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a b s t r a c t
Transcranial magnetic stimulation and neuroimaging data have revealed bilateral posterior parietal cortex (PPC) involvement during verbal n-back working memory (WM). In this task as n (i.e., WM load)
increases, subjects show poorer behavioral performance as well as greater activation of this brain area.
Moreover, there is evidence that a brief period of practice or even increased familiarity with the task can
improve WM performance and lead to activation changes in the PPC. The aim of this study was to investigate, using transcranial direct current stimulation (tDCS), the effects on WM load performance induced by
different PPC modulation after increased familiarity with the task. After a short practice, we tested verbal
WM using an n-back task (1-back vs. 2-back) before and after the application of bilateral tDCS over PPCs
(left anodal-right cathodal, left cathodal-right anodal or sham). ANOVA showed a signiﬁcant interaction
between tDCS and task. In the 1-back task, left anodal-right cathodal modulation abolished improvement
in reaction times observed in the other two modulation conditions. Conversely, in the 2-back task the
same effect was observed after left cathodal-right anodal modulation relative to the other two modulation conditions. This double dissociation demonstrates either a differential engagement of each PPC
or changes in the interhemispheric balance of activity across this brain region. Neuroimaging studies
show parametric activation of the PPC as difﬁculty increases, but activation does not switch sides. Thus,
our observed effects cannot be attributed to increased task difﬁculty, the stimuli used, or the response
requirements. Rather, we suggest that these ﬁndings reﬂect the use of different processing strategies to
perform these two tasks. In conclusion, after increased familiarity with the task, different tDCS modulations lead to changes in a task-related region depending on differences in processing strategies in 1-back
vs. 2-back.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
It has been hypothesised that higher brain functions such as
language, planning and problem solving rely on working memory
(WM) i.e., a system that acts to temporarily maintain and manipulate task-relevant information (Baddeley, 1986; Just & Carpenter,
1992; Shallice, 1988). Several theories on WM have been proposed
(for review see Miyake & Shah, 1999). At present the model proposed by Baddeley and Hitch (1974) is one of the most extensively
investigated theoretical constructs of WM. The authors proposed
the existence of three functional components of WM. A central
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executive was envisioned as a control system of limited attentional
capacity that is responsible for the manipulation of information
within WM and for controlling two subsidiary storage systems:
a phonological loop, which is based on sound and language, and
a visuospatial sketchpad. The phonological loop was assumed to
be responsible for the storage and maintenance of information
in a phonological form and consists of two parts: a short-term
phonological store and an articulatory rehearsal component that
can revive the memory trace. The visuospatial sketchpad was dedicated instead to the storage and maintenance of visual and spatial
information. Based on a number of empirical ﬁndings a fourth
component, the episodic buffer, was added (Baddeley, 2000). The
episodic buffer is assumed to be a limited capacity store that is capable of multi-dimensional coding to allow the binding of information
to create integrated episodes.
Regarding the neural substrates of WM, the dorsolateral prefrontal cortex (DLPFC) has been shown to be related to central
executive processes (for review see Smith & Jonides, 1998). While
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Broca’s area has been associated with the articulatory rehearsal
component, the posterior parietal cortex (PPC) has been claimed
to be the site that mediates the storage systems: the phonological loop and the visuospatial sketchpad (Baddeley, 2003; Jonides,
Schumacher, et al., 1998; Smith, Jonides, Marshuetz, & Koeppe,
1998; Todd & Marois, 2004; Xu & Chun, 2006, but see Buchsbaum
& D’Esposito, 2008 about the phonological loop). However, there is
evidence that the functional neuroanatomy of WM may be more
complex and anatomically distributed, with PPC playing a role also
in the executive component (Cohen et al., 1997; Collette, Hogge,
Salmon, & Van der Linden, 2006; Mottaghy, Doring, Muller-Gartner,
Topper, & Krause, 2002).
A common task used to study WM is the “n-back” (Gevins &
Cutillo, 1993), a task that has been designed to manipulate factors associated with WM such as load (Carter et al., 1998). In the
most typical variant of this task, the participant is required to monitor a series of stimuli (e.g., letters) presented centrally and to
respond whenever a stimulus that is the same as the one presented
n trials previously is presented, where n is a pre-speciﬁed integer
(usually 1, 2, or 3). As n increases, there is a greater demand on
WM and consequently a poorer behavioral performance. Therefore, this task requires the simultaneous engagement of several
retention- and control-related operations and is therefore assumed
to place great demands on a number of key processes within
WM.
In recent years, variants of the n-back procedure have been
employed to investigate the neural basis of WM processes.
Neuroimaging (Owen, McMillan, Laird, & Bullmore, 2005) and transcranial magnetic stimulation (Mottaghy et al., 2002; Mottaghy,
Gangitano, Krause, & Pascual-Leone, 2003; Mottaghy, PascualLeone, et al., 2003) studies have shown that in addition to the
contribution of prefrontal cortex (PFC), n-back studies have frequently demonstrated the involvement of PPC regions, particularly
the superior and inferior parietal lobes (SPL, and IPL, respectively)
(for reviews see Cabeza & Nyberg, 2000; Mottaghy, 2006; Owen
et al., 2005).
Regarding the WM load, neuroimaging studies have reported
frontal and parietal activity increases during 2-back relative to
1-back task performance as well as parametric variations of n.
Speciﬁcally, the activated regions are common and activation does
not switch sides with increasing difﬁculty (Braver et al., 1997;
Cohen et al., 1997; Jonides et al., 1997a; Ragland et al., 2002). This
increase in activation presumably reﬂects the augmented load on
control processes devoted to holding items and temporal information in WM, and transient ‘updating’ of maintained representations
(Smith & Jonides, 1999). Updating during the 2-back task constitutes several additional subcomponents that become more critical
relative to 1-back, such as temporal coding and eliminating selective information from WM (Jonides et al., 1997b; Postle, Berger,
Goldstein, Curtis, & D’Esposito, 2001). Inhibition, monitoring and
selection processes should be crucial for the updating function and
for keeping track of item order, but also in the implementation of
interference resolution during source judgments involving recent
context irrelevant items (e.g., items presented “2-back” in the 1back task) (Badre & Wagner, 2005; D’Esposito, Postle, Jonides, &
Smith, 1999; Jonides, Smith, Marshuetz, Koeppe, & Reuter-Lorenz,
1998).
Regarding the laterality, verbal n-back tasks appear to activate a
fronto-parietal network in the left hemisphere while spatial n-back
tasks appear to activate a right hemisphere network (D’Esposito
et al., 1998; Fiez et al., 1996), although this pattern is by no means
unequivocal and bilateral activity often occurs in both type of tasks
(Braver et al., 1997; Nystrom et al., 2000). For example, neuroimaging studies during verbal n-back have reported bilateral activation
of PPC. While some researchers have attributed right parietal activity to the necessity of spatial processing in some verbal WM tasks
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(Clark et al., 2000; Honey, Bullmore, & Sharma, 2000; Salmon et al.,
1996) others have attributed more domain-general functions to
the right parietal lobe, such as selective attention, that may be
required when performing verbal WM tasks (Chein, Ravizza, & Fiez,
2003; Jonides, Schumacher, et al., 1998; LaBar, Gitelman, Parrish,
& Mesulam, 1999). Both domain-speciﬁc (i.e., spatial coding) and
domain-general accounts of right parietal contributions to verbal
WM are supported by the literature making it difﬁcult to differentiate between them.
Moreover, there is evidence that 1-back task and 2 or 3-back
task do not just differ in difﬁculty, but also in the strategies used
to perform them. Speciﬁcally, it has been shown that during a
verbal n-back task, subjects might use an “activation” strategy,
in which they respond to each letter based on its familiarity, or
an “update” strategy, in which more WM resources are involved
because they have to actively maintain a list of the prior letters
and update that list after each letter is presented (Lovett, Daily,
& Reder, 2000). Recognition memory can be supported by both
an undifferentiated, strength-like memory signal (usually referred
to as familiarity), and by the retrieval of qualitative information
about the episode such as contextual details (usually referred
to as recollection) (Yonelinas, 2002). Performance in the n-back
task is consistent with this familiarity and recollection account, in
which 1-back task is based on familiarity while 2 or 3-back tasks
are based more on recollection (Harbison, Atkins, & Dougherty,
2011). Regarding the neural substrates of these processes, there
is evidence that they are characterized by different patterns of
brain activity in frontal, parietal and medial temporal cortices
(Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Diana, Yonelinas, &
Ranganath, 2007; Duarte, Ranganath, Winward, Hayward, & Knight,
2004; Skinner & Fernandes, 2007; Vilberg & Rugg, 2008). Additionally, there are ﬁndings showing that recollective memories are
frequently observed more in the left hemisphere while familiarity based-traces more in the right hemisphere (Dobbins, Simons,
& Schacter, 2004; Duarte, Ranganath, & Knight, 2005; Henson,
Rugg, Shallice, Josephs, & Dolan, 1999; Kensinger, Clarke, & Corkin,
2003; Mitchell, Johnson, Raye, & Greene, 2004; Nolde, Johnson, &
D’Esposito, 1998; Vilberg & Rugg, 2009).
Finally, a brief period of practice with a WM task can improve
performance and modify underlying patterns of neural activation
(Kelly & Garavan, 2005). Whereas some studies have reported an
increased activation in the PPC following a small amount of practice
on WM tasks (Kirschen, Chen, Schraedley-Desmond, & Desmond,
2005), others have found decreased activation (Garavan, Kelley,
Rosen, Rao, & Stein, 2000). Furthermore, even increased familiarity
with the task can improve WM performance and lead to activation
changes in the PPC (Jolles, Grol, Van Buchem, Rombouts, & Crone,
2010).
The aim of this study was to investigate, using bilateral transcranial direct current stimulation (tDCS), the effects on WM load
performance induced by different PPC modulations after increased
familiarity with the task.
tDCS is a non-invasive technique for modulating cortical
excitability by constantly applying weak electrical current over
time to enhance (anodal modulation) or reduce (cathodal modulation) the excitation of neuronal populations, with a maximal effect
on the stimulated area beneath the electrodes (Nitsche et al., 2008;
Priori, 2003; Utz, Dimova, Oppenlander, & Kerkhoff, 2010).
After a short period of time in which subjects practiced with the
task to increase familiarity, we tested verbal WM using a verbal nback task (1-back vs. 2-back). WM was tested before and after the
application of bilateral tDCS over PPCs (left anodal-right cathodal,
left cathodal-right anodal and sham) in a between-subject design.
The application of this electrode montage allowed us to modulate
activity in the left and right PPC in opposite directions simultaneously.
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On the basis of lateralization ﬁndings described above, we
hypothesized that in the 1-back task, left anodal-right cathodal
modulation would abolish the improvement in reaction times compared to the other two modulation conditions. Conversely, in the
2-back task the same effect would be observed after left cathodalright anodal modulation relative to the other two modulation
conditions.
2. Methods
2.1. Subjects
Twenty-seven healthy subjects were randomly assigned to one of three groups
(ﬁve males and four females in each group, mean age 25 ± 2 years, range 20–30).
Two of the groups received active modulation, and one received sham modulation.
All subjects were right-handed (mean score on the Edinburgh Handedness Inventory = 92.9), with normal or corrected-to-normal vision. Exclusion criteria included
a history of seizures, implanted metal objects, heart problems or any neurological
disease. The study was approved by the Ethics Committee of IRCCS San Giovanni di
Dio, Fatebenefratelli, Brescia, Italy.
2.2. Experimental tasks
In the n-back task, subjects were shown a continuous sequence of stimuli. For
each stimulus, the subjects had to decide whether it matched the stimulus shown
n stimuli earlier in the sequence (Gevins & Cutillo, 1993). In the 1-back condition,
the target was any stimulus that was identical to the one immediately preceding it
(i.e., one trial prior). In the 2-back condition, the target was any stimulus that was
identical to the one presented two trials prior. Therefore, for each trial, subjects had
to: (1) maintain the current stimulus and the last two stimuli in WM, (2) evaluate
the current stimulus with the n − 2 stimulus, (3) answer ‘yes’ or ‘no’, (4) dump the
n − 2 stimulus, and (5) continue maintaining the n − 1 and n stimuli for the next
trial. It is clear that this task requires wide manipulation of information (e.g., updating, temporal ordering, and inhibition processes) rather than simple selection and
maintenance of information.
Letters were presented centrally in 40-point Arial font, randomly presented in
upper or lowercase. Subjects were told not to distinguish between upper and lowercase presentations of the same letter. This mixing of cases was intended to encourage
subjects to encode and rehearse letter stimuli as verbal phonemes instead of as visual
letter forms. The letter stimuli were chosen from a set of 16 consonants letters (all
the consonants except J, W, and Y). The stimuli were presented on a 17 in. monitor
as white against a grey background.
The experiment was controlled by a PC running the Superlab Pro software
(Cedrus Corporation, San Pedro, CA, USA), version 2.0.4. Participants were seated
facing a computer monitor at a distance of 70 cm. Each test began with the relative
instruction for a 1-back or 2-back task, followed by 36 stimuli. Matches occurred in
33% of the trials. Stimuli were presented for 250 ms every 3000 ms (interstimulus
interval). A ﬁxation point appeared in the centre of the screen 1000 ms before the
stimulus. Before the beginning of the experiment, subjects were trained in a block of
54 stimuli for the 2-back task. Subjects were included in the study only after reaching a criterion level of performance (>75% accuracy). Participants were instructed
to respond with both hands (index ﬁnger) by pressing one of two buttons (e.g., left
ﬁnger, target stimuli; right ﬁnger, non-target stimuli) on the keyboard as quickly
as possible after the presentation of the stimulus. The assignment of the response
buttons and the order of execution of the two tasks were counterbalanced across
subjects.
2.3. Transcranial direct current stimulation
The modulation was delivered by a battery-driven constant current stimulator
(Eldith-Plus, neuro-Conn GmbH, Ilmenau, Germany) through a pair of saline-soaked
sponge electrodes (5 cm × 7 cm). A constant current of 1.5 mA was applied for
13 min. The current density (42.86 A/cm2 ) was maintained below the safety limits
(Poreisz, Boros, Antal, & Paulus, 2007). The electrodes were held ﬁrmly by elastic
bands, and an electroconductive gel was applied under the electrodes before the
test to reduce skin impedance. The electrodes were placed on the left and right PPC,
respectively centred over P3 - P4 according to the 10–20 EEG international electrode
scalp positioning system (Jasper, 1958).
Although we can determine with precision that the centre of electrodes was
placed over P3 and P4 (intraparietal sulcus, Brodmann area 7/40, see Herwig, Satrapi,
& Schonfeldt-Lecuona, 2003), we do not know the precise parietal areas that are
directly inﬂuenced by the electric ﬁeld. Therefore, we can only assume that we were
stimulating the PPC underlying the electrode.
With this montage it is possible to modulate activity in the left and right PPC
in opposite directions simultaneously. The placement of the electrodes over both
parietal lobes increased the speciﬁcity of the type of modulation, avoiding indirect
modulation of other areas with the reference electrode. The bilateral montage allows
better control of the investigated variables, because it allows the equal spreading of
a modulation and thus equal intensity (although in the opposite direction) on the

two hemispheres. Conversely, cephalic unilateral montages (with one electrode on
the target brain region and the other on a region, sometimes erroneously, assumed
not to be involved in the investigated processes) can result in uncontrolled effects
simply linked to the inadequate positioning of the reference electrode.
The selective inﬂuence of tDCS on different cognitive processes after the application of a bilateral montage have already been demonstrated in the primary motor
cortex (Vines, Cerruti, & Schlaug, 2008), PFC (Boggio et al., 2010; Fecteau et al.,
2007; Hecht, Walsh, & Lavidor, 2010), anterior temporal lobe (Boggio et al., 2009;
Chi, Fregni, & Snyder, 2010), frontotemporal region (Penolazzi et al., 2010) and PPC
(Cohen Kadosh, Soskic, Iuculano, Kanai, & Walsh, 2010).
We applied three bilateral parietal tDCS modulations in the three groups: anodal
over left hemisphere and cathodal over right hemisphere (referred to as LHA-RHC)
in the ﬁrst group, cathodal over left hemisphere and anodal over right hemisphere
(referred to as LHC-RHA) in the second group and sham modulation (referred to as
SHAM) in the third group (see Fig. 1).
For SHAM modulation, the current was turned off 30 s after the beginning of the
modulation. Thus, the subjects felt the itching sensation below the electrodes at the
beginning of the modulation that was indistinguishable from the real one (Gandiga,
Hummel, & Cohen, 2006).
In each group, after a short practice with the tasks, SHAM was always the ﬁrst
type of modulation, followed by verbal WM tasks (referred to as “pre” modulation).
After 10 min of rest, there was a second period of modulation (active or sham),
followed by another presentation of the WM tasks (referred to as “post” modulation)
(see Fig. 1). The tasks lasted about 5 min and considering that the duration of the
excitability changes induced by tDCS are stable for up to about an hour if tDCS is
applied for 9–13 min (Nitsche et al., 2008), we can be sure that the effects of tDCS
cover the whole time.

3. Results
All subjects tolerated the modulation well and none asked to
stop the experiment.
Analysis was conducted on reaction times (RTs) and error rates.
Data from single trials with RTs that fell below or above two
standard deviations (SD) from each individual’s average were eliminated. This procedure eliminated 0.9% of responses for 1-back
task, 1.2% for 2-back task. Furthermore incorrect responses were
discarded. Post hoc comparisons were made with two-tailed independent t-tests, and the P-value was Bonferroni-corrected for the
number of comparisons and set at p = 0.016.
3.1. Error rate
The percentage of errors was very low (mean 3.1% for 1-back
and 3.6% for 2-back, range 2.4–5.1%). The mean value of tasks, time
and tDCS modulations is given in Table 1a. We performed a twofactorial ANOVA for repeated measures in which the dependent
variable was the error rates with a 3 × 2 × 2 factorial design: tDCS
(LHA-RHC, LHC-RHA, and SHAM) as the between-subject factor
and task (1-back vs. 2-back) and time (pre vs. post) as withinsubject factors. The main effect tDCS [F(2;24) = 0.437; p = 0.651],
task [F(1;24) = 1.304; p = 0.265], time [F(1;24) = 1.141; p = 0.296], and
the interactions task x time [F(2;24) = 0.681; p = 0.417], tDCS × task
[F(2;24) = 0.202; p = 0.818], tDCS × time [F(2;24) = 0.318; p = 0.731] and
tDCS × task × time [F(2;24) = 0.497; p = 0.614] were all not statistically
signiﬁcant.
3.2. Reaction times
The mean value of tasks, time and tDCS modulations is given
in Table 1b. Initially, we performed a two-factorial ANOVA for
repeated measures in which the dependent variable was RTs at
pre-modulation with a 3 × 2 factorial design: tDCS (LHA-RHC,
LHC-RHA, and SHAM) as the between-subject factor and task
(1-back vs. 2-back) as the within-subject factor. The main effect
task was signiﬁcant [F(1;24) = 46.5; p < 0.01] (1-back faster than
2-back), but the main effect tDCS and the interaction tDCS x task
were not signiﬁcant [F(2;24) = 0.316; p = 0.73 and F(2;24) = 0.083;
p = 0.92, respectively]. Therefore, the ANOVA revealed that there
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Fig. 1. The different phases of the experimental paradigm are reported along the time line.

Table 1
Error rate (1a) and RTs (1b) of tasks pre and post the three tDCS conditions (SHAM, LHA-RHC, and LHC-RHA). Data are presented as mean (Standard Error).
(a)
Error rate %

1-Back task
2-Back task

SHAM

LHA-RHC

LHC-RHA

Pre

Post

Pre

Post

Pre

Post

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

3.0 (0.7)
3.3 (0.9)

2.7 (1.2)
3.6 (1.1)

2.4 (0.7)
2.7 (0.9)

3.3 (1.2)
3.3 (1.1)

3.6 (0.7)
3.6 (0.9)

3.3 (1.2)
5.1 (1.1)

(b)
RTs ms

1-Back task
2-Back task

SHAM

LHA-RHC

LHC-RHA

Pre

Post

Pre

Post

Pre

Post

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

Mean (SE)

602 (20)
691 (13)

547 (18)
623 (14)

608 (18)
683 (11)

612 (23)
628 (18)

582 (30)
674 (22)

524 (31)
677 (23)

was no difference between the three tDCS conditions in the
pre-modulation (baseline) phase for both tasks.
We then performed a two-factorial ANOVA for repeated measures in which the dependent variable was delta RTs (post
modulation–pre modulation) with a 3 × 2 factorial design: tDCS
(LHA-RHC, LHC-RHA, and SHAM) as the between-subject factor and
task (1-back vs. 2-back) as the within-subject factor. The main factor
task was not signiﬁcant [F(1;24) = 0.079; p = 0.78], whereas the main
factor tDCS [F(2;24) = 4.33; p < 0.05; sham = −61, LHA-RHC = −26,
LHC-RHA = −25] and the interaction tDCS x task [F(2;24) = 15.2;
p < 0.01] were signiﬁcant.
Direct post hoc comparison (t-test) showed signiﬁcant differences in the 1-back task between LHA-RHC and SHAM (p = 0.001),
between LHC-RHA and LHA-RHC (p = 0.004) but not between SHAM
and LHC-RHA (p = 0.849). In contrast, in the 2-back task, there were
signiﬁcant differences between LHC-RHA and SHAM (p = 0.008),
between LHA-RHC and LHC-RHA (p = 0.013) but not between SHAM
and LHA-RHC (p = 0.530). Finally, regarding the effect directions,
tDCS abolished the practice-dependent improvement in RTs in WM
in both tasks (see Fig. 2).

difﬁculty, the stimuli used, or the response requirements. Rather,
we propose that it reﬂects the use of different processing strategies to perform 1-back and 2-back. In order to accomplish these
tasks, subjects might have used the “activation” strategy, which
is based on familiarity, in the 1-back task, and might have shifted

4. Discussion
This study showed for the ﬁrst time a double-dissociation of
verbal WM load effects induced by differential PPC modulation after
increased familiarity with the task.
Although bilateral tDCS abolished the improvement in RTs, this
effect was induced by different tDCS modulation conditions in
the 1-back and 2-back task. In the 1-back task LHA-RHC modulation abolished improvement in RTs observed in the other two
modulation conditions. Conversely, in the 2-back task LHC-RHA
modulation abolished the same effect relative to the other two
modulation conditions.
Neuroimaging studies show parametric activation of the PPC
as difﬁcult increases, but activation does not switch sides. Therefore, this double-dissociation cannot be attributed to increased task

Fig. 2. Effects of tDCS on delta RTs (post modulation–pre modulation) across tDCS
conditions and tasks. In the 1-back task, tDCS abolished the practice-dependent
improvement in RTs after LHA-RHC modulation, whereas in the 2-back task, tDCS
abolished the practice effect after LHC-RHA modulation. Vertical bars represent
standard error; *p < 0.016. On the graph, a schematic representation depicts the
electrode montage over the left and right posterior parietal cortex (P3 and P4) using
cathodal (−) and anodal (+) modulation.
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to the “update” strategy, which is based more on recollection, in
the 2-back task (Lovett et al., 2000). Indeed, evidence of hemispheric specialization for strategic processing during WM has been
already observed (Manoach et al., 2004). In this study, compared to
shape WM, spatial WM performance was faster and more accurate
and was associated with increased right ventrolateral PFC (VLPFC)
activation. In contrast, compared to spatial WM, shape WM was
associated with increased left VLPFC activity. In order to explain
the increased activity in right PFC for spatial WM, the authors proposed the use of conﬁgural processing strategies for spatial WM.
Therefore these ﬁndings, like ours, suggest that the differences
in performance and in laterality might reﬂect the involvement of
strategic differences in the two tasks.
Regarding the direction of behavioral performance, our bilateral modulation abolished the improvement in RTs in both WM
tasks. Whereas some studies investigating verbal WM by means
of tDCS found that anodal modulation over the left PFC enhances
performance (Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald,
2011; Fregni et al., 2005; Ohn et al., 2008), other studies report
conﬂicting results. For instance, an interference effect on verbal
WM performance was reported using cathodal modulation over
the left PFC (Elmer, Burkard, Renz, Meyer, & Jancke, 2009), after
intermittent tDCS over bilateral PFC (Marshall, Molle, Siebner, &
Born, 2005) and on visual WM after unilateral cathodal modulation over the right PPC (Berryhill, Wencil, Branch Coslett, &
Olson, 2010). Finally, similar to our data, Ferrucci et al. (2008)
reported that bilateral anodal or cathodal tDCS over the cerebellum speciﬁcally impaired the practice-dependent proﬁciency
increase in verbal WM (Sternberg test). Therefore, in addition to
the polarity of modulation, effects of tDCS on WM often depend
on various factors, such as the task, current density, modulation
duration, electrode montage, electrode size and orientation of the
electric ﬁeld in relation to anatomical and geometrical feature of the
cortex.
Our ﬁndings are also consistent with TMS studies that have
shown the crucial role of PPC in simple short-term retention and in
the manipulation of information in WM (Hamidi, Tononi, & Postle,
2008; Koch et al., 2005; Postle et al., 2006) and with functional
magnetic resonance imaging (fMRI) data showing changes in activation in the PPC and improved behavioral WM performance after
increased familiarity with the task (Jolles et al., 2010). However,
it should be noted also that the effects of tDCS on remote brain
regions must be taken into account when tDCS of a speciﬁc cortical area is used to modulate cognitive functions. Many evidences
support for the notion that tDCS applied over a speciﬁc cortical
region induces widespread changes of cerebral activity at cortical
and subcortical levels and alters functional connectivity between
brain regions (Antal, Polania, Schmidt-Samoa, Dechent, & Paulus,
2011; Keeser et al., 2011; Lang et al., 2005). Although the functional relevance of these distant changes must be shown, we cannot
exclude the possibility that our bilateral electrode montage induced
a modulation of activity in the fronto-parietal networks. Indeed,
using path analysis of fMRI time series data, Honey et al. (2002)
demonstrated that manipulation of cognitive demand in a verbal
WM task (1 vs. 2-back) is associated with concomitant changes
in the integrated function of the fronto-parietal networks. Speciﬁcally, the positive connection between the left inferior frontal gyrus
and the left PPC was consistent across load conditions. However, at
higher load, there was additionally a signiﬁcant connection from
the left middle frontal gyrus (MFG) to the left PPC via the supplementary motor area and enhanced connectivity between the right
MFG and the left hemispheric frontoparietal regions. These ﬁndings provide evidence that the functional dissociation related to
load and concomitant executive demand, as already described for
PFC areas, may also be observable in an extended fronto-parietal
network.

All these factors suggest that before clear conclusions can be
drawn, some limitations must be kept in mind and investigated in
future studies.
The ﬁrst limitation is that the effect of tDCS is not particularly
focused (Nitsche et al., 2008) and, thus, it is difﬁcult to make deﬁnitive conclusions regarding neuroanatomical function. It is possible
that different areas adjacent to or inside the PPC were modulated
and we cannot deﬁne the contribution to our results of regions that
have been shown to be important for verbal WM, such as the IPL
(Baddeley, 2003), SPL (Koenigs, Barbey, Postle, & Grafman, 2009;
Postle et al., 2006) or the superior temporal cortex (Buchsbaum &
D’Esposito, 2008).
The second limitation is that we do not know whether the
observed double-dissociation was primarily due to either changes
in the interhemispheric balance of activity across the PPCs or considering the effect on the behavioral performance, due to cathodal
modulation (i.e., right PPC in the 1-back and left PPC in the 2back). Nevertheless, this limitation may not be solved simply by
including unilateral modulation groups in the study, partly because
a monopolar electrode on one hemisphere may still affect the
other hemisphere through current dispersion (Lang et al., 2005).
It is worth mentioning here that progress in neuroscience often
depends on the convergence of evidence from multiple methods.
Since every single technique has its own limitations, there is a clear
theoretical advantage in combining different approaches (Siebner
et al., 2009). Therefore in future investigations, it may be worthwhile to explore other methods of modulation, such as unilateral
modulation (i.e., extracephalic montage), in combination with neuroimaging techniques to investigate speciﬁc questions about the
mechanisms of action leading to this double dissociation. Moreover,
studies combining tDCS and neuroimaging techniques are needed
to systematically investigate speciﬁc changes in brain network
dynamics (for e.g., using graph theoretical approaches, Sporns,
2010) induced by tDCS, in order to provide a plausible mechanistic
account of neuroplasticity and explain behavioral neurophysiological changes that are modulated by this modulation technique
(Venkatakrishnan & Sandrini, 2012).
In conclusion, we were able to demonstrate a double dissociation of WM load effects induced by bilateral parietal modulation
after increased familiarity with the tasks. In the 1-back task, left
anodal-right cathodal modulation abolished improvement in RTs
observed in the other two modulation conditions. Conversely, in
the 2-back task, left cathodal-right anodal modulation abolished
the same effect relative to the other two modulation conditions.
This double dissociation demonstrates either a differential
engagement of each PPC or changes in the interhemispheric balance of activity across this brain region. Thus, these effects cannot
be attributed to increased task difﬁculty, the stimuli used, or the
response requirements. Rather, we suggest that these ﬁndings
reﬂect the use of different processing strategies to perform these
two tasks. In this study we have shown that, after increased familiarity with the task, different tDCS modulations lead to changes
in a task-related region depending on differences in processing
strategies in 1-back vs. 2-back.
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