniques that is commonly used is transcranial direct
current stimulation (tDCS). tDCS consists in the application
of two sponge electrodes soaked in saline to the head
through which a weak current (0.5-2 mA) is passed. After
a few minutes of stimulation, the spontaneous neuronal
activity in the cortex areas underlying the stimulations
zones s either enhanced (anodal stimulation) or inhibited
(cathodal stimulation) (Nitsche & Paulus, 2000). Anodal
stimulation has mostly been used to increase behavioral
performance while cathodal stimulation has been used
to impair it. Stimulation effects have been shown to
persist for a brief time even after stimulation has stopped
(Kuo et al, 2013).

tDCS AND WM

Over the last fifteen years, a lot of studies have tried to use
tDCS to improve WM. A number of these studies reported
positive effects. A first study by Marshall, Mélle, Siebner,
and Born (2005) applied anodal and cathodal tDCS
bilaterally on the dorsolateral prefrontal cortex (DLPFC)
while the participants performed a modified Sternberg
task. The stimulation was performed intermittently (15
secon/15 sec off) for 15 minutes at a low current strength
of 260 pA. The authors found anincrease in reaction time
for both anodal and cathodal stimulation compared to
sham, suggesting that tDCS influences neural processing
of response selection and preparation. Soon after, Fregni
et al. (2005) showed that anodal stimulation of the left
DLPFC during a three-back task led to an increase in
performance in terms of accuracy compared to sham
stimulation while cathodal stimulation of the DLPFC and
anodal stimulation of the primary motor cortex showed
no differences.

Since then, some studies replicated these findings
(Katsoulaki, Kastrinis, & Tsekoura, 2017 for a review) while
others failed to report any significant effects of tDCS on
WM performance (Robison, McGuirk, & Unsworth, 2017,
Wang, Wen, & Li, 2018). More particularly, in a study
consisting of four training sessions coupled with anodal
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tDCS over the DLPFC, Ruf, Fallgatter, and Plewnia (2017)
showed significant improvement of WM performance on
an N-back task. Moreover, this improvement appeared
to be transferable to similar, untrained tasks, and to
be long-lasting since an effect could still be objectified
nine months after the training. Similar results have also
been obtained by Au and colleagues (2016) showing that
tDCS-related gains lasted for several months after seven
training sessions. In addition, Bogdanov and Schwabe
(2016) showed that anodal tDCS over the DLPFC could
also significantly reduce the disruptive effect of stress
on WM, and Brunyé, Moran, Holmes, Mahoney, and
Taylor (2017) showed that anodal tDCS of the right
fusiform gyrus could increase WM performance for face
recognition but not for non-face objects (houses). On the
other hand, quite a few studies revealed no significant
effect of tDCS on WM. For instance, Nikolin, Martin, Loo,
and Boonstra (2018) compared five groups of twenty
subjects stimulated at five different intensities (2 mA,
1 mA, 0.034 mA, 0.016 mA and 0 mA) on the DLPFC
and found no differences in performance between the
groups in a visual 3-back WM task. Similarly, Robison
and colleagues (2017) reported that stimulation of the
prefrontal cortex and the posterior parietal cortex did not
induce any significant differences in WM performance.
Likewise, Nilsson, Lebedev, Rydstrom, and Lévdén (2017)
did not observe any significant differences after twenty
sessions of behavioral WM training coupled with anodal
tDCS of the DLPFC.

Overall, most recent meta-analyses indicate
the absence of reliable evidence for tDCS-related
improvement of WM (Horvath, Forte, & Carter, 2015;
Medina & Cason, 2017) or they indicate only very small
effects (Hill, Fitzgerald, & Hoy, 2016; Mancuso, Ilieva,
Hamilton, & Farah, 2016). Horvath and colleagues
(2015) pooled together all cognitive outcome measures
published in the literature and studied in healthy adult
populations by at least two different research groups.
They conducted 59 different analyses and not a single
one of those showed a significant effect of the tDCS
stimulation. Mancuso and colleagues (2016) focused
their meta-analysis on studies assessing the effects of
anodal stimulation of the right and left DLPFC and the
right parietal lobe, as well as of the left DLPFC coupled
with WM training. The only significant (albeit small) result
reported by their meta-analysis was an improvement of
WM performance following the left DLPFC stimulation
coupled with WM training. Hill and colleagues (2016)
investigated the effects of anodal tDCS on a variety of
WM tasks and found a small but significant effect on
reaction time (as well as a trend on accuracy) for offline
tDCS. No effects were found for online tDCS. Medina
and Cason (2017) used a meta-analytic tool developed
by Simonsohn and colleagues (2014) for examining
the distribution of published p-values as a function of
expected distributions according to different effect sizes
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in the studies that Mancuso and colleagues (2016) had
examined. By conducting this p-curve analysis they
found no evidence that tDCS studies were associated
with meaningful and significant effects.

ALTERNATIVE APPROACHES OF tDCS ON WM
Two conclusions can be drawn in the light of the literature
reviewed so far: Either the effects of tDCS on WM are
very small (or non-existent), and therefore difficult to
obtain and replicate, or tDCS has an effect but it depends
on specific stimulation and task parameters that are
currently unknown. The aim of the present study was to
examine the second possibility, by using a theoretically
and empirically informed stimulation approach of WM,
based on recent developments in our knowledge about
the cognitive and neural processes supporting both
verbal and visuo-spatial WM.

Current theories of WM are placing strong emphasis on
the role played by attention. In his integrated framework
of WM and attention, Cowan (1995) considers that an
essential component of WM is the focus and control of
attention; these two components allow to hold memory
contentin an active state and are considered to define, at
least partly, WM capacity. A number of other WM models
have been described lending a central role to attention in
WM performance (Barrouillet, Bernardin, & Camos, 2004;
Kane & Engle, 2004).

The role of attentional processes in WM is supported
by empirical evidence such as the involvement of two
well-known attentional networks when participants
perform WM tasks. Attention depends on at least two
antagonistic networks in the brain, the dorsal attention
network and the ventral attention network (Corbetta &
Shulman, 2002; Vossel, Geng, & Fink, 2014). The dorsal
attention network controls the voluntary, top-down
deployment of attention to objects or locations, while the
ventral attention network controls the reorientation of
attention to sensory stimulation provoked by unattended
or unexpected stimuli (bottom-up attention). The dorsal
network comprises the intraparietal sulcus (IPS) and the
frontal eye fields (FEF) of each hemisphere, whereas the
temporoparietal junction (TPJ) and the ventral frontal
cortex (VFC) are the main regions of the ventral network.
These two networks have been shown to intervene also in
WM tasks, and this in a load dependent and antagonistic
manner, for both verbal and visual WM tasks. The
dorsal attention network shows increased activity with
increasing WM load while the ventral attention network
shows WM load-dependent decreases of activity
(Majerus et al., 2010, 2012, 2016; Todd & Marois, 2004;
Todd, Fougnie, & Marois., 2005; Xu & Chun, 2006).

Given the central role of the dorsal attention network
centered on the left IPS in WM tasks, the present tDCS
study focused on the modulatory effects of left IPS
stimulation on verbal and visual WM performance.
Some previous tDCS studies have already focused on the
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stimulation of the IPS and have reported positive results,
although not directly in a WM context. For instance,
the bilateral stimulation of the IPS induced better
performance on mental addition but not on a Stroop task,
(Klein et al., 2013; Artemenko, Moeller, Huber, & Klein,
2015), whereas stimulation over the left IPS induced
better subsequent recognition memory in verbal episodic
memory tasks (Jacobson, Goren, Lavidor, & Levy, 2012).
It has been demonstrated also that anodal stimulation
over the right IPS improved object tracking performance
in a high load condition but not in a low load condition,
which is consistent with the memory load effect on the
IPS activity (Blumberg, Peterson, & Parasuraman, 2015).
In addition, stimulation over the right IPS affected
performance in a visual attention task (Moos, Vossel,
Weidner, Sparing, & Fink, 2012). However, a recent tDCS
study by Nikolin, Lauf, Loo, and Martin (2019) showed no
significant effect after left IPS stimulation on an n-back
WM task. It should however be noted that they observed
moderate effect sizes on WM tasks (e.g., 0.38 for the
3-back task), and the authors argued that the lack of
significance could have been the result of the high inter-
individual variability in performance.

The aim of the present study is to extend these
emerging findings by determining whether it is possible
to increase and also decrease performance in a WM task
through modulation of IPS activity associated with the
dorsal attention network. Consistently with previous
results, we hypothesize that anodal stimulation of the
left IPS would enhances the dorsal attention network
and leads to increase of WM performance but only in
the high WM load condition. Conversely, we assume
that cathodal stimulation of the left IPS would inhibit
the dorsal attention network and lead to decreased
WM performance for the high WM load condition. tDCS
effects are not expected in the low WM load because this
condition is associated with high success rate and does
not push WM capacity to its limit. We will use Bayesian
statistics to quantify the evidence both for and against
the existence of an effect.

METHODS

PARTICIPANTS

Using G*Power 3.1 (Faul, Erdfelder, Buchner, & Lang,
2009) we determined that to achieve a power of 0.8,
an a-error of 0.05 and an estimated effect size of 0.4,
we would require at least 42 participants. Fifty right-
handed participants were recruited from the university
community to take part in the experiment. Forty-seven
participants (twenty-three male; mean age = 24.15,
SD = 2.05) were retained for the final analysis; three
participants had to be excluded due to problems in
data collection. More precisely, two participants had no
recorded data in one of their sessions and the third had a
very low response rate across all sessions (more than 80%
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abstention rate). Participants were free of any history of
psychiatric or neurological diseases and from any form of
colorblindness. They gave their written informed consent
to take part in the study, which was approved by the
Ethics Committee of the Psychology Faculty of the Liege
University, Belgium. The participants did not receive any
compensation for their participation.

GENERAL PROCEDURE

All participants took part in three separate tDCS sessions
in a pseudo-randomized order approximately one
week (£2 days) apart. In each session, one of the three
conditions, anodal stimulation, cathodal stimulation or
sham stimulation, was administered. The participants
completed two WM tasks (adapted from Majerus et
al., 2016) during each of three sessions, a visual array
probe recognition task and a letter probe recognition
task. These tasks were chosen because they have been
shown to recruit the dorsal attention network and more
specifically the bilateral IPS, and this particularly for
higher WM load (Majerus et al., 2016): both tasks lead
to increased neural activity and differential multivariate
voxel patterns in the IPS for 6-load versus 2-load
conditions. The tasks were explained verbally to the
participants and they had the opportunity to ask further
questions about the task. They also conducted a short
practice session for each task (5 trials).

WM TASKS
In the visuo-spatial WM task (visual array probe
recognition; Luck & Vogel, 1997), the participants had to
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memorize the position of multiple colored squares (see
Figure 1). They were comfortably seated at a distance of
90 centimeters from a 22-inch screen. Each trial started
with the presentation of an exclamation mark during
1000 ms. Next, an array containing 2 or 6 colored squares
appeared on a grey background. The squares disappeared
after 350 ms, but the grey background stayed for another
800 ms. After that, the array reappeared on the screen
with one of the squares circled and the participants
had to decide in less than 2000 ms whether the circled
square was of the same color as in the memory array or
not. If the color was different, it was also different from
the color of the other squares for this trial. For a given
trial, no two squares were ever of the same color. Thus,
if the square being probed was of a different color than
the target square, the new color was also different from
the color of any other square, thereby discarding the
possibility that negative probes could be rejected merely
by detecting color similarity between squares of the probe
array. The participants answered by pressing one of two
response keys on the computer keyboard (‘d” with their
left index for ‘same color’ and ‘k’ with their right index for
‘different color’). Once an answer had been recorded or
the time limit of 2000 ms had been reached there was an
inter-trial interval of variable duration (random Gaussian
distribution centered on a mean duration of 4000 + 1000
ms) before the next trial was initiated. This task was
constructed to capture non-strategic, attention-based
maintenance mechanisms via brief presentation and
maintenance durations. There was a total of 60 trials
with half of them featuring a color change. Half of the

New trial (1000ms) Encoding (350ms)

Encoding (2500ms)

Load 2

Load 6

New trial (1000ms)

Load 2

Load 6

RQCMHS

Maintenance (800ms) Retrieval (2000ms)

Maintenance (5000ms) Retrieval (2000ms)

Spatial task

Verbal task

Figure 1 Schematic drawing of the spatial and verbal WM tasks.
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trials comprised 2 squares (low load condition) and half
comprised 6 squares (high load condition). Final scores
were standardized to obtain a percentage of correct,
incorrect and missing responses and their corresponding
average reaction times.

In the verbal WM task (letter probe recognition task,
Sternberg, 1966), the participants were presented
horizontal sequences of 2 or 6 letters, the letters being
sampled without repetition from a pool of 16 different
consonants (see Figure 1). The presentation apparatus
was the same as for the visual WM task. Each trial started
with the presentation of an exclamation mark for 1000
ms. The memory sequence then appeared for 2500 ms
followed by a fixation cross for 4000 ms during which the
participants had to maintain the sequence in memory. A
probe letter then appeared in one of the 2 or 6 possible
serial positions, the serial positions being indicated by a
sequence of horizontal bars. The participants had 2000
ms to decide if the probe letter had been in the memory
list and if it had appeared in the same position as in the
probe array. The participants answered by pressing one
of two response keys on the computer keyboard (‘d’ with
their left index for ‘correct’ and ‘K’ with their right index
for ‘incorrect’). Once an answer had been recorded or the
time limit of 2000 ms had been reached there was an
inter-trial interval of variable duration (random Gaussian
distribution centered on a mean duration of 4000 = 1000
ms) before the next trial was initiated. It should be noted
that there were trials where the letter was present but
on another position, but there were no trials where the
probe letter was part of the previous list. There was a
total of 84 trials, with the same number of trials for each
load condition; half of the probes were matching probes.
Final scores were standardized to obtain a percentage
of correct, incorrect and missing responses and their
corresponding average reaction times.

tDCS

The stimulation was delivered by The Brain Stimulator 1
system (The Brain Stimulator Inc., San Jose, California,
USA) through a pair of saline-soaked surface sponge
electrodes (target electrode = 3 x 3 cm, return electrode
= 5 x 5 cm) connected to a battery-driven constant
current stimulator. For the anodal condition, the anode
electrode was placed over the left IPS (P3 localization
according to the 10/20 EEG international system), and
the cathode was placed on the right cheek, and for the
cathodal condition, the cathode was placed over the left
IPS and the anode on the right cheek. Active stimulation
consisted of a constant current of 2 mA applied for 20 min
(with 30 seconds of fade-in and fade-out), corresponding
to the duration of the task. The sham condition consisted
of stimulation for 30s, and then the stimulator was
turned off. After the stimulation participants were asked
if they felt strong discomfort regarding the stimulation
and if they felt any side effects of the stimulation. Two
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participants complained about slight dizziness following
anodal stimulation and another one following cathodal
stimulation. Note however that there was no more
formal assessment of side effects.

STATISTICAL ANALYSES
A 3 (anodal, cathodal vs sham condition) x 2 (low vs high
load) repeated-measures analysis of variance (ANOVA)
was conducted on both response accuracy and reaction
times for each task (visuo-spatial and verbal) with JASP
(JASP Team, 2019, version 0.9.2). The Shapiro-Wilk test was
applied to assess the normality of the data and Mauchly’s
test was used to assess the sphericity assumption.
Greenhouse-Geisser-corrected significance values were
used when the sphericity assumption was not met.
Furthermore, we conducted Bayesian analyses
to assess evidence for the null hypothesis. Bayesian
analyses were conducted with JASP (version 0.9.2)
with default prior settings (all models have equal prior
probabilities). Since there was a total of five models all
prior probabilities were set to 0.2. The null modelincludes
no predictor variable. Contrary to frequentist statistics,
the obtained Bayes factors estimate evidence in favor of
either the null hypothesis (BF ,) or the effect of interest
(BF,,). We used Jeffreys’ indicative benchmarks (1998)
to describe the strength of evidence as anecdotal (0-3),
substantial (3-10), strong (10-30), very strong (30-100)
or decisive (>100).

RESULTS

A first repeated-measures analysis of variance (ANOVA)
was conducted on response accuracy for both tasks (see
Figure 2). The percentages of accuracy for the visuo-spatial
task were 97.8% (load 2) and 81.5% (load 6) in the anodal
stimulation condition, 98,3% (load 2) and 81.5% (load 6)
in the cathodal stimulation condition, and 98,3% (load 2)
and 80.7% (load 6) in the sham condition, respectively.
For the verbal task the percentages of accuracy were
98.3% (load 2) and 90.4% (load 6) in the anodal
stimulation condition, 98.6% (load 2) and 91.6% (load 6))
in the cathodal stimulation condition, and 98.4% (load 2)
and 90.3% (load 6) in the sham condition, respectively.
The ANOVAs showed a significant main effect of load on
performance (visuo-spatial: F(1,46) = 277.42, p < 0.001,
n,’=0.86; verbal: F(1,46) = 63.40, p<0.001, n,’=0.58), but
no main effect of condition (visuo-spatial: F(2,92) = 0.29,
p = 0.75; verbal: F(2,92) = 1.27, p = 0.29) nor a significant
condition x load interaction (visuo-spatial: F(2,92) =
1.02, p = 0.37; verbal: F(2,92) = 0.76, p = 0.47). These
results were confirmed by Bayesian analysis, the model
associated with the strongest evidence including only the
effect of load (visuo-spatial: BF, = 4.91e+62; verbal: BF, =
1.90e+20); strong evidence against a condition effect was
observed (visuo-spatial: BF, = 24.33; verbal: BF |, = 24.92).
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Figure 2 Accuracy results of the visuo-spatial and verbal tasks.

Next, we ran the same ANOVA on reaction times (see
Figure 3). The results showed again a significant effect
of load (visuo-spatial: F(1,46) = 193.69, p < 0.001, npz
= 0.81; verbal: F(1,46) = 646.39, p < 0.001, n* = 0.93),
but no main effect of condition (visuo-spatial: F(2,92) =
0.03, p = 0.97; verbal: F(2,92) = 1.37, p = 0.26) nor any
significant condition x load interaction (visuo-spatial:
F(2,92) = 0.76, p = 0.47; verbal: F(2,92) = 0.21, p = 0.82).
These results were again confirmed by Bayesian analysis,
the model associated with the strongest evidence only
including the main effect of load (visuo-spatial: BF,,
= 1.94e+27; verbal: BF,, = 2.68e+57); strong evidence
against a condition effect was observed (visuo-spatial:
BF,, = 17.29; verbal: BF , = 13.13).

Lastly, in an effort to rule out any adverse effect of
training between sessions we performed separate

analyses for each session, we restricted the analyses to
response accuracy. In the main analyses, there was only
one group of subjects while in the following analyses we
will assess the effect of tDCS condition for each session
individually implying that the tDCS condition effect will
become a group effect (a given participant can only
receive one stimulation condition for a given session).

SESSION 1

A repeated-measures analysis of variance (ANOVA) was
conducted on response accuracy for both tasks during the
first tDCS session. The results showed a significant main
effect of load (visuo-spatial: F(1,44) = 227.34, p < 0.001,
n,’ = 0.84; verbal: F(1,44) = 65.80, p <0.001, n* = 0.60),
but no main effect of condition (visuo-spatial: F(2,44)
=0.97, p = 0.389; verbal: F(2,44) = 1.19, p = 0.332) nor
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Figure 3 Reaction time results of the visuo-spatial and verbal tasks.

a significant condition x load interaction (visuo-spatial:
F(2,44)=0.15,p=0.865; verbal: F(2,44) =1.13,p=0.332).
These results were confirmed by Bayesian analysis, the
model associated with the strongest evidence including
only the effect of load (visuo-spatial: BF,, = 9.3%9e+21;
verbal: BF,, = 8.76e+9); the condition variable was
associated with substantial evidence against its effect
(visuo-spatial: BF , = 6.42; verbal: BF , = 4.89).

SESSION 2

When running the same analysis for response accuracy
in Session 2, we observed again a significant main effect
of load (visuo-spatial: F(1,44) = 148.04, p < 0.001, n? =
0.77; verbal: F(1,44) = 53.90, p < 0.001, n?= 0.55), but
no main effect of condition (visuo-spatial: F(2,44) = 1.13,
p=0.331;verbal:F(2,44)=0.59, p=0.559) nor asignificant

condition x load interaction (visuo-spatial: F(2,44) =
0.942, p = 0.397; verbal: F(2,44) = 0.91, p = 0.41). These
results were confirmed by Bayesian analysis, the model
associated with the strongest evidence including only
the effect of load (visuo-spatial: BF,, = 2.13e+17; verbal:
BF,, = 6.12e+8); the condition variable was associated
with substantial evidence against its effect (visuo-spatial:
BF,,=5.77; verbal: BF , = 6.29).

SESSION 3

Finally, the same analyses were conducted for Session
3 and revealed again a significant main effect of load
(visuo-spatial: F(1,44) = 151.73, p < 0.001, n,? = 0.78;
verbal: F(1,44) = 28.41, p < 0.001, npzz 0.39), but no
main effect of condition (visuo-spatial: F(2,44) =0.30, p =
0.739; verbal: F(2,44) = 0.74, p = 0.485) nor a significant
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condition x load interaction (visuo-spatial: F(2,44) = 0.30,
p = 0.745; verbal: F(2,44) = 0.89, p = 0.417). Bayesian
analysis confirmed that the model associated with
the strongest evidence included only the effect of load
(visuo-spatial: BF,, = 1.51e+19; verbal: BF | = 5.47e+4);
the condition variable was once more associated with
substantial evidence against its effect (visuo-spatial: BF
=7.90; verbal: BF , = 5.56).

LINEAR MIXED EFFECTS MODEL

Finally, we conducted linear mixed effects analyses in
order to better account for inter-individual variability
and associated differences in participants’ intercepts. A
first linear mixed effects model, with subjects as random
variable, on response accuracy in the visuo-spatial task
revealed no significant difference in performance as a
function of condition (X?(2) = 0.542; p = 0.763) but still
highlighted a significant effect of load (X?(1) = 561.545;
p < 0.001). The same analysis on response accuracy in
the verbal task also showed no significant difference
in performance as a function of condition (X*(2) =
1.607; p = 0.448) but again a significant effect of load
was observed (X?(1) = 173.833; p < 0.001). Finally, the
same analysis on response times for the visuo-spatial
task showed no significant condition effect (X*(2) =
0.119; p = 0.942) but a significant effect of load (X?(1)
= 123.016; p < 0.001). The same results were observed
for reactions times in the verbal task: no condition effect
(X*(2) = 5.023; p = 0.081) but once more a significant
load effect (X?(1) = 521.570; p < 0.001).

DISCUSSION

The aim of this study was to determine the impact
of anodal and cathodal tDCS of the IPS on verbal
and visuo-spatial WM performance. Because of the
inconsistencies of the effect of tDCS stimulation of
DLPFC on WM performance, we decided to target the
IPS, a region specifically associated to attentional control
components of WM. Since strong evidence supports
the implication of the IPS in attentional components of
WM (Mgjerus et al,, 2016; Todd & Marois, 2004, Todd,
Fougnie, & Marois., 2005), we hypothesized that anodal
stimulation of the IPS would enhance dorsal attention
network activity and lead to increased WM performance,
and this specificallyin the high load condition. Conversely,
we assumed that cathodal stimulation of the IPS
would inhibit the dorsal attention network and lead to
decreased WM performance for the high load condition.
tDCS effects were not expected to occur in the low load
condition because this condition is associated with high
success rate and does not exceed WM capacity, and
hence there is no room for a tDCS booster effect on
cognitive performance (Roe et al., 2016). Despite that
the study was based on a robust theoretical background
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and used standard stimulation parameters (i.e., 2 mA
tDCS applied for 20 min during task performance), no
effect of stimulation was found. Furthermore, thanks to
Bayesian analysis we can make safe conclusions about
the absence of an effect of tDCS in this study.

A few limitations to our study need be acknowledged.
First, given the already important number of conditions
there was neither a baseline condition nor an offline
condition that could have helped quantify potential
placebo effects and short-term effects of tDCS,
respectively. In tDCS research, a baseline measure is a
measure of a participant’s performance without any
tDCS intervention. Indeed, sham stimulation can have
an impact on participants through the placebo effect, or,
alternatively, other factors like the stress or the discomfort
caused by the device can have nocebo effects (see
Fonteneau et al. (2019) for a review). Baseline measures
allow to measure these biases and to determine more
accurately a participant’s natural levels of performance,
relative to the different tDCS conditions. An offline
condition refers to the condition where WM performance
is assessed after the participants have been stimulated
by tDCS. This condition makes it possible to study long-
term and distance effects of tDCS. For example, Friehs
and Frings (2019) observed greater offline effects of tDCS
compared to online effects. Another limitation of the
study is that our tDCS device did not allow for impedance
monitoring. However, the device comprised a current
regulator ensuring constant current levels despite
impedance variation.

A potential explanation for the absence of stimulation
effects in the present study could be that despite careful
positioning of the electrodes current flow partially or
totally missed the target area (Chib et al, 2013 for
example). Thair et al. (2017) list a large number of factors
capable of influencing current flow (hair thickness, sweat,
head size, skull thickness,...). This is a general limitation
applying to tDCS technology. It may also be possible
that the tDCS effect is too weak to increase or decrease
WM performance in a young and healthy population of
university students or that the dorsal attention network
does not play a critical role in our task even if fMRI
studies have shown that this network is consistently
associated with high load WM tasks as used here.
Alternatively, since WM is associated to a large fronto-
parietal, bilateral network (Eriksson, Vogel, Lansner,
Bergstrom, & Nyberg, 2015), the non-stimulated parts of
this network (e.g., DLPFC, right IPS) could have exerted a
compensatory effect to the stimulated, left IPS part of
the network (Heekeren et al., 2008). This explanation is
of course only valid for cathodal stimulation of the IPS.
A further explanation for the absence of effect of anodal
stimulation could be that baseline WM capacity of our
participants was too high (all being young university
students) and that there was little room forimprovement.
Indeed, Gézenman and Berryhill (2016) showed that a
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group displaying lower baseline WM capacity benefitted
to a greater extent from tDCS than a group with a higher
baseline WM capacity.

The results of the present study are not the first
reporting null effect of tDCS on WM or on other cognitive
abilities and are consistent with the meta-analytic
studies that have highlighted the problem of mixed and
contradictory findings about single session tDCS effects in
young and healthy participants (Westwood and Romani,
2018; Lukasik et al., 2018; Meier and Sauter, 2018). In
addition, some studies that have shown a beneficial role
of tDCS stimulation over the DLPFC, nevertheless also
report important individual differences with TDCS-related
WM performance increase in some participants, and
performance decrease or no effect in other participants
(Talsma et al., 2017).

Before concluding to the absence of an effect or very
limited effects of tDCS on WM, future studies must try to
replicate previous positive findings by using the the same
methodology as used in these original studies. Indeed,
differences in stimulation protocols in terms of intensity
and duration of stimulation, site of the stimulation, type
of WM task and difficulty, and type of population (young
healthy vs mid-aged or old participants) could partly
account for the mixed results reported in the literature.
Also, the use of a higher WM load (e.g., 8 items) would
avoid potential ceiling effects and leave more room for
tDCS-related improvement. For example, Roe et al. (2016)
have shown tDCS effects in a visual working memory
task only when the WM load exceeded the participants’
cognitive resources. This being said, the effect of WM
load was nevertheless quite robust in the present study
and the study by Majerus et al. (2016) had shown reliable
univariate and multivariate neural changes in the IPS
when comparing WM sets of 6 vs. 2 items. Adding both
baseline and offline measurements as done in some
studies with significant results (Friehs and Frings, 2019)
would also allow to investigate effects of tDCS on WM
performance more comprehensively.

As already noted, the impact of important
individual differences in WM capacity also needs to be
considered, as tDCS effects could be more pronounced
in participants characterized by poor WM capacity, even
if a previous study failed to observe such an effect in
young participants (Westwood and Romari, 2018). It
could also be useful to consider individual differences in
encoding strategies as they have been shown to mediate
the effect of tDCS on the posterior parietal cortex in a
visual short-term memory task (Wang, Itthipuripat, & Ku,
2020). In that study, two groups of subjects took part in
a visual working memory task using different encoding
strategies. While the group focusing on remembering
all stimuli was not affected by tDCS the group using a
focused attention strategy, with attention oriented
towards a specific subset of stimuli, showed significant
effects of tDCS.
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In conclusion, the results of the present study do not
demonstrate an effect of tDCS on WM performance, in
line with a number of studies that have shown mixed or
negative results regarding WM performance modulation
in young, healthy participants after a single tDCS session.
Future experiments should be conducted to assess the
effective neuromodulatory action of tDCS as well as
the impact of differences in stimulation protocol and
intensity.
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