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The nature of parietal contributions to working memory (WM) remain poorly understood but

of considerable interest. We previously reported that posterior parietal damage selectively

impaired WM probed by recognition (Berryhill and Olson, 2008a). Recent studies provided

support using a neuromodulatory technique, transcranial direct current stimulation (tDCS)

applied to the right parietal cortex (P4). These studies confirmed parietal involvement in

WM because parietal tDCS altered WM performance: anodal current tDCS improved per-

formance in a change detection task, and cathodal current tDCS impaired performance on

a sequential presentation task. Here, we tested whether these complementary results

were due to different degrees of parietal involvement as a function of WM task demands,

WM task difficulty, and/or participants’ WM capacity. In Experiment 1, we applied cathodal

and anodal tDCS to the right parietal cortex and tested participants on both previously used

WM tasks. We observed an interaction between tDCS (anodal, cathodal), WM task diffi-

culty, and participants’ WM capacity. When the WM task was difficult, parietal stimulation

(anodal or cathodal) improved WM performance selectively in participants with high WM

capacity. In the low WM capacity group, parietal stimulation (anodal or cathodal) impaired

WM performance. These nearly equal and opposite effects were only observed when the

WM task was challenging, as in the change detection task. Experiment 2 probed the inter-

play of WM task difficulty and WM capacity in a parametric manner by varying set size in

the WM change detection task. Here, the effect of parietal stimulation (anodal or cathodal)

on the high WM capacity group followed a linear function as WM task difficulty increased

with set size. The low WM capacity participants were largely unaffected by tDCS. These

findings provide evidence that parietal involvement in WM performance depends on both

WM capacity andWM task demands.We discuss these findings in terms of alternativeWM

strategies employed by low and high WM capacity individuals. We speculate that low WM

capacity individuals do not recruit the posterior parietal lobe for WM tasks as efficiently as

high WM capacity individuals. Consequently, tDCS provides greater benefit to individuals

with high WM capacity.
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INTRODUCTION

Keeping a running subtotal as we shop, remembering a new

acquaintance’s name for a subsequent introduction, maintaining

the distance of the car behind us as we switch lanes – these are

examples of daily activities that rely on working memory (WM).

WM serves as our mental workspace and as such it plays an essen-

tial role in cognition. Given this central role, cognitive researchers

have devoted considerable efforts developing and refining the-

oretical models of WM (for reviews see Baddeley and Hitch,

1974; Cowan, 1993; Baddeley, 2000; Miyake et al., 2001; Ober-

auer, 2002; Curtis and D’Esposito, 2003; Cowan et al., 2005; Chein

and Fiez, 2010). More recent work has focused on extending cog-

nitive models to identify the neural correlates of WM, including

the contributions of the inferior and superior parietal lobes com-

prising posterior parietal cortex (PPC; for reviews see Jonides et al.,

1993; Cohen et al., 1997; Courtney et al., 1997; Ungerleider et al.,

1998; Chein and Fiez, 2001; Munk et al., 2002; Pessoa et al., 2002;

Linden et al., 2003; Sala et al., 2003; Olson and Berryhill, 2009;

Brady et al., 2011). WM studies commonly identify PPC activa-

tions in functional magnetic resonance imaging (fMRI), yet only

recently have these activations been functionally associated with

WM rather than attention (Wager and Smith, 2003; Todd and

Marois, 2004, 2005; Song and Jiang, 2006; Xu and Chun, 2006;

Xu, 2007, 2009). Notably, activity in the intraparietal sulcus para-

metrically increases according to the number of items maintained

in WM according to an individual’s WM capacity limit (Todd

and Marois, 2004, 2005). These fMRI data point toward pari-

etal involvement in WM maintenance, but converging evidence

from neuropsychological patients is only partly consistent with

this view. We found that patients with bilateral parietal dam-

age were selectively impaired at blocks of WM trials probed by

old/new recognition but not recall (Berryhill and Olson, 2008b).

Yet, when recall and recognition WM trials were intermingled

making the retrieval demands unpredictable these same patient
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participants could perform normally on recognition WM trials

(Berryhill et al., 2011). Our conclusion was that under certain

conditions the patients with bilateral parietal damage uniformly

applied a recall strategy (e.g., in the unpredictable rather than the

blocked WM task). We interpreted these data as indicative of PPC

involvement in the strategic attentional refreshing of items in WM

that were not subject to active verbal rehearsal (Berryhill et al.,

2011). An important prediction that this view promotes is that

when verbal rehearsal strategies are limited, the PPC is needed for

accurate WM performance.

One complementary approach to the neuropsychological and

neuroimaging described above is neuromodulatory. Here, we used

transcranial direct current stimulation (tDCS) during which small

amounts of electric current are applied to the scalp to modulate the

excitability of underlying neural populations (Nitsche and Paulus,

2000; Rosenkranz et al., 2000; Antal et al., 2004a; Paulus, 2011;

Stagg and Nitsche, 2011; Jacobson et al., 2012). This is an appeal-

ing alternative because it can modulate the activity in relatively

small regions of cortex without the influence of cortical reorgani-

zation as may happen with patients. In addition, a within-subjects

design can be implemented. In tDCS the direction of current flow

is determined by the placement of the anodal (+) and cathodal (−)

electrode. Although it is a simplification, anodal tDCS has been

associated with the depolarization of neurons and making them

more likely to fire whereas cathodal tDCS has been associated with

hyperpolarizing neurons and making them less likely to fire (Pur-

pura and McMurtry, 1965). Although the mechanism of tDCS

remains an area of active research, there is evidence to suggest that

in the cortex tDCS modulates synaptic strength and likely stim-

ulates pyramidal neurons and interneurons (Nitsche et al., 2005;

Stagg and Nitsche, 2011). As a therapy, tDCS has shown some suc-

cess in treating major depression (Fregni et al., 2006a,b; Brunoni

et al., 2011), memory deficits in Parkinson’s disease (Boggio et al.,

2006), memory deficits in Alzheimer’s disease (Boggio et al., 2009,

2011, 2012), aphasia (Baker et al., 2010; Kang et al., 2011; You et al.,

2011), and as a recovery aid for stroke patients (Fregni et al., 2005b;

Miniussi et al., 2008; Jo et al., 2009; Kang et al., 2009; Bolognini

et al., 2011; Bueno et al., 2011). Despite these findings, less research

has been done investigating the effects of tDCS on WM.

Several studies have used tDCS to investigate verbal WM. In

these studies researchers have applied anodal tDCS to the left

prefrontal cortex with the consistent finding that stimulation

improved verbal WM performance using 2- and 3-back WM

tasks (Fregni et al., 2005a; Ohn et al., 2008; Andrews et al.,

2011; Mulquiney et al., 2011; Zaehle et al., 2011). These results

also showed that cathodal stimulation of the left prefrontal cor-

tex did not improve accuracy on the task. However, changes in

cognitive abilities have not been tested with neuromodulation as

thoroughly as with motor functions and in patient populations.

Studies of tDCS in cognitive domains find a variable pattern of

results and do not always match the predicted anodal-excitatory,

cathodal-inhibitory effect (Jacobson et al., 2012).

Only two WM-tDCS studies that we know of have stimulated

cortical regions other than the left prefrontal cortex. First, Berryhill

et al. (2010) used tDCS to study PPC contributions to visual WM

tested by recognition or recall. Healthy young adults who received

cathodal tDCS to the right PPC (P4) were selectively impaired

when making WM recognition judgments but performance on

recall tasks remained intact (Berryhill et al., 2010). Anodal tDCS

did not impair recognition WM. However, recently a second group

found that anodal tDCS applied to the right PPC improved WM in

a change detection WM recognition task, but cathodal tDCS had

no effect on WM (Tseng et al., 2012, personal communication).

In short, both studies found evidence for right PPC involvement

in WM, specifically visual WM tested by recognition; however,

the type of stimulation and the consequences of stimulation were

inconsistent. There were several important differences between

the studies that might have explained the different tDCS effects.

First, there were important paradigmatic differences. The two WM

tasks tested were quite different and they varied in task difficulty

as well. The required amount of sustained attention and number

of items was different between tasks. Another important differ-

ence between experiments was the difference in participants’ WM

capacity, which was not measured in either of the previous stud-

ies. In this study, we report a different effect of tDCS depending

on individual WM capacity. We reasoned that differential tDCS

effects might be due to increased reliance on the PPC accompa-

nying increases in task difficulty. However, this was only part of

the story. To preview our results, tDCS applied to the PPC leads

to different WM effects depending on WM task demand, but a

second important factor is an individual’s WM capacity.

MATERIALS AND METHODS

EXPERIMENT 1: PPC INVOLVEMENT IN VISUAL WM

The purpose of Experiment 1 was to determine the role of the

right PPC in visual WM tasks. We directly compared perfor-

mance in two previously tested WM recognition tasks (Berryhill

et al., 2010; Tseng et al., 2012) that had confirmed functional PPC

involvement in recognition WM but with inconsistent findings.

In the first case (Berryhill et al., 2010), cathodal tDCS impaired

WM performance and in the second case, anodal tDCS to the

right PPC improved WM performance (Tseng et al., 2012, per-

sonal communication). Here, participants performed both WM

tasks in a within-subjects design. A perfect replication of each

of the previous findings would have required a complex pattern

of results. Namely, anodal tDCS to the right PPC was expected

to benefit the change detection WM task, but not the sequen-

tial WM task and cathodal tDCS to the right PPC was expected

to disrupt the sequential WM task but not the change detection

task. Although this prediction is based on the previous findings it

struck us as unparsimonious because it required a tDCS (catho-

dal, anodal) by task (change detection, sequential presentation)

crossover interaction. We thought it would be more likely that

anodal or cathodal tDCS to the PPC would have uniform effects

on WM performance in both tasks. For example, anodal stim-

ulation should improve performance on both tasks or cathodal

stimulation should inhibit performance on both tasks. This would

be the case unless other task related factors were mediating the

role of the PPC.

Participants

Twenty neurologically normal right-handed young adults (average

age 23.25, SD 3.46, 12 females) participated. No participants were

under the effects of neuroleptic, hypnotic, or seizure medications.
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No participant had a history of significant neurological or psychi-

atric disease or significant head injuries. All procedures were con-

ducted in accordance with the University of Nevada Institutional

Review Board. Participants were compensated $15/hour.

TDCS protocol

As in Berryhill et al. (2010) and Tseng et al. (2012), there were three

tDCS testing sessions: anodal, cathodal, and sham (control con-

dition). Sham stimulation incorporates 20 s of stimulation during

the ramping up phase as in the actual stimulation conditions, how-

ever, after the 20 s stimulation ends. This has been shown to be an

effective method for keeping participants blind to the condition

(Gandiga et al., 2006). Conditions were administered on different

days during 30-min testing sessions counterbalanced across par-

ticipants. In all conditions one electrode was placed over the right

parietal cortex at P4 (International 10-20 EEG system). The ref-

erence electrode was placed on the contra lateral cheek (Berryhill

et al., 2010). In the anodal condition the anode was over P4 and in

the cathodal condition the cathode was over P4. P4 was selected

because it was used in both of the previously described PPC stud-

ies and would lead to closer replication of the methods used. P4

also was shown to influence WM recognition in previous studies.

In the sham condition either the anode or cathode was placed over

P4 in counterbalanced order. The order of stimulation conditions

was counterbalanced across participants. Participants often took

part in the study in consecutive days, however some gaps were

longer. The gaps between sessions did not extend beyond a week

between sessions. No participants reported any side effects which

is consistent with other tDCS studies (Kessler et al., 2012).

Stimulation consisted of a single continuous direct cur-

rent delivered by a battery-driven continuous stimulator (Eldith

MagStim, GmbH, Ilmenau, Germany). Current was delivered

through two 5 cm × 7 cm electrodes housed in saline-soaked

sponges. During cathodal and anodal stimulation 1.5 mA current

was applied for 10 min. Previous studies have found an effect of

tDCS with 10 min of stimulation (Furubayashi et al., 2008; Berry-

hill et al., 2010; Andrews et al., 2011; Mulquiney et al., 2011; Antal

et al., 2012; Berryhill and Jones, 2012; Kasashima et al., 2012). Dur-

ing sham stimulation participants received stimulation in which

current lasted for 20 s at the start and end of the 10 min but no

stimulation occurred in between. This gives participants the expe-

rience of feeling a minor tingling at most to have the appearance

of stimulation. During stimulation participants performed prac-

tice trials of both procedures as to become familiar with each task.

Immediately following the 10 min the electrodes were removed

and the researchers left the room so that the participant could per-

form the task. Both experimental procedures were programmed

using ePrime 2.0 (PST, Pittsburgh, USA). The experiment was con-

ducted on Dell Optiplex 980 computer and stimuli were presented

on a Dell 24′′ monitor which participants sat 57 cm from. The

University of Nevada Reno IRB approved all protocols.

Experimental tasks

Sequential presentation task. Here, six visual stimuli were pre-

sented sequentially at fixation (1000 ms each; Berryhill and Olson,

2008a; Berryhill et al., 2010). The visual stimuli consisted of 72 col-

orized drawings of common objects (e.g., frog, arm; Rossion and

Pourtois,2004). The stimuli were approximately 20˚ × 10˚ of visual

angle and they were presented on a uniform white background.

A checkerboard mask (1000 ms) appeared after the sixth stimulus

and then a seventh test stimulus appeared (until response). The

test stimulus was one of the previous six 50% of the time (old)

and a new stimulus 50% of the time (new). Participants made a

new/old button response to indicate if the seventh test item was

one of the first six (Figure 1).

Change detection task. The change detection WM task was sim-

ilar to that used by Tseng et al. (2012). Each trial began with

a central fixation cross (1000 ms). Next, eight randomly col-

ored squares (3˚ × 3˚ of visual angle) appeared simultaneously at

FIGURE 1 | Example trials of each of the WM tasks used in Experiment 1:

(top) sequential presentation WM task: in each trial a series of images

were presented and after a delay a probe image appeared: (bottom)

change detection WM task in which a visual array was presented and

after a delay a probe image appeared. In both cases the response was to

report whether the probe image was old or new.
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random locations presented against a medium gray background

(200 ms), followed by a retention interval (1000 ms). The col-

ored squares were equiluminant with the exception of black and

white. The RGB values were as follows: yellow (255, 255, 0), white

(255, 255, 255), teal (0, 210, 255), red (255, 0, 0), purple (156, 0,

255), pink (255, 0, 255), orange (255, 168, 0), green (0, 255, 0),

blue (0, 0, 255), black (0, 0, 0), and aqua (0, 255, 216). The col-

ored squares were created in Adobe Photoshop and only the hue

changed between the squares. The luminance level remained the

same. At test, the stimulus display reappeared (2200 ms) and par-

ticipants had to make an old/new response indicating whether a

single square had changed color (50% trials). The background

color differences between the trial types helped to inform the

participants of which type of trial would be next (Figure 1).

Digit span. We also administered tests of forward and back-

ward digit WM span to each participant before the sham stim-

ulation session. For each participant a combined score (forward

span + backward span) was calculated as a measure of WM span.

The digit span task is a useful measure of cognitive abilities. The

digit span task is frequently used to measure cognitive capabili-

ties (Parkinson et al., 1980; Conklin et al., 2000; Pisoni and Geers,

2000; Lefebvre et al., 2005).

Analysis

Here, we report the data using normalized difference

indices (tDCS − sham/tDCS + sham) to minimize between-

subject variability. Difference indices were used to normalize

the effect of stimulation for each participant. These values were

compared using a mixed model repeated measures ANOVA

with the within-subject factors of task (sequential presentation,

change detection) and tDCS condition (anodal, cathodal) and the

between-subjects factor of WM span (high, low). Several other

measures of WM performance accuracy were calculated [raw accu-

racy, corrected recognition (CR), WM capacity (Cowan’s K ), and

discrimination (d ′)] with consistent findings across measures. All

analyses were subject to Bonferroni correction.

Results

To demonstrate that there was no effect of tDCS unless WM capac-

ity was considered, we conducted a repeated measures ANOVA

including the within-subjects factors of WM task (sequential pre-

sentation, change detection) and the two stimulation difference

indices (anodal, cathodal). As expected, there were no main effects

of task or stimulation condition and no significant interactions

(all p’s > 0.50). We anticipated this result, as this analysis failed

to adequately account for the pattern in the data because it did

not include a cognitive measure of WM capacity. We divided the

participants into two groups based on their WM capacity. High

and low WM capacity groups were defined by a median split on

the combined forward and backward WM digit span scores. The

high and low WM capacity groups had significantly different com-

bined digit span scores (M low = 10.80 SD = 1.14, M high = 14.10

SD = 0.74, t 18 = 7.71, p < 0.001). The forward digit span scores

had a range of 5–9 and the backward digit span scores had a range

of 4–7.

A second repeated measures ANOVA on the difference indices

of accuracy including the between-subjects factor of group

found that there were no main effects of stimulation condi-

tion (F 1, 18 = 0.096, p = 0.760, partial η
2
= 0.005), or WM task

(F 1, 18 = 0.553, p = 0.467, partial η
2
= 0.030). The main effect of

WM capacity group was significant (F 1, 18 = 5.685, p = 0.028, par-

tial η
2
= 0.240), such that the high WM capacity group received

a benefit of tDCS and the low capacity group was impaired by

tDCS; see Figure 2. Importantly, the interaction of WM capac-

ity group and WM task was significant (F 1, 18 = 9.648, p = 0.006,

partial η
2
= 0.349). The high WM capacity group received a

global tDCS benefit and the low WM capacity group was glob-

ally impaired by tDCS, but this difference only emerged in

the change detection task. To characterize the difficulty dif-

ferences between the two tasks we compared performance in

both tasks with d ′ using a paired-samples t -test and found

that performance on the sequential presentation task was sig-

nificantly better than performance on the change detection

task (d ′ mean: sequential presentation task: 2.88, SD = 0.67,

FIGURE 2 | Experiment 1 results. Performance is plotted as a difference

index using performance accuracy values (tDCS − sham/tDCS + sham). Values

above 0 indicate superior performance in the tDCS condition; values below 0

indicate impaired performance after tDCS. The sequential task is presented on

the left and the change detection task on the right. The low WM span group is

plotted in black and the high WM span group is plotted in white. Error bars

represent the SEM. There was a significant between-group effect of tDCS

across stimulation condition and WM task.
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change detection task: 0.81, SD = 0.10, t 19 = 10.58, p < 0.001,

r2
= 0.85).

To investigate further, we conducted two independent samples

t -tests on the difference indices of accuracy on the change

detection task between WM capacity groups and found that

the anodal (high WM capacity mean difference index = +3.6,

low WM capacity mean difference index = −3.8: t 18 = 2.612,

p = 0.018, r2
= 0.13) and cathodal (high WM capacity mean

difference index = +3.9, low WM capacity mean difference

index = −2.6: t 18 = 2.694, p = 0.015, r2
= 0.29) effect between

WM capacity groups was significant. No other interactions

approached significance (all p’s > 0.384). We also conducted

two independent samples t -test on the sequential presentation

task between WM capacity groups and found that the anodal

(high WM capacity mean difference = −0.003, low WM capac-

ity mean difference = −0.007: t 18 = 0.954, p = 0.353, r2
= 0.05)

and cathodal (high WM capacity mean difference = +0.021, low

WM capacity mean difference = +0.001: t 18 = 0.418, p = 0.681,

r2
= 0.01) effect between WM capacity groups was not

significant (Table 1).

Discussion

Experiment 1 showed that the parietal contributions to WM may

be quite different depending on participant’s WM capacity. High

and low WM capacity groups responded in nearly equal and oppo-

site directions to parietal tDCS. This finding replicated Tseng et

al.’s report of anodal improvement of WM performance. However

we only observed this effect in the high WM capacity group. We also

observed improved WM performance after cathodal tDCS to the

right PPC in the high WM capacity group. The Berryhill et al. data

were also partially replicated, but only in the low WM capacity

group, and only in the change detection WM task. In short, these

data partially replicated Berryhill et al. (2010) and Tseng et al.

(2012). Previous tDCS studies targeting parietal cortex reported a

similar effect of anodal and cathodal stimulation. Here, WM per-

formance in the high WM capacity group improved after either

anodal and cathodal tDCS whereas performance in the low WM

capacity group was impaired. Furthermore, the effect of tDCS on

the change detection task performance was significantly greater

than the effect on performance in the sequential presentation task.

In Experiment 1 there were significant differences in the

two WM tasks. Neither the high nor low WM capacity group

experienced a significant effect of tDCS on the sequential pre-

sentation task. This task was significantly easier and slower paced

than the change detection task and it raises the possibility that

the PPC was not recruited equally in each task. Additionally, in

the sequential presentation task there may have been alternative

strategies (e.g., verbal rehearsal of items) that activated other cor-

tical regions to compensate for altered PPC function. A verbal

rehearsal strategy would be impossible in the change detection

task because of the fast presentation rate and the difficult-to-name

aspect of the spatial configurations. However, performance on the

change detection task was modulated by tDCS and WM capacity.

The high WM capacity group benefited from anodal and cathodal

tDCS suggesting that the PPC was differentially contributing to

WM performance in low and high WM capacity groups.

EXPERIMENT 2: MODULATING TASK DIFFICULTY IN WM CHANGE

DETECTION

There were several limitations in Experiment 1. First, there was

a notable inter-task difficulty differential: the change detection

task was significantly more difficult than the sequential presenta-

tion task. Second, high and low WM capacity individuals showed

nearly equal and opposite effects of right PPC stimulation. Conse-

quently, in Experiment 1 it was impossible to determine whether

differences in WM performance were due to WM task demands or

WM capacity. Experiment 2 addressed these confounds. We para-

metrically modulated task difficulty by varying the set size in the

change detection WM task. We predicted that PPC involvement

would increase with WM load as seen in previous fMRI research

(Todd and Marois, 2004, 2005; Song and Jiang, 2006; Xu and Chun,

2006) and supported by our findings from Experiment 1. If the

results in Experiment 1 were due to task difficulty, increasing WM

task difficulty should place greater demands on relevant cortical

structures such as the PPC and result in linear effects and improved

WM performance.

Participants

Twenty-eight neurologically normal right-handed young adults

(mean age 22.29, SD 3.05, 24 females) participated. Seven partic-

ipants had also participated in Experiment 1. We conducted the

same median split from Experiment 1 on the combined digit span

scores for all participants. This allowed us to create a high WM

capacity (mean = 14.07, SD = 1.59) and low WM capacity group

Table 1 | Mean accuracy scores (SD) for all participants (total), the high WM capacity group (H), and the low WM capacity group (L).

Sham Anodal Cathodal

Total H L Total H L Total H L

E1. Sequential

Presentation

91 (0.05) 90 (0.04) 91 (0.06) 90 (0.06) 90 (0.05) 90 (0.06) 90 (0.08) 88 (0.07) 92 (0.09)

E1. Change Detection 63 (0.07) 63 (0.08) 64 (0.07) 64 (0.10) 68 (0.08) 60 (0.10) 64 (0.08) 68 (0.08) 61 (0.06)

E2. Set Size 4 82 (0.06) 84 (0.02) 82 (0.01) 83 (0.07) 84 (0.02) 81 (0.02) 81 (0.08) 83 (0.02) 79 (0.02)

E2. Set Size 6 69 (0.06) 70 (0.02) 68 (0.02) 71 (0.06) 73 (0.02) 69 (0.01) 69 (0.07) 70 (0.03) 68 (0.01)

E2. Set Size 8 62 (0.05) 62 (0.02) 62 (0.01) 66 (0.06) 68 (0.01) 64 (0.02) 65 (0.07) 67 (0.01) 63 (0.02)

Rows 1 and 2 represent the tasks from Experiment 1 (E1) and rows 3–5 represent the set sizes in Experiment 2 (E2).
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(mean = 10.42, SD = 0.76). The range for the forward digit span

was from 5 to 9 and the range of the backward digit span was 3–9.

Methods

Experiment 2 repeated the tDCS protocol and the change detection

WM task described in Experiment 1 with one change. Addi-

tional set sizes (4, 6, and 8) were included to parametrically vary

task difficulty. There were 100 trials of each set size pseudo ran-

domly interleaved for a total of 300 trials. Anodal, cathodal, and

sham conditions were used in a counterbalanced order across

participants. The experimental task lasted ∼20 min.

Results

As in Experiment 1, high and low WM capacity groups were

defined by performing a median split on their combined for-

ward and backward digit span scores. A repeated measures ANOVA

was conducted analyzing the within-group factors of stimulation

(anodal, cathodal), and set size (4, 6, and 8) and the between-

group factors of WM capacity group (high, low). There was a

main effect of stimulation condition (F 1, 26 = 5.060, p = 0.033,

partial η
2
= 0.163) such that anodal stimulation (Figure 3) bene-

fited WM performance more than cathodal stimulation (Figure 4).

There was also a main effect of set size (F 2, 52 = 4.375, p = 0.018,

partial η
2
= 0.144) such that tDCS effects followed a signifi-

cant linear trend (p = 0.008, partial η
2
= 0.240). Specifically, as

set size increased, the effect of stimulation also increased. The

within-subject contrast analysis on high WM capacity difference

scores showed a linear trend for both anodal (p = 0.030, par-

tial η
2
= 0.314) and cathodal stimulation (p = 0.037, partial

η
2
= 0.294). It is possible that the cathodal effect in the high

WM capacity group could best be explained by an exponen-

tial fit. However, paired-samples t -test indicated that there was

no significant difference between mean r2 values as expressed

by a linear (M = 0.534) versus exponential (M = 0.527) trend

(t 13 = 0.120, n.s.) Finally, the between-subject effect of group

reached significance (F 1, 26 = 5.097, p = 0.033, partial η2
= 0.164).

The high WM capacity group showed a performance improve-

ment following stimulation. Stimulation had a negligible effect

on performance for the low WM capacity group. We conducted

additional one-sample t -tests comparing the difference indices

of the high WM capacity group from zero, or no change. The

difference scores for the set size of 8 were significant for both

the anodal (t 13 = 3.303, p = 0.006, r2
= 0.46) and cathodal stimu-

lation (t 13 = 2.725, p = 0.017, r2
= 0.36). Pairwise comparisons

of the 4 and 6 set size values were not significant (all t -

values > 0.083). The same comparisons for the low WM capacity

group were conducted and no measures reached significance. The

cathodal difference score for a set size of four was the closest

to significance (t 13 = 1.802, p = 0.095, r2
= 0.20). None of the

interactions reached significance (all p’s > 0.268).

Discussion

In Experiment 2, we investigated the role that task difficulty plays

in PPC involvement in WM task performance. This experiment

FIGURE 3 | Experiment 2 results. The difference indices for anodal tDCS on WM accuracy. Error bars represent the SEM.

FIGURE 4 | Experiment 2 results. The difference indices for cathodal tDCS on WM accuracy. Error bars represent the SEM.
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eliminated the task by difficulty confound in Experiment 1 by

parametrically modulating set size to create three different levels of

difficulty. Following Experiment 1, we predicted that the high WM

capacity participants would benefit from tDCS and that the low

WM capacity group would be impaired. We found that the high

WM capacity group again benefited from either anodal or cathodal

tDCS and that this benefit increased as task difficulty increased.

However, here, the low WM capacity group was largely unaffected

by tDCS except the decrease in performance seen following catho-

dal stimulation in the set size 4 condition. The increased benefit

seen in performance following stimulation as difficulty increases

reflects the strain put on the PPC by the task demands. This leads us

to conclude that the PPC is needed more for recognition tasks that

are more demanding than for those that are not. This is in support

with previous research showing that PPC activity is greater with

increasing WM loads (Todd and Marois, 2004; Song and Jiang,

2006).

GENERAL DISCUSSION

Here we confirmed PPC involvement in WM using tDCS. In

Experiment 1, we compared the effects of anodal and cathodal

P4 tDCS on two different WM tasks: sequential presentation and

change detection. Stimulation effects were greater in the change

detection task. We also found that the direction of the tDCS effects

depended on participants’ WM capacity. The low WM capacity

group’s performance was generally impaired by tDCS whereas the

high WM capacity group’s performance improved. Again, it was

important to demonstrate that ignoring important group differ-

ences would obscure significant findings. Future research using

tDCS should take this into account, as small sample sizes are

common in tDCS studies making between-groups analyses under

powered. In Experiment 2, we found that tDCS effects increased

with WM task difficulty. As in Experiment 1, there were group dif-

ferences. The high WM capacity group benefited from tDCS, and

this effect was strongest in the anodal tDCS condition. Accordingly,

we concluded that PPC involvement is greater in more difficult

WM recognition tasks. These findings serve to resolve some of the

discrepancy in the WM-tDCS literature by showing that tDCS to

functionally involved regions can either improve or impair perfor-

mance. The implications of these findings are discussed below.

PPC involvement in visual WM

The current findings are consistent with an interpretation we

previously espoused called the internal attention model (Berryhill

et al., 2011). Briefly, PPC contributions to WM can be described as

strategically attending to items in WM and refreshing their repre-

sentations. Accordingly, PPC involvement was predicted when the

memoranda were difficult to verbalize, when attentional switch-

ing was compromised by a dual task paradigm, and when a passive

WM strategy was adopted. This last prediction is thought to be

associated with WM trials probed by recognition because par-

ticipants may not engage an active verbal rehearsal strategy that

is thought to draw more heavily on prefrontal involvement. The

present WM paradigms probed WM using recognition. Yet, dif-

ferential effects of PPC stimulation were noted in Experiment

1. This observation is consistent with our previous predictions

because the change detection task met several of the criteria of the

internal attention hypothesis: the stimuli were difficult to rehearse,

making a deliberate verbal rehearsal strategy difficult. The change

detection task may therefore be more reliant on attentional refresh-

ing than the sequential presentation task. Furthermore, the slow

pace of the sequential presentation task may not strain attentional

resources as heavily as the faster-paced change detection task.

Previous research has shown that anodal tDCS to the right

PPC, but not the left PPC, improves visual search and attentional

skills (Bolognini et al., 2010). This was shown by improving visual

search performance after tDCS and task training. The visual search

findings help to explain our results as well. In the current study,

anodal tDCS may not have only boosted attentional resources in

the PPC allowing for better performance, but it also may have

made visual processing more efficient. It is also possible that par-

ticipants varied their strategy in the sequential presentation task

and sometimes performed an active rehearsal strategy and other

times relied on attentional refreshing. Averaging WM performance

across trials would also show a smaller effect of tDCS than what

was observed in the change detection task. Another factor that

we previously predicted would increase PPC involvement was task

difficulty. This prediction was born out in Experiment 2. We con-

clude that these data are consistent with a role for the PPC in the

attentional refreshing process.

Group differences modulate tDCS effect size

Perhaps the most interesting finding here were the differences in

the effect of tDCS to the PPC on low and high WM capacity

groups. The high WM capacity group revealed a greater benefit of

tDCS across WM tasks and stimulation condition. However, the

low WM capacity group did not see a uniform stimulation effect

across both experiments. In Experiment 1 the low WM capacity

group was uniformly impaired by tDCS. This pattern of nearly

equal and opposite effects in high and low WM capacity groups

may explain why previous groups have had difficulty identify-

ing any effect of tDCS. In Experiment 2, there was no effect of

tDCS in the low WM capacity group. Previously we reported that

less educated older adults did not benefit from frontal lobe tDCS

but better educated adults benefited (Berryhill and Jones, 2012).

Experiment 2 replicated the finding that high WM capacity pre-

dicted a larger benefit of tDCS whereas low WM capacity showed

no improvement. We suspect that the differences in digit span

score and education level both are reflecting the same underlying

mechanism. To our knowledge there are only two other studies

incorporating measures of group differences. In one case a motor

learning task showed that the effect of tDCS to the motor cor-

tex varied according to a participant’s genotype for brain-derived

neurotrophic factor (BDNF; Cheeran et al., 2008). In the second,

in an emotional stimulus categorization task, tDCS to the dor-

solateral prefrontal cortex had a greater effect on introverts than

extraverts (Pena-Gomez et al., 2011). Future studies will be needed

to identify the relevant factors influencing the magnitude of tDCS

effects.

Other researchers have found important differences in WM

strategy across individuals with different WM capacities (e.g.,

Cokely et al., 2006; Imbo and Vandierendonck, 2007; Bailey et al.,

2008; Baldwin and Reagan, 2009; Unsworth and Spillers, 2010).

Low WM span individuals are less able to ignore distracters
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(Unsworth, 2007), rely on context to recall items, and have fewer

attentional resources (Conway and Engle, 1996; Kane et al., 2001;

Unsworth and Spillers, 2010). Recent research has shown that high

WM capacity participants adopted more efficient strategies in a

category naming task compared to low WM capacity participants

(Schelble et al., 2012). Importantly, however, when instructed to

use the same strategy as the high WM capacity participants the low

WM capacity participants performed just as well. This suggests

that it is not a fundamental inability but rather a miscalcula-

tion that can be remedied through training. Another recent WM

study found that participants used different strategies based on

the demands of the WM task (Sandrini et al., 2012). In a series of

n-back tasks, participants employed different strategies for 1-back,

when compared to 2- or 3-back tasks. These authors conclude that

the 1-back tasks can rely on stimulus familiarity because the task

is to identify repetitions whereas 2- or 3-back tasks may require

recollection to overcome the presence of intervening stimuli. Fur-

ther research is underway to examine whether the differences we

observed can be explained by differences in WM strategy. Particu-

larly given the safety and affordability of tDCS, it will be important

to define with some confidence who, when, and how individuals

will benefit from tDCS.

Mechanisms of tDCS

Apart from WM strategy, tDCS may have different effects on par-

ticipants because of differences in their biology (morphological

and genetic), which remain poorly understood. Animal research

involving tDCS found that anodal tDCS increased neuronal activ-

ity and cathodal tDCS decreased neuronal activity (Purpura and

McMurtry, 1965). However, within deeper layers of cortex, the

opposite effect was seen such that anodal stimulation deactivated

neurons and cathodal stimulation activated them. This suggested

that neuronal orientation is important to understanding the effect

of tDCS (Purpura and McMurtry, 1965). Within the cortex, tDCS

modulates synaptic strength and likely stimulates neurons in the

cortex, pyramidal neurons, and interneurons (Stagg and Nitsche,

2011). Several neuromodulators such as GABA (Stagg et al., 2009),

Na+ and Ca2+ channel blockers (Nitsche et al., 2004), l-DOPA

(Kuo et al., 2008), and the D2 receptor agonists (Nitsche et al., 2006;

Monte-Silva et al., 2009) also have an effect on increasing and/or

decreasing the effects of tDCS stimulation (for more see Stagg and

Nitsche, 2011). Some progress in linking DNA genotypes with

cognitive performance is underway. Different genotypes reflect

differences in the biology, such as neurotransmitter level or ion

channel subtypes, that may affect the influence of tDCS. The

catechol-O-methyltransferase (COMT ) gene codes for an enzyme

that metabolizes catecholamines and it is particularly important

for metabolizing prefrontal dopamine. A single point mutation in

the COMT gene (val158met) is associated with differences in cog-

nitive abilities (de Frias et al., 2004; Bruder et al., 2005; Bertolino

et al., 2006; Aguilera et al., 2008; Stokes et al., 2011; Buckert et al.,

2012). There is also some evidence that COMT genotype has a

significant effect on the volume of gray matter and parietal lobe

activity (Dumontheil et al., 2011). Consequently, COMT geno-

type may play a role in determining how participants will respond

to tDCS, or whether they have a low or high WM capacity. This

complex story will require collaboration between neuroscientists

focusing on all of these levels to enable accurate prediction of the

effect of tDCS.

There are also discrepancies between studies in the tDCS liter-

ature that deserve mention. The relationship between stimulation

condition and its effects are not fully understood. The assumption

with tDCS in studies of cognition is that there is an excitatory effect

of anodal current and an inhibitory effect of cathodal current.

As shown in a recent meta-analysis this is commonly observed

in studies of motor cortex stimulation, but this pattern is only

rarely seen in studies of cognition (Jacobson et al., 2012). One

explanation for this are that cognitive abilities are more active

than motor functions during stimulation as participants are gen-

erally not moving but still have active WM. Motor behavior is

not voluntarily activated during stimulation whereas WM is con-

stantly being updated. Measures of cognitive task performance

may also be more susceptible to external noise than measures

of motor task performance. This may be because motor tasks

are generally measured with motor evoked potentials whereas

cognitive performance is measured by a variety of ways such as

reaction time, accuracy, and neuroimaging (e.g., fMRI, ERP, and

MEG; further reviewed in Jacobson et al., 2012). Some examples

of studies of cognitive functions that do not follow the anodal-

excitatory, cathodal-inhibitory pattern are picture naming (Monti

et al., 2008), risk-taking (Boggio et al., 2010), and reaction time on

a visual Sternberg task (Marshall et al., 2005). Also, cathodal tDCS

may not be decreasing neural excitability, but it may be reduc-

ing competition between neurons (Antal et al., 2004b). Another

explanation is that cathodal tDCS to the right PPC acts as a noise

filter and helps to suppress distractors and boost performance

(Weiss and Lavidor, 2012). This predicts a greater benefit of tDCS

at greater set sizes, consistent with our finding that there was a

greater benefit at set size 8 than 4 or 6.

Limitations and open questions

One limitation of the present analysis is that we conducted a

median split based on the combined digit span scores. Median

splits eliminate the continuous nature of the digit span variable.

Future individual differences investigations will be needed to more

precisely assess the relationship between WM capacity and pari-

etal lobe involvement in WM tasks. These findings show that at

the coarser group level there are differences. We speculate that the

nature of these differences may be reflecting different strategies

in accomplishing WM tasks. Another criticism is that we assessed

WM capacity based on digit span scores. It has been suggested

that the digit span measure does not correlate as well as com-

plex WM span tasks with fluid intelligence (Chein et al., 2011).

Complex WM span tasks require attention to shift away from

the to-be-remembered items to perform a second distracter task.

This is a more realistic representation of the way WM operates

in everyday life. To address this concern we have begun to collect

Operation span measures (Turner and Engle, 1989; Unsworth and

Engle, 2005) from our participants in addition to forward and

backward digit span. Operation span task requires participants to

remember a series of words interleaved with distracter arithmetic

equations. We conducted this measure on 16 of the 28 partici-

pants. Analyses conducted based on these scores were consistent

with groups defined by digit span. To date, people who have been
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tested on both measures reveal the same pattern of data. This pro-

vides some assurance that dividing groups based on digit span is

likely to produce similar results.

A second limitation of this work is that tDCS cannot claim

to focally stimulate a particular aspect of the PPC. We were

careful to use this overly general term even though the PPC is

clearly composed of multiple functional subsections – e.g., the

superior parietal lobule, supramarginal gyrus, and angular gyrus.

This problem of identifying the site of tDCS stimulation is cur-

rently being addressed through the application of cortical mod-

eling (Datta et al., 2009a, 2011; Mendonca et al., 2011). These

modeling data can provide considerable insight to the unintu-

itive spread of current through the cortex. For our purposes, the

between-subjects findings are important because the same elec-

trode montages were applied to all participants. Consequently,

even though we cannot state with precision the boundaries of

stimulation, we can state that there were differential effects as a

function of WM capacity. In the future the development of High

Density tDCS (HD-tDCS) techniques will permit greater speci-

ficity in estimating the extent and specificity of cortical stimulation

(Datta et al., 2009b; Diaz et al., 2009; Dmochowski et al., 2011).

The combination of cortical modeling and HD-tDCS will sup-

plement the researcher’s armamentarium and provide an effective

and safe investigational tool to probe brain structure–function

relationships.

ACKNOWLEDGMENTS

We would like to thank Abby Feenstra, Caitlin Crane, Dwight

Peterson, Eleanor R. Berryhill Caplovitz, Ryan Tanoue, and Sierra

Kreamer-Hope for assisting with this research endeavor. This work

was supported by faculty startup funds generously provided to

Marian E. Berryhill by the University of Nevada, Reno.

REFERENCES

Aguilera, M., Barrantes-Vidal, N., Arias,

B., Moya, J., Villa, H., Ibanez, M.

I., and Fananas, L. (2008). Puta-

tive role of the COMT gene poly-

morphism (Val158Met) on ver-

bal working memory functioning

in a healthy population. Am. J.

Med. Genet. B Neuropsychiatr. Genet.

147B, 898–902.

Andrews, S. C., Hoy, K. E., Enticott, P.

G.,Daskalakis,Z. J., and Fitzgerald,P.

B. (2011). Improving working mem-

ory: the effect of combining cogni-

tive activity and anodal transcranial

direct current stimulation to the left

dorsolateral prefrontal cortex. Brain

Stimul. 4, 84–89.

Antal, A., Kincses, T. Z., Nitsche,

M. A., Bartfai, O., and Paulus,

W. (2004a). Excitability changes

induced in the human primary

visual cortex by transcranial direct

current stimulation: direct electro-

physiological evidence. Invest. Oph-

thalmol. Vis. Sci. 45, 702–707.

Antal, A., Nitsche, M. A., Kruse, W.,

Kincses, T. Z., Hoffmann, K. P., and

Paulus, W. (2004b). Direct current

stimulation over V5 enhances visuo-

motor coordination by improving

motion perception in humans. J.

Cogn. Neurosci. 16, 521–527.

Antal, A., Kovacs, G., Chaieb, L., Czi-

raki, C., Paulus, W., and Greenlee, M.

W. (2012). Cathodal stimulation of

human MT+ leads to elevated fMRI

signal: a tDCS-fMRI study. Restor.

Neurol. Neurosci. 30, 255–263.

Baddeley, A. (2000). The episodic

buffer: a new component of working

memory? Trends Cogn. Sci. (Regul.

Ed.) 4, 417–423.

Baddeley, A. D., and Hitch, G. (1974).

“Working memory,” in The Psy-

chology of Learning and Motivation:

Advances in Research and Theory,

Vol. 8, ed. G. H. Bower (New York:

Academic Press), 47–89.

Bailey, H., Dunlosky, J., and Kane,

M. J. (2008). Why does working

memory span predict complex cog-

nition? Testing the strategy affor-

dance hypothesis. Mem. Cognit. 36,

1383–1390.

Baker, J. M., Rorden, C., and Fridriks-

son, J. (2010). Using transcranial

direct-current stimulation to treat

stroke patients with aphasia. Stroke

41, 1229–1236.

Baldwin, C. L., and Reagan, I. (2009).

Individual differences in route-

learning strategy and associated

working memory resources. Hum.

Factors 51, 368–377.

Berryhill, M. E., Chein, J., and Olson,

I. R. (2011). At the intersection of

attention and memory: the mecha-

nistic role of the posterior parietal

lobe in working memory. Neuropsy-

chologia 49, 1306–1315.

Berryhill, M. E., and Jones, K. T. (2012).

tDCS selectively improves work-

ing memory in older adults with

more education. Neurosci. Lett . 521,

148–151.

Berryhill, M. E., and Olson, I. R.

(2008a). Is the posterior parietal

lobe involved in working memory

retrieval? Evidence from patients

with bilateral parietal lobe damage.

Neuropsychologia 46, 1775–1786.

Berryhill, M. E., and Olson, I. R.

(2008b). The right parietal lobe

is critical for visual working

memory. Neuropsychologia 46,

1767–1774.

Berryhill, M. E., Wencil, E. B., Branch

Coslett, H., and Olson, I. R.

(2010). A selective working memory

impairment after transcranial direct

current stimulation to the right

parietal lobe. Neurosci. Lett. 479,

312–316.

Bertolino, A., Rubino, V., Sambataro,

F., Blasi, G., Latorre, V., Fazio, L.,

and Scarabino, T. (2006). Prefrontal-

hippocampal coupling during mem-

ory processing is modulated by

COMT val158met genotype. Biol.

Psychiatry 60, 1250–1258.

Boggio, P. S., Ferrucci, R., Mameli,

F., Martins, D., Martins, O., Ver-

gari, M., Tadini, L., Scarpini, E.,

Fregni, F., and Priori, A. (2012). Pro-

longed visual memory enhancement

after direct current stimulation in

Alzheimer’s disease. Brain Stimul . 5,

223–230.

Boggio, P. S., Valasek, C. A., Campanha,

C., Giglio, A. C., Baptista, N. I.,

Lapenta,O. M., and Fregni,F. (2011).

Non-invasive brain stimulation to

assess and modulate neuroplasticity

in Alzheimer’s disease. Neuropsychol.

Rehabil. 21, 703–716.

Boggio, P. S., Ferrucci, R., Rigonatti, S.

P., Covre, P., Nitsche, M., Pascual-

Leone, A., and Fregni, F. (2006).

Effects of transcranial direct current

stimulation on working memory in

patients with Parkinson’s disease. J.

Neurol. Sci. 249, 31–38.

Boggio, P. S., Khoury, L. P., Martins,

D. C., Martins, O. E., de Macedo,

E. C., and Fregni, F. (2009). Tem-

poral cortex direct current stimu-

lation enhances performance on a

visual recognition memory task in

Alzheimer disease. J. Neurol. Neuro-

surg. Psychiatr. 80, 444–447.

Boggio, P. S., Zaghi, S., Villani, A. B.,

Fecteau, S., Pascual-Leone, A., and

Fregni, F. (2010). Modulation of

risk-taking in marijuana users by

transcranial direct current stimula-

tion (tDCS) of the dorsolateral pre-

frontal cortex (DLPFC). Drug Alco-

hol Depend. 112, 220–225.

Bolognini, N., Fregni, F., Casati, C.,

Olgiati, E., and Vallar, G. (2010).

Brain polarization of parietal

cortex augments training-induced

improvement of visual exploratory

and attentional skills. Brain Res.

1349, 76–89.

Bolognini, N., Vallar, G., Casati, C.,

Latif, L. A., El-Nazer, R., Williams,

J., and Fregni, F. (2011). Neuro-

physiological and behavioral effects

of tDCS combined with constraint-

induced movement therapy in

poststroke patients. Neurorehabil.

Neural. Repair 25, 819–829.

Brady,T. F.,Konkle,T., and Alvarez,G. A.

(2011). A review of visual memory

capacity: beyond individual items

and toward structured representa-

tions. J. Vis. 11, 4.

Bruder, G. E., Keilp, J. G., Xu, H.,

Shikhman, M., Schori, E., Gorman,

J. M., and Gilliam, T. C. (2005).

Catechol-O-methyltransferase

(COMT) genotypes and working

memory: associations with dif-

fering cognitive operations. Biol.

Psychiatry 58, 901–907.

Brunoni, A. R., Ferrucci, R., Bortolo-

masi, M., Vergari, M., Tadini, L.,

Boggio, P. S., and Priori, A. (2011).

Transcranial direct current stimula-

tion (tDCS) in unipolar vs. bipo-

lar depressive disorder. Prog. Neu-

ropsychopharmacol. Biol. Psychiatry

35, 96–101.

Buckert, M., Kudielka, B. M., Reuter,

M., and Fiebach, C. J. (2012).

The COMT Val158Met polymor-

phism modulates working memory

performance under acute stress.

Psychoneuroendocrinology. PMID:

22503421. [Epub ahead of print].

Bueno, V. F., Brunoni, A. R., Boggio, P.

S., Bensenor, I. M., and Fregni, F.

(2011). Mood and cognitive effects

of transcranial direct current stim-

ulation in post-stroke depression.

Neurocase 17, 318–322.

www.frontiersin.org September 2012 | Volume 3 | Article 81 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive


Jones and Berryhill tDCS and working memory

Cheeran, B., Talelli, P., Mori, F., Koch, G.,

Suppa, A., Edwards, M., and Roth-

well, J. C. (2008). A common poly-

morphism in the brain-derived neu-

rotrophic factor gene (BDNF) mod-

ulates human cortical plasticity and

the response to rTMS. J. Physiol.

(Lond.) 586(Pt 23), 5717–5725.

Chein, J. M., and Fiez, J. A. (2001). Dis-

sociation of verbal working memory

system components using a delayed

serial recall task. Cereb. Cortex 11,

1003–1014.

Chein, J. M., and Fiez, J. A. (2010).

Evaluating models of working mem-

ory through the effects of concur-

rent irrelevant information. J. Exp.

Psychol. Gen. 139, 117–137.

Chein, J. M., Moore, A. B., and Con-

way, A. R. (2011). Domain-general

mechanisms of complex work-

ing memory span. Neuroimage 54,

550–559.

Cohen, J. D., Perlstein, W. M., Braver,

T. S., Nystrom, L. E., Noll, D. C.,

Jonides, J., and Smith, E. E. (1997).

Temporal dynamics of brain activa-

tion during a working memory task.

Nature 386, 604–608.

Cokely, E. T., Kelley, C. M., and Gilchrist,

A. L. (2006). Sources of individ-

ual differences in working mem-

ory: contributions of strategy to

capacity. Psychon. Bull. Rev. 13,

991–997.

Conklin, H. M., Curtis, C. E., Katsanis,

J., and Iacono, W. G. (2000). Ver-

bal working memory impairment

in schizophrenia patients and their

first-degree relatives: evidence from

the digit span task. Am. J. Psychiatry

157, 275–277.

Conway, A. R., and Engle, R. W. (1996).

Individual differences in working

memory capacity: more evidence for

a general capacity theory. Memory 4,

577–590.

Courtney, S. M., Ungerleider, L. G., Keil,

K., and Haxby, J. V. (1997). Transient

and sustained activity in a distrib-

uted neural system for human work-

ing memory. Nature 386, 608–611.

Cowan, N. (1993). Activation, atten-

tion, and short-term memory. Mem.

Cognit. 21, 162–167.

Cowan, N., Elliott, E. M., Scott Saults, J.,

Morey, C. C., Mattox, S., Hismjatul-

lina, A., and Conway, A. R. (2005).

On the capacity of attention: its esti-

mation and its role in working mem-

ory and cognitive aptitudes. Cogn.

Psychol. 51, 42–100.

Curtis, C. E., and D’Esposito, M. (2003).

Persistent activity in the prefrontal

cortex during working memory.

Trends Cogn. Sci. (Regul. Ed.) 7,

415–423.

Datta, A., Baker, J. M., Bikson, M.,

and Fridriksson, J. (2011). Individ-

ualized model predicts brain cur-

rent flow during transcranial direct-

current stimulation treatment in

responsive stroke patient. Brain

Stimul. 4, 169–174.

Datta, A., Bansal, V., Diaz, J., Patel, J.,

Reato, D., and Bikson, M. (2009a).

Gyri-precise head model of tran-

scranial direct current stimulation:

improved spatial focality using a

ring electrode versus conventional

rectangular pad. Brain Stimul. 2,

201–207, 207.e201.

Datta, A., Elwassif, M., and Bik-

son, M. (2009b). Bio-heat transfer

model of transcranial DC stimu-

lation: comparison of conventional

pad versus ring electrode. Conf. Proc.

IEEE Eng. Med. Biol. Soc. 2009,

670–673.

de Frias, C. M., Annerbrink, K., West-

berg, L., Eriksson, E., Adolfsson, R.,

and Nilsson, L. G. (2004). COMT

gene polymorphism is associated

with declarative memory in adult-

hood and old age. Behav. Genet. 34,

533–539.

Diaz, J., Bansal, V., Patel, J., and Bikson,

M. (2009). High-density transcra-

nial direct current stimulation (HD-

tDCS): hardware interface. J. Med.

Device. 3, 1.

Dmochowski, J. P., Datta, A., Bikson,

M., Su, Y., and Parra, L. C. (2011).

Optimized multi-electrode stimula-

tion increases focality and intensity

at target. J. Neural Eng. 8, 046011.

Dumontheil, I., Roggeman, C., Zier-

mans, T., Peyrard-Janvid, M., Mats-

son, H., Kere, J., and Kling-

berg, T. (2011). Influence of the

COMT genotype on working mem-

ory and brain activity changes dur-

ing development. Biol. Psychiatry 70,

222–229.

Fregni, F., Boggio, P. S., Mansur, C.

G., Wagner, T., Ferreira, M. J.,

Lima, M. C., and Pascual-Leone, A.

(2005a). Transcranial direct current

stimulation of the unaffected hemi-

sphere in stroke patients. Neurore-

port 16, 1551–1555.

Fregni, F., Boggio, P. S., Nitsche, M.,

Bermpohl, F., Antal, A., Feredoes,

E., and Pascual-Leone, A. (2005b).

Anodal transcranial direct current

stimulation of prefrontal cortex

enhances working memory. Exp.

Brain Res. 166, 23–30.

Fregni, F., Boggio, P. S., Nitsche, M. A.,

Marcolin, M. A., Rigonatti, S. P., and

Pascual-Leone, A. (2006a). Treat-

ment of major depression with tran-

scranial direct current stimulation.

Bipolar Disord. 8, 203–204.

Fregni, F., Boggio, P. S., Nitsche, M.

A., Rigonatti, S. P., and Pascual-

Leone, A. (2006b). Cognitive effects

of repeated sessions of transcra-

nial direct current stimulation in

patients with depression. Depress.

Anxiety 23, 482–484.

Furubayashi, T., Terao, Y., Arai, N.,

Okabe, S., Mochizuki, H., Hanajima,

R., and Ugawa, Y. (2008). Short and

long duration transcranial direct

current stimulation (tDCS) over the

human hand motor area. Exp. Brain

Res. 185, 279–286.

Gandiga, P. C., Hummel, F. C., and

Cohen, L. G. (2006). Transcranial

DC stimulation (tDCS): a tool for

double-blind sham-controlled clini-

cal studies in brain stimulation. Clin.

Neurophysiol. 117, 845–850.

Imbo, I., and Vandierendonck, A.

(2007). The development of strategy

use in elementary school children:

working memory and individual dif-

ferences. J. Exp. Child. Psychol. 96,

284–309.

Jacobson, L., Koslowsky, M., and Lavi-

dor, M. (2012). tDCS polarity effects

in motor and cognitive domains: a

meta-analytical review. Exp. Brain

Res. 216, 1–10.

Jo, J. M., Kim, Y. H., Ko, M. H., Ohn, S.

H., Joen, B., and Lee, K. H. (2009).

Enhancing the working memory of

stroke patients using tDCS. Am. J.

Phys. Med. Rehabil. 88, 404–409.

Jonides, J., Smith, E. E., Koeppe, R. A.,

Awh, E., Minoshima, S., and Mintun,

M. A. (1993). Spatial working mem-

ory in humans as revealed by PET.

Nature 363, 623–625.

Kane, M. J., Bleckley, M. K., Con-

way, A. R., and Engle, R. W.

(2001). A controlled-attention view

of working-memory capacity. J. Exp.

Psychol. Gen. 130, 169–183.

Kang, E. K., Baek, M. J., Kim, S.,

and Paik, N. J. (2009). Non-invasive

cortical stimulation improves post-

stroke attention decline. Restor. Neu-

rol. Neurosci. 27, 645–650.

Kang, E. K., Kim, Y. K., Sohn, H. M.,

Cohen, L. G., and Paik, N. J. (2011).

Improved picture naming in aphasia

patients treated with cathodal tDCS

to inhibit the right Broca’s homo-

logue area. Restor. Neurol. Neurosci.

29, 141–152.

Kasashima, Y., Fujiwara, T., Matsushika,

Y., Tsuji, T., Hase, K., Ushiyama, J.,

Ushiba, J., and Liu, M. (2012). Mod-

ulation of event-related desynchro-

nization during motor imagery with

transcranial direct current stimula-

tion (tDCS) in patients with chronic

hemiparetic stroke. Exp. Brain Res.

221, 263–268.

Kessler, S. K., Turkeltaub, P. E., Benson, J.

G., and Hamilton, R. H. (2012). Dif-

ferences in the experience of active

and sham transcranial direct cur-

rent stimulation. Brain Stimul. 5,

155–162.

Kuo, M. F., Unger, M., Liebetanz, D.,

Lang, N., Tergau, F., Paulus, W.,

and Nitsche, M. A. (2008). Lim-

ited impact of homeostatic plastic-

ity on motor learning in humans.

Neuropsychologia 46, 2122–2128.

Lefebvre, C. D., Marchand, Y., Eskes, G.

A., and Connolly, J. F. (2005). Assess-

ment of working memory abilities

using an event-related brain poten-

tial (ERP)-compatible digit span

backward task. Clin. Neurophysiol.

116, 1665–1680.

Linden, D. E., Bittner, R. A., Muckli, L.,

Waltz, J. A., Kriegeskorte, N., Goebel,

R., and Munk, M. H. (2003). Cortical

capacity constraints for visual work-

ing memory: dissociation of fMRI

load effects in a fronto-parietal net-

work. Neuroimage 20, 1518–1530.

Marshall, L., Molle, M., Siebner, H. R.,

and Born, J. (2005). Bifrontal tran-

scranial direct current stimulation

slows reaction time in a working

memory task. BMC Neurosci. 6, 23.

doi:10.1186/1471-2202-6-23

Mendonca, M. E., Santana, M. B.,

Baptista, A. F., Datta, A., Bikson,

M., Fregni, F., and Araujo, C. P.

(2011). Transcranial DC stimulation

in fibromyalgia: optimized cortical

target supported by high-resolution

computational models. J. Pain. 12,

610–617.

Miniussi, C., Cappa, S. F., Cohen, L.

G., Floel, A., Fregni, F., Nitsche, M.

A., and Walsh, V. (2008). Efficacy

of repetitive transcranial magnetic

stimulation/transcranial direct cur-

rent stimulation in cognitive neu-

rorehabilitation. Brain Stimul. 1,

326–336.

Miyake, A., Friedman, N. P., Rettinger,

D. A., Shah, P., and Hegarty, M.

(2001). How are visuospatial work-

ing memory, executive functioning,

and spatial abilities related? A latent-

variable analysis. J. Exp. Psychol. Gen.

130, 621–640.

Monte-Silva, K., Kuo, M. F., Thirug-

nanasambandam, N., Liebetanz, D.,

Paulus, W., and Nitsche, M. A.

(2009). Dose-dependent inverted U-

shaped effect of dopamine (D2-

like) receptor activation on focal

and nonfocal plasticity in humans.

J. Neurosci. 29, 6124–6131.

Monti, A., Cogiamanian, F., Marceglia,

S., Ferrucci, R., Mameli, F., Mrakic-

Sposta, S., and Priori, A. (2008).

Improved naming after transcranial

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation September 2012 | Volume 3 | Article 81 | 10

http://dx.doi.org/10.1186/1471-2202-6-23
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Psychiatry
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive


Jones and Berryhill tDCS and working memory

direct current stimulation in apha-

sia. J. Neurol. Neurosurg. Psychiatr.

79, 451–453.

Mulquiney, P. G., Hoy, K. E., Daskalakis,

Z. J., and Fitzgerald, P. B. (2011).

Improving working memory:

exploring the effect of transcranial

random noise stimulation and

transcranial direct current stimula-

tion on the dorsolateral prefrontal

cortex. Clin. Neurophysiol. 122,

2384–2389.

Munk, M. H., Linden, D. E., Muckli,

L., Lanfermann, H., Zanella, F. E.,

Singer, W., and Goebel, R. (2002).

Distributed cortical systems in visual

short-term memory revealed by

event-related functional magnetic

resonance imaging. Cereb. Cortex 12,

866–876.

Nitsche, M. A., Lampe, C., Antal, A.,

Liebetanz, D., Lang, N., Tergau, F.,

and Paulus, W. (2006). Dopaminer-

gic modulation of long-lasting direct

current-induced cortical excitability

changes in the human motor cortex.

Eur. J. Neurosci. 23, 1651–1657.

Nitsche, M. A., Liebetanz, D., Schlit-

terlau, A., Henschke, U., Fricke,

K., Frommann, K., and Tergau, F.

(2004). GABAergic modulation of

DC stimulation-induced motor cor-

tex excitability shifts in humans. Eur.

J. Neurosci. 19, 2720–2726.

Nitsche, M. A., and Paulus, W. (2000).

Excitability changes induced in the

human motor cortex by weak tran-

scranial direct current stimulation. J.

Physiol. (Lond.) 527(Pt 3), 633–639.

Nitsche, M. A., Seeber, A., From-

mann, K., Klein, C. C., Rochford,

C., Nitsche, M. S., and Tergau, F.

(2005). Modulating parameters of

excitability during and after tran-

scranial direct current stimulation of

the human motor cortex. J. Physiol.

(Lond.) 568(Pt 1), 291–303.

Oberauer, K. (2002). Access to informa-

tion in working memory: exploring

the focus of attention. J. Exp. Psychol.

Learn Mem. Cogn. 28, 411–421.

Ohn, S. H., Park, C. I., Yoo, W. K., Ko,

M. H., Choi, K. P., Kim, G. M., and

Kim, Y. H. (2008). Time-dependent

effect of transcranial direct current

stimulation on the enhancement of

working memory. Neuroreport 19,

43–47.

Olson, I. R., and Berryhill, M. (2009).

Some surprising findings on the

involvement of the parietal lobe in

human memory. Neurobiol. Learn.

Mem. 91, 155–165.

Parkinson, S. R., Lindholm, J. M., and

Urell, T. (1980). Aging, dichotic

memory and digit span. J. Gerontol.

35, 87–95.

Paulus, W. (2011). Transcranial electri-

cal stimulation (tES – tDCS; tRNS,

tACS) methods. Neuropsychol. Reha-

bil. 21, 602–617.

Pena-Gomez, C., Vidal-Pineiro, D.,

Clemente, I. C., Pascual-Leone,

A., and Bartres-Faz, D. (2011).

Down-regulation of negative

emotional processing by transcra-

nial direct current stimulation:

effects of personality charac-

teristics. PLoS ONE 6, e22812.

doi:10.1371/journal.pone.0022812

Pessoa, L., Gutierrez, E., Bandettini, P.,

and Ungerleider, L. (2002). Neural

correlates of visual working mem-

ory: fMRI amplitude predicts task

performance. Neuron 35, 975–987.

Pisoni, D. B., and Geers, A. E. (2000).

Working memory in deaf children

with cochlear implants: correlations

between digit span and measures

of spoken language processing. Ann.

Otol. Rhinol. Laryngol. Suppl. 185,

92–93.

Purpura, D. P., and McMurtry, J. G.

(1965). Intracellular activities and

evoked potential changes during

polarization of motor cortex. J. Neu-

rophysiol. 28, 166–185.

Rosenkranz, K., Nitsche, M. A., Tergau,

F., and Paulus, W. (2000). Diminu-

tion of training-induced transient

motor cortex plasticity by weak tran-

scranial direct current stimulation

in the human. Neurosci. Lett. 296,

61–63.

Rossion, B., and Pourtois, G. (2004).

Revisiting Snodgrass and Vander-

wart’s object pictorial set: the role

of surface detail in basic-level object

recognition. Perception 33, 217–236.

Sala, J. B., Rama, P., and Courtney, S.

M. (2003). Functional topography

of a distributed neural system for

spatial and nonspatial information

maintenance in working memory.

Neuropsychologia 41, 341–356.

Sandrini, M., Fertonani, A., Cohen, L.

G., and Miniussi, C. (2012). Double

dissociation of working memory

load effects induced by bilateral pari-

etal modulation. Neuropsychologia

50, 396–402.

Schelble, J. L., Therriault, D. J., and

Miller, M. D. (2012). Classifying

retrieval strategies as a function of

working memory. Mem. Cognit. 40,

218–230.

Song, J. H., and Jiang, Y. (2006). Visual

working memory for simple and

complex features: an fMRI study.

Neuroimage 30, 963–972.

Stagg, C. J., Best, J. G., Stephenson,

M. C., O’Shea, J., Wylezinska, M.,

Kincses, Z. T., and Johansen-Berg,

H. (2009). Polarity-sensitive mod-

ulation of cortical neurotransmit-

ters by transcranial stimulation. J.

Neurosci. 29, 5202–5206.

Stagg, C. J., and Nitsche, M. A. (2011).

Physiological basis of transcranial

direct current stimulation. Neurosci-

entist. 17, 37–53.

Stokes, P. R., Rhodes, R. A., Grasby, P.

M., and Mehta, M. A. (2011). The

effects of the COMT Val108/158Met

polymorphism on BOLD activation

during working memory, planning,

and response inhibition: a role for

the posterior cingulate cortex? Neu-

ropsychopharmacology 36, 763–771.

Todd, J. J., and Marois, R. (2004). Capac-

ity limit of visual short-term mem-

ory in human posterior parietal cor-

tex. Nature 428, 751–754.

Todd, J. J., and Marois, R. (2005). Pos-

terior parietal cortex activity pre-

dicts individual differences in visual

short-term memory capacity. Cogn.

Affect. Behav. Neurosci. 5, 144–155.

Tseng, P., Hsu, T. Y., Chang, C. F.,

Tzeng, O. J., Hung, D. L., Mug-

gleton, N. G., and Juan, C. H.

(2012). Unleashing potential: tran-

scranial direct current stimulation

over the right posterior parietal cor-

tex improves change detection in

low-performing individuals. J. Neu-

rosci. 32, 10554–10561.

Turner, M., and Engle, R. W. (1989).

Is working memory capacity task

dependent? J. Mem. Lang. 28,

127–154.

Ungerleider, L. G., Courtney, S. M., and

Haxby, J. V. (1998). A neural sys-

tem for human visual working mem-

ory. Proc. Natl. Acad. Sci. U.S.A. 95,

883–890.

Unsworth, N. (2007). Individual differ-

ences in working memory capacity

and episodic retrieval: examining the

dynamics of delayed and continuous

distractor free recall. J. Exp. Psychol.

Learn Mem. Cogn. 33, 1020–1034.

Unsworth, N., and Engle, R. W. (2005).

Individual differences in working

memory capacity and learning: evi-

dence from the serial reaction time

task. Mem. Cognit. 33, 213–220.

Unsworth, N., and Spillers, G. J.

(2010). Variation in working mem-

ory capacity and episodic recall: the

contributions of strategic encoding

and contextual retrieval. Psychon.

Bull. Rev. 17, 200–205.

Wager, T. D., and Smith, E. E. (2003).

Neuroimaging studies of working

memory: a meta-analysis. Cogn.

Affect. Behav. Neurosci. 3, 255–274.

Weiss, M., and Lavidor, M. (2012).

When less is more: evidence for a

facilitative cathodal tDCS effect in

attentional abilities. J. Cogn. Neu-

rosci. 24, 1826–1833.

Xu, Y. (2007). The role of the supe-

rior intraparietal sulcus in support-

ing visual short-term memory for

multifeature objects. J. Neurosci. 27,

11676–11686.

Xu, Y. (2009). Distinctive neural mecha-

nisms supporting visual object indi-

viduation and identification. J. Cogn.

Neurosci. 21, 511–518.

Xu, Y., and Chun, M. M. (2006). Disso-

ciable neural mechanisms support-

ing visual short-term memory for

objects. Nature 440, 91–95.

You, D. S., Kim, D. Y., Chun, M. H., Jung,

S. E., and Park, S. J. (2011). Catho-

dal transcranial direct current stim-

ulation of the right Wernicke’s area

improves comprehension in suba-

cute stroke patients. Brain Lang. 119,

1–5.

Zaehle, T., Sandmann, P., Thorne, J.

D., Jancke, L., and Herrmann, C. S.

(2011). Transcranial direct current

stimulation of the prefrontal cortex

modulates working memory perfor-

mance: combined behavioural and

electrophysiological evidence. BMC

Neurosci. 12, 2. doi:10.1186/1471-

2202-12-2

Conflict of Interest Statement: The

authors declare that the research was

conducted in the absence of any com-

mercial or financial relationships that

could be construed as a potential con-

flict of interest.

Received: 07 May 2012; accepted: 21

August 2012; published online: 10 Sep-

tember 2012.

Citation: Jones KT and Berryhill ME

(2012) Parietal contributions to visual

working memory depend on task dif-

ficulty. Front. Psychiatry 3:81. doi:

10.3389/fpsyt.2012.00081

This article was submitted to Frontiers in

Neuropsychiatric Imaging and Stimula-

tion, a specialty of Frontiers in Psychiatry.

Copyright © 2012 Jones and Berryhill.

This is an open-access article distributed

under the terms of the Creative Com-

mons Attribution License, which per-

mits use, distribution and reproduction

in other forums, provided the original

authors and source are credited and sub-

ject to any copyright notices concerning

any third-party graphics etc.

www.frontiersin.org September 2012 | Volume 3 | Article 81 | 11

http://dx.doi.org/10.1371/journal.pone.0022812
http://dx.doi.org/10.1186/1471-2202-12-2
http://dx.doi.org/10.1186/1471-2202-12-2
http://dx.doi.org/10.3389/fpsyt.2012.00081
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

	Parietal contributions to visual working memory depend on task difficulty
	Introduction
	Materials and Methods
	Experiment 1: PPC involvement in visual WM
	Participants
	TDCS protocol
	Experimental tasks
	Sequential presentation task
	Change detection task
	Digit span

	Analysis
	Results
	Discussion

	Experiment 2: Modulating task difficulty in WM change detection
	Participants
	Methods
	Results
	Discussion

	General Discussion
	PPC involvement in visual WM
	Group differences modulate tDCS effect size
	Mechanisms of tDCS
	Limitations and open questions


	Acknowledgments
	References


