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Abstract

Working memory (WM) is a core cognitive ability important for everyday functioning. A burgeoning area of
research suggests that WM can be improved via working memory training (WMT) paradigms. Additionally, recent
research has shown that WM may be enhanced through noninvasive neuromodulation such as transcranial direct
current stimulation (tDCS). In this study, we evaluated how a single-session, brief-but-concentrated combination
of tDCS over the left dorsolateral prefrontal cortex (dIPFC; F3 region), paired with a WMT paradigm utilizing
emotional stimuli (emotional n-back) could produce gains in WM and associated, untrained cognitive abilities.
Healthy undergraduate participants were randomized to receive either active tDCS and WMT, or sham-tDCS and
WMT. Cognitive abilities (WM, attention control, and cognitive inhibition) were measured before and after the
intervention. No significant differences were found in WM performance or associated abilities between those who
received active or sham tDCS. Individuals in both groups evidenced a faster reaction time on an Operation Span
task, and an Emotional Stroop Task, following the WMT session. These findings add to the mixed picture of the
effectiveness of single-session WMT protocols and highlight the importance of the dose-response relationship in
training core cognitive processes such as WM.
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Introduction

Working memory (WM) is a cognitive ability with a
limited capacity related to temporary storage and
manipulation of information (Baddeley, 1992). WM
is critically important when executing multiple tasks
and informing behavior choices for upcoming events
(D’Esposito & Postle, 2015). Deficits in WM function
have been linked to failure in real-world tasks
(Beilock & Carr, 2005) and in potentiating emotional
problems such as depression and anxiety symptoms
(Matsuo et al., 2007; Moran, 2016).

Recent research has suggested that WM is a
malleable cognitive process that can be improved
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with focused training. Meta-analyses suggest that
WM training (WMT) programs such as the n-back
task can positively affect WM processes that have
been directly trained (Melby-Lervag & Hulme, 2013),
and others have suggested that WMT can produce
transfer gains on general fluid intelligence (Jaeggi,
Buschkuehl, Jonides, & Perrig, 2008). WMT is
generally administered over multiple sessions in
short (20-min) intervals (Soveri, Antfolk, Karlsson,
Salo, & Laine, 2017). Moreover, positive training
effects from WMT can be enhanced by using
emotionally relevant stimuli (Hur, lordan, Dolcos, &
Berenbaum, 2017). For instance, n-back training
with emotional stimuli has been shown to produce
changes in psychiatric symptoms such as
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posttraumatic stress disorder (Larsen et al., 2019;
Owens, Koster, & Derakshan, 2013; Sari, Koster,
Pourtois, & Derakshan, 2016; Schweizer et al.,
2017). Additionally, emotional WMT paradigms
have been shown to increase the efficiency of the
frontoparietal cognitive control network that is critical
for WM function (Schweizer, Grahn, Hampshire,
Mobbs, & Dalgleish, 2013; Schweizer, Hampshire, &
Dalgleish, 2011).

A promising means to further enhance WMT is to
utilize a direct brain stimulation approach such as
transcranial direct current stimulation (tDCS). tDCS
is a noninvasive form of brain stimulation purported
to alter cortical excitability (Nitsche et al., 2003).
Meta-analyses suggest that tDCS can significantly
enhance WM capabilities and reaction time on
cognitive tasks when paired with WMT (Brunoni &
Vanderhasselt, 2014; Mancuso, llieva, Hamilton, &
Farah, 2016). Considerable evidence suggests that
key components of WM function are housed in the
frontal lobe structures of the brain, particularly within
the dorsolateral prefrontal cortex (dIPFC; Barbey,
Koenigs, & Grafman, 2013; Eriksson, Vogel,
Lansner, Bergstrom, & Nyberg, 2015). As such,
many studies utilizing tDCS to alter cortical
excitability related to WM target the dIPFC (Plewnia,
Schroeder, Kunze, Faehling, & Wolkenstein, 2015;
Ruf, Fallgatter, & Plewnia, 2017; Schulze, Grove,
Tamm, Renneberg, & Roepke, 2019). Considering
the ease of use and safety of the device (Bikson et
al.,, 2016), tDCS and stimulation of the dIPFC has
potential to augment the power of existing WMT
programs.

Significant questions remain regarding the facilitative
effect of tDCS on WMT, however. Firstly, there is
mixed evidence regarding the necessary training
threshold of pairing tDCS and WMT to produce
cognitive gains. Some have suggested that a single
session of tDCS can produce neurocognitive gains
in WM (Fregni et al., 2005). However, others have
suggested that tDCS, with or without WMT, needs
repeated administration to induce long-term
potentiation (Alonzo, Brassil, Taylor, Martin, & Loo,
2012; Meinzer et al.,, 2014), yet others have
suggested that tDCS has little effect on cognitive
function at all (Horvath, Forte, & Carter, 2015).
Within the literature, the strength and duration of
current delivery is also varied, but generally kept
within 1 miliampere (mA) administered for
approximately 5 to 30 minutes with few studies
providing stimulation on the upper end of this
duration (Clarke, Browning, Hammond, Notebaert, &
MacLeod, 2014; Filmer, Lyons, Mattingley, & Dux,
2017; Nitsche et al., 2003; Ruf et al., 2017). If a
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brief but concentrated tDCS-WMT training paradigm
can produce changes in core cognitive capabilities,
such an intervention can be easily transported and
utilized in a variety of contexts where WM is
impacted. Thus, if a single-session training with a
concentrated electrical and cognitive dosage could
produce a therapeutic signal, there would be
grounds for further exploration of such an
intervention.

Secondly, while most n-back training paradigms use
nonemotional stimuli to train WM processes (Soveri
et al., 2017), such WM processes are intricately tied
to underlying emotional valence. For instance,
memory processes for emotional stimuli may be
enhanced due to connections between the
amygdala and cortical regions (Dolcos, LaBar, &
Cabeza, 2004), and conversely diminished during
aggravation of negative affective and anxiety states
(Figueira et al., 2017; Moon & Jeong, 2015). Recent
work suggests that WMT programs can be
enhanced by training WM processes using
emotional stimuli (Larsen et al., 2019; Schweizer et
al., 2013). Despite the potent link between WM and
emotional content, very few studies utilize emotional
WMT in conjunction with tDCS (Martin et al., 2018;
Schmidt, Wolkenstein, & Plewnia, 2015). Additional
research is needed to explore how the combination
of tDCS and emotional WMT can enhance cognitive
training outcomes.

In this study, we sought to explore the usefulness of
a single, concentrated, cognitive training paradigm in
improving WM and associated cognitive abilities. To
this end, we sought to amplify the tDCS-WMT
paradigms used in previous studies by incorporating
emotional valence in our cognitive training task and
increasing the dosage of both WMT and tDCS in
terms of time in the context of a single session. We
hypothesized that individuals receiving anodal direct
current stimulation in conjunction with emotionally
valanced WMT would show improvements in both
WM performance and transfer improvements in
untrained but closely associated cognitive abilities
such as attention control and cognitive inhibition.

Method

Participants

Forty-four (n = 44) undergraduate students between
ages 18 and 60 were recruited from a university in
the Midwestern United States. This study utilized a
nonclinical student sample (healthy individuals) who
were free of active psychiatric complaints, were not
prescribed psychotropic medications, and did not
report a history of head injuries or neurological
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complaints (e.g., history of seizures). A healthy
sample was recruited for this study to factor out the
deleterious effect of psychiatric comorbidities on WM
processes (Lukasik, Waris, Soveri, Lehtonen, &
Laine, 2019; Salazar-Villanea, Liebmann, Garnier-
Villarreal, Montenegro-Montenegro, & Johnson,
2015).

NeuroRegulation

individuals consented to participation, and 47 of
those met study entry criteria; 10 individuals were
excluded for reasons such as metal implants, history
of concussions, or active psychotropic medications.
Forty-seven participants completed the FE, but three
individuals  withdrew  participation  prior to
randomization. Full demographic and clinical
information of our sample is found in Table 1. The

Of the 264 participants who completed

prescreening, 86

individuals
prescreening criteria and were invited to participate
in a full eligibility (FE) assessment.

passed

Fifty-seven

experimental and placebo groups did

not

significantly differ from each other regarding gender
or age, or in baseline characteristics such as

cognitive performance, or baseline anxiety.

Table 1
Demographic and clinical characteristics of the study sample
tWMT M(SD) SWMT M(SD)
(n=22) (n=22) t X2 p
Age 28.73(12.50) 27.54(11.23) 0.33 0.74
Gender (% Female) 72.7% (n = 16) 68.2% (n = 15) 0.13 0.94
Race
White 63.6% (n = 14) 68.2% (n = 15)
African American 13.6% (n = 3) 9.1% (n=2)
Asian 9.1% (n = 2) 9.1% (n = 2)
Other 13.6% (n = 3) 9.1% (n = 2)
Ethnicity (Hispanic or Latino) 0% (n =0) 4.5% (n=1)
DASS-21
Total 5.82(5.49) 5.91(7.89) -0.04 0.97
Depression 1.91(2.99) 1.45(2.91) -0.51 0.61
Anxiety 1.64(2.60) 1.55(2.04) 0.13 0.90
Stress 2.82(3.42) 2.36(2.59) 0.50 0.62

Note. tWMT = working memory training plus active direct current stimulation; SWMT = working memory training plus sham
direct current stimulation; DASS-21 = depression, anxiety, and stress scale.

*p <.05; *p < .01

Study Procedures

A study flow-chart is found in Figure 1. Interested
participants were invited to complete a prescreening
survey including an online prescreening consent
form, Diagnostic History Scale (DHS; a researcher-
made 14-item self-report measure to assess the
presence of any comorbid psychiatric conditions or
allergies that may affect study participation), and
Safety Screening Questionnaire (SSQ; a 17-item
self-report measure that asks about
contraindications to tDCS stimulation). Those who
did not report current psychiatric complaints, alcohol
and substance use, history of concussions or head
injuries, mental implants in head, history of seizure,
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epileptiform, or migraines, and concomitant
psychotropic medications were invited to the FE
session. Written informed consent was obtained in
person at the laboratory visit prior to any study
activities. All study procedures were approved by
the university’s Institutional Review Board (IRB).

The remainder of study procedures took place over
a single session. Participants were first reassessed
for eligibility criteria using the Mini International
Neuropsychiatric Interview (MINI) version 6.0, DHS,
and SSQ (semi-structured interview format) to
ensure safety for participation.
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Prescreening
264 individuals screened
86 individuals eligible

Y

[ Full Eligibility Assessment ]

57 individuals consented
47 individuals eligible
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[ Baseline Assessment ]

Computerized cognitive assessment

v

Randomization (n = 44)

tDCS Set-Up
I3 4
WMT + active tDCS [-tWMT] WMT + sham tDCS [=sWMT]
(n=22) (n=22)
4 »
[ Post-training Assessment ]

Figure 1. Flow of study procedures.

Following verification of study eligibility, participants
were assessed using a battery of computerized
cognitive tests to measure WM and attention.
Cognitive function was measured at baseline (BL),
and again following training (posttraining [PT]). The
Depression Anxiety and Stress Scale (DASS-21)
was used to measure depression, anxiety, stress,
and general negative affect at BL (Lovibond &
Lovibond, 1995). While we targeted a healthy
sample to factor out the effect of psychiatric
comorbidity on cognitive function, we measured the
general level of emotional symptomology in our
sample to further identify any confounding effects of
negative affect on cognitive function. Computerized
cognitive assessment and training paradigms were
presented using E-Prime 2.0 (Psychology Software
Tools, Inc., Sharpsburg, PA), and the remainder of
computerized assessment used Inquisit software
(Millisecond Software, Seattle, WA). Questionnaires
were administered using Qualtrics Survey Tools
(Qualtrics, Provo, UT).

Randomization took place after BL assessment
according to the following schedule: either WMT +
active tDCS group (tWMT; n = 22), or WMT + sham
tDCS group (SWMT; n = 22). Following
randomization, the tDCS apparatus was attached,
and participants completed 60 min of WMT. This
training period was approximately two to three times
the regular dose of one WMT session typically used
in the literature (Larsen et al., 2019; Schweizer et
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al., 2013). Participants in the tWMT condition
received 30 min of current stimulation while training
WM processes, and participants in the sWMT only
received 30 s of stimulation (ramp-up) to induce the
feeling of stimulation (i.e., tingling). Stimulation
started immediately upon trial 1 of the n-back
paradigm.  Thus, tWMT received online direct
current for half of their training session, while sSWMT
participants essentially completed a 60-min memory
training session without stimulation. Following
WMT, participants repeated computerized cognitive
assessment from BL to measure a pre-to-post
change in memory and associated cognitive abilities.

Computerized Cognitive Assessment

Working memory (automated complex span
tasks [ACST]). WM performance was the primary
outcome measure in this study. WM was measured
through the automated complex span tasks (ACST;
Oswald, McAbee, Redick, & Hambrick, 2015), which
was comprised of three computerized span tasks to
measure discrete aspects of WM processing. The
operation span task prompted participants to solve a
series of math operations while remembering a set
of unrelated distractor numbers. The reading span
task presented participants with sensical and
nonsensical sentences (approximately 10-15 words
long) and asked participants to differentiate which
they were while also remembering the order of a
string of digits. In the symmetry span task,
participants were presented with a set of 8x8
matrices of black and white squares, and
participants were instructed to judge whether the
matrices were symmetrical or asymmetrical along a
vertical line while also remembering the location of a
red square positioned in a 4x4 matrix. Each span
task provided two indices of WM function: absolute
scores referred to the number of trials in which a
participant recalled all target stimuli in order without
error and relative scores referred to the proportion of
correct responses.

WM training paradigms have also been shown to
induce transfer effects on untrained cognitive tasks
(Jaeggi et al., 2010), and WM has been shown to be
critically important for overall allocation of attentional
resources, especially in threat contexts (Stout,
Shackman, Johnson, & Larson, 2015; Stout,
Shackman, & Larson, 2013). Thus, we used the
following tasks as secondary outcome measures to
probe transfer effects of our training protocol:

Interference control (emotional Stroop task
[EST]). The EST presented words from three
distinct categories (neutral, positive, and negative)
and prompted participants to select, with colored
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keys on the keyboard, the color of the word on the
computer screen. The EST is useful in identifying
interference effects in processing emotional stimuli,
such that longer reaction times (RT) indicate greater
difficulty in processing information effectively. The
EST produced a general RT index for each word
condition (e.g., Negative RT, Neutral RT, etc.), and a
bias score for each word category by subtracting the
neutral RT from the category RT (e.g., Negative Bias
= Negative RT — Neutral RT). Participants were
tested with one practice block (20 trials) and one test
block (75 trials; Smith & Waterman, 2003).

Attentional control (attention network task
[ANT]). We utilized the brief ANT to measure
overall efficiency in  attentional networks.
Participants were presented with a fixation cross
(400 ms), followed by five directional arrows
arranged in a line. Participants responded quickly to
identify the direction of the central arrow (left or
right). The arrows flanking the central target either
provided congruent information (e.g., all arrows were
pointing in the same direction), or incongruent
information (e.g., arrows flanked the central target
with random left/right directions). Participants were
tested with one practice block (12 trials), and three
test blocks (48 trials each). The ANT provided three
indices of attentional control: (1) alerting (achieving
and maintaining alertness); (2) orienting (orienting
attention to a specific location); and (3) conflict
(resolving conflict between incongruent stimuli; Fan,
McCandliss, Sommer, Raz, & Posner, 2002).

Computerized Working Memory Training

WM was trained with an emotionally adaptive dual n-
back task. This WMT involved a presentation of
emotionally salient faces and words to target
constant updating of information in WM and shifting
between two different modes of stimuli (Larsen et
al., 2019). In each trial, one of eight fearful faces (4
males and 4 females) was presented within a 3x3
grid while a negative spoken word (female voice;
disaster, cancer, etc.) was simultaneously delivered.
The n refers to how many trials back from the
current trial a participant must withhold in their
working memory.  Thus, to achieve a correct
response, participants had to determine whether the
location of a face and word stimuli presented in the
current trial matched the face location and word
presented n-trials back (e.g., 1-trial back, 2-trials
back, etc.). The task is both a cognitive training tool
and assessment modality in that practice on the task
is thought to empower working memory abilities, and
data from each session provides an index of working
memory performance at that point in time. The task
was adaptive, and training began at the 1-back level
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and progressed depending on performance through
the entirety of the hour training session. Difficulty
was raised (i.e., 2-back, 3-back, 4-back) contingent
on performance accuracy over 95% for both
modalities (i.e., faces and words). A performance
accuracy of less than 75% lowered the difficulty level
by 1-back. The last level of n-back was carried
across blocks so that performance was continuous.
Though the task was adaptive, the n-back would not
be classified as neurofeedback because participants
were not encouraged to modify performance based
on physiological readings. Training took place over
four blocks (first block = 30 min, blocks 2—4 = 10 min
each).

tDCS placement and dosage. Following BL
assessment and randomization, participants were
offered a short break before attaching the tDCS
apparatus. Electrode sponges were moistened with
0.9% saline solution and wrung out to release
excess liquid. Participants were seated in front of
the computer monitor, and the target area for
stimulation (left forehead) was wiped with an alcohol
wipe. Placement of the anodal (positive) electrode
was over the F3 region to stimulate the dIPFC (Hill,
Fitzgerald, & Hoy, 2016). Electrodes were placed
according to the 10-20 international positioning
system using the positioning tool reported by Beam,
Borckardt, Reeves, and George (2009). We utilized
2x2 Amrex electrodes. The stimulator used was the
Chattanooga lonto dual channel electrophoresis
system (DJO LLC [Chattanooga Rehab], Dallas,
TX), which has been used in previous research
exploring the effect of tDCS on emotional processing
(Clarke et al.,, 2014). The cathodal (negative)
electrode was placed on the left superior region of
the trapezius muscle near the base of the
participant’s neck so that no stimulation was given to
other brain regions. This reference electrode was
kept in place by a rubber strap over the participants’
shoulder.

tDCS stimulation for the active condition (tWMT) was
fixed at 1.0 mA for 30 min of stimulation. Thus,
charge density (mA/cm?) was fixed at 0.0387mA/cm?
in line with safety criteria for stimulation (Bikson et
al., 2016; Nitsche et al., 2003). Stimulation began
when participants initiated their first practice block
and continued for 30 min. Ramp-up time was
approximately 30 seconds. Study staff was present
for the duration of the stimulation and probed for
discomfort or adverse events after each training
block. For sham stimulation (SWMT), setup
occurred the same way, but the stimulator was only
turned on for the ramp-up portion (approximately 30
seconds) to induce a feeling of stimulation, and then
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turned off. Participants in the sham condition also deviations were deleted. Based on this data
received discomfort and safety monitoring between cleaning procedure, approximately 2.86% of trials
training blocks. were removed per person on average.
Results Working Memory Performance During Training
(n-back Task)
Demographic and Baseline Variables The average n from the n-back task was calculated
There were no significant group differences in terms for each participant across all four blocks. Results
of age or gender. No between group differences are shown in Table 2. An independent samples t-
were observed on various measures at pretraining, test revealed no working memory differences in the
including the ACS or DASS-21 (Table 1). average n between groups. The average highest n
obtained across four blocks was 2.70 (SD = 0.50)
Data Cleaning and 2.80 (SD = 0.36) for tWMT and sSWMT,
Response times for all cognitive tests were taken respectively. The average n obtained across four
across individual participant's mean latencies for blocks for the tWMT condition was 1.92 (SD = 0.39),
correct responses. Any trials that exceeded the and sWMT was 2.08 (SD = 0.31).

participant’s average response time by 2.5 standard

Table 2
Average n achieved on the n-back working memory training task
tWMT M(SD) SWMT M(SD) t p
Block 1 1.64(0.30) 1.80(0.40) 1.44 0.16
Block 2 2.04(0.50) 2.15(0.33) 0.86 0.40
Block 3 2.00(0.46) 2.16(0.36) 1.36 0.18
Block 4 2.00(0.46) 2.20(0.37) 1.53 0.14

Note. tWMT = working memory training plus active direct current stimulation; sSWMT = working memory training plus sham
direct current stimulation. *p < .05; **p < .01

Working Memory Performance after Training Cognitive Inhibition and Attentional Control
We hypothesized that those in the tWMT group We predicted that those who received tWMT versus
would improve WM performance on tasks of sWMT would improve related, untrained cognitive
mathematical operations, reading, and symmetry abilities in cognitive inhibition and attentional control.
relative to those in the sSWMT group. A 2 (condition) A 2 (condition) x 2 (time) repeated measures
X 2 (time) repeated measures analysis of variance ANOVA was conducted for the following cognitive
(ANOVA) was conducted to compare between group measures.
changes pre- and posttraining. The span tasks were
analyzed using absolute and relative values as Emotional Stroop. The EST was evaluated
described in the methods section. These data are through two indices: (1) overall RT and (2) Stroop
presented in Table 3. interference effects (bias). Results are shown in
Table 4. There was a main effect of time, such that
The Operation Span task yielded significant positive RT became shorter (i.e., faster reaction time) for
main effects of time for absolute and relative scores, neutral words, positive words, and negative words.
but no group by time interactions were found for No significant differences were observed for group x
either absolute or relative scores. The Reading time interaction for differences in RT between
Span task yielded no significant main effects of time groups on neutral words, positive words, or negative
for absolute or relative scores, or group by time words. Finally, in terms of interference effects, no
interactions for absolute or relative scores. The significant main effects of time were observed
Symmetry Span task yielded no significant main between groups for negative words or positive
effects of time for absolute or relative scores, or words. Further, no significant group x time
group by time interactions for absolute or relative interaction effects were observed between group
scores.

134 | www.neuroregulation.org Vol. 7(3):129-140 2020 doi:10.15540/nr.7.3.129


http://www.neuroregulation.org/

Berlin et al.

NeuroRegulation

Table 3
Working memory performance before and after the computerized training program
tWMT sWMT Time x
M(SD) M(SD) ME Time d 95% CI Group d 95% ClI
Operation Span
Absolute  Pre  13.48(8.52 14.91(7.97 - -
(8:52) (097 FaAD= g0 a2 170 TEADE05T (o0 Lo.40,0.80]
Post  16.38(7.42) 19.45@8.90) 11.71,p<.01 p=.46
Relative  Pre  21.05(5.90) 21.86(5.61 = =
(5-90) (661 F(1’41_) 476, 067 [0.06, 1.28] F(1'41_) 034 420 [-0.40, 0.80]
Post  22.33(6.92)  24.09(7.43) p=.03 p=.56
Reading Span
Absolute  Pre 9.48(7.93 12.23(8.29 = =
(7:99) (629 F@41)=132 0.35 [-0.25,0.95] FL41) =035 9 [-0.40, 0.80]
Post  12.29(9.60)  13.14(7.55) p=.26 p=.56
Relative Pre 18.38(6.45 21.55(5.84 = =
(649 (.84 Fa41) =025 0.16 [-0.43,0.76] FL41) =004 06 [-0.59, 0.60]
Post 19.14(8.46)  21.86(6.20) p=.62 p=.84
Symmetry Span
Absolute Pre 7.52(6.13 8.24(6.05 = =
(6.13) (605 FL40) =011, 0.11 [-0.50,0.72] F(L40) =001, g [-0.55, 0.67]
Post 7.95(4.64) 8.48(5.14) p=.74 p=.92
Relative Pre 13.90(5.99 14.43(5.21 = =
(5:99) (G-21)  F.40)=111, 0.35 [-0.26,0.96] F(140) =004 g [-0.55, 0.67]
Post 14.90(3.62)  15.10(5.42) p=.30 p=0.83

Note.

95% confidence intervals (Cl) were calculated for associated effect size estimates (d).

tWMT = working memory

training plus active direct current stimulation; sSWMT = working memory training plus sham direct current stimulation. *p < .05;

**p < 01

for negative words or positive words. Overall, while
main effects of time were observed for overall RT
from pre- to posttraining, no other main effect or
group x time interaction differences were observed
between groups.

Attention network task (ANT). The ANT was
evaluated across three indices: alerting, orienting,
and conflict. Results are found in Table 5. No
significant main effects of time were found for
alerting, orienting, or conflict. There were also no
significant group x time interactions for alerting,
orienting, or conflict. Overall, no significant main
effects of time or group x time interactions were
observed for the ANT between groups.

Conclusion

WM is highly important in everyday cognitive
functioning and has been proposed to be malleable
through focused cognitive training programs (Jaeggi
et al., 2008; Melby-Lervdg & Hulme, 2013). tDCS
has been proposed as a noninvasive means of
increasing brain activation, which may in turn result
in significant improvements in WM when paired with
such training programs (Brunoni & Vanderhasselt,
2014; Mancuso et al., 2016). Further, the use of
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emotional stimuli in WMT has been demonstrated to
result in beneficial alterations in affect regulation as
well as corresponding neural circuitry (Larsen et al.,
2019; Schweizer et al.,, 2013, 2011). To this end,
the present study sought to examine how a single
session of tDCS-WMT, amplified with emotional
valence, and dosage of training and electrical
current, might improve WM capabilities and produce
transfer effects on associated untrained cognitive
processes. Performance across a range of WM
domains was compared before and after WMT
paired with active tDCS, versus sham tDCS.
Contrary to study hypotheses, no group differences
were found in the primary outcomes of working
memory, and no group differences were found in
untrained transfer abilities.

We did find that individuals in both training
conditions evidenced faster reaction times on both
the operation span task and the emotional Stroop
task following the WMT session. The magnitude of
these effects ranged from small to large and the
direction of these effects suggested that individuals
showed better cognitive performance over the
course of the study overall. Considering that faster
RT was observed in both groups, this change may
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Table 4
Interference control performance (Emotional Stroop Task) pre- and posttraining
tWMT M(SD) sWMT M(SD) ME Time d 95% ClI Time x Group d 95% ClI
Overall RT
Neutral Pre  683.05(105.44) 678.77(109.38 = =2
( ) ( ) F142) 2082, 1 40 [0.74, 2.06] F(142)= 298, 5o [-0.05, 1.15]
Post 644.49(101.58)  593.24(60.91) p<.01 p=.09
Positive ~ Pre  675.81(97.90 658.43(96.86 = =1
( ) ( ) FL42) 23'84' 1.60 [0.92, 2.29] FL42)=147. 35 [-0.25, 0.95]
Post  627.39(91.56)  580.40(73.66) p<.01 p=.23
Negative  Pre 676.25(90.20 660.55(67.42 = =1.
9 ( ) ( ) FL42) 3*1'31' 1.88 [1.17, 2.59] FL42)=133. o4 [-0.19, 1.01]
Post  637.77(66.65)  602.54(75.62) p<.01 p=.22
Bias
Positive  Pre ~7.24(46.07 -20.34(61.44 = =
( ) ( ) F42)= o001, 0.06 [-0.53,0.65] F(L42)=064, 5 [-0.39, 0.79]
Post  -17.10(45.72)  -12.83(49.27) p=.914 p=.43
Negative Pre -6.80(62.44 -18.22(80.19 F(1,42) = 0.90, F(1,42) = 0.89,
9 ( ) ( ) (1.:42) 0.29 [-0.30, 0.88] (1.42) 0.29 [-0.30, 0.88]
Post -6.73(56.56) 9.30(62.09) p=.35 p=.35
Note. 95% confidence intervals (Cl) were calculated for associated effect size estimates (d). tWMT = working memory

training plus active direct current stimulation; sSWMT = working memory training plus sham direct current stimulation; RT =

reaction time. *p < .05; **p < .01.

Table 5
Performance on attention control (Attention Network Tasks [ANT]) Pre- and Post-Training
tWMT SWMT
Mean (SD) Mean (SD) ME Time d 95% ClI Time x Group d 95% ClI
Alertin Pre  19.61(33.40) 24.61(31.93 = =
2 ¢ ) ( ) F(1’4l:) 6?'27’ 0.17 [-0.43,0.77] F(l'41:) gg.oo, 0.06 [-0.53,0.65]
Post  22.58(23.24)  27.25(24.30) p=. p=.
Orientin Pre  54.58(43.68 33.36(29.98 = =
2 ( ) ( : F(1’41_) 82'04’ 0.06 [-0.53, 0.66] F(1’41_) 15'09’ 0.46 [-0.15,1.07]
Post  46.63(32.25)  43.97(19.49) p=. p=.
Conflict Pre  91.46(99.53) 115.38(58.91 = =
¢ ) ( ) F(1’4l_) 42'68’ 0.26  [-0.34, 0.86] F(l'41_) 3(7)'81’ 0.28 [-0.32,0.88]
Post 115.96(37.89) 114.32(46.65) p=. p=.

Note. 95% confidence intervals (Cl) were calculated for associated effect size estimates (d). tWMT = working memory
training plus active direct current stimulation; SWMT = working memory training plus sham direct current stimulation. *p <

.05; **p < .01.

be attributable to repeated assessment in a short
window. Alternatively, faster RT on the operation
span task and emotional Stroop may signal a
reflection of improvements in efficiency in underlying
memory cognitive network networks resulting from
WMT. Previous research has suggested that WMT
can indeed induce changes to produce faster
reaction times (Thompson, Waskom, & Gabirieli,
2016). Moreover, visuospatial working memory,
which was a significant component in our n-back
training, has been shown to be important in
understanding variance in reaction time (Bo,
Jennett, & Seidler, 2011). Future research may
benefit from more fine-grained analyses to explore
how working memory, WMT paradigms, and reaction
time distributions are connected.
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There are likely numerous contributing factors to
explain the lack of group differences between
individuals who received active and sham tDCS.
First and foremost, a single session of WMT, despite
efforts to augment the strength of the training with
emotional valence and tDCS, may not hold enough
power to elicit significant change in the evaluated
cognitive domains. Recent research suggests that
the facilitative effects of WMT may be locked behind
a dose-response relationship (Jaeggi & Buschkuehl,
2014), and that transfer effects to untrained
cognitive processes may be moderated by the
duration of training (Schwaighofer, Fischer, &
Buhner, 2015). Deficient WM training effects may
have yielded little room for augmentation effects by
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the tDCS manipulation, contributing to the lack of
group differences.

Similarly, it is possible that the neurocognitive
changes that follow tDCS are also subject to a dose-
response relationship. While some work has shown
that a single session of tDCS can evoke change in
cognitive performance in a pathological (e.g.,
depressed) sample, neurostimulation may function
differently in the context of healthy controls (Gogler
et al.,, 2017). Alonzo et al. (2012) found that daily
tDCS was more effective in producing changes in
cortical excitability than tDCS administered every
other day. While it is also possible that we applied
insufficient electrical current to induce changes to
performance, previous research has suggested that
stimulation in the range of 1.0 mA is optimal in WM
protocols (Hoy et al., 2013).

It is also possible that we did not observe a
significant effect of tDCS and WMT on working
memory because of the lack of a follow-up visit.
Indeed, some researchers have described so-called
“sleeper effects” in which transfer effects of WMT for
children and adolescents were only found months
after training had been completed (Van der Molen,
Van Luit, Van der Molen, Klugkist, & Jongmans,
2010). While some researchers have highlighted
the need for follow-up assessments (Holmes,
Gathercole, & Dunning, 2009), the present study
involved a very short assessment time window;
participants underwent pretraining testing, WMT and
tDCS, and posttraining all in the span of a single lab
visit which did not allow for any long-term delayed
outcomes to be assessed. Individual differences
such as preexisting cognitive abilities, motivation,
enjoyment of cognitive challenges, beliefs about the
malleability of intelligence have also been implicated
for shorter-term WMT (Jaeggi, Buschkuehl, Shah, &
Jonides, 2014). It is also possible that WMT may
not be as effective when presented in such
concentrated format. The spacing effect, first
identified by Ebbinghaus (2013/1885), posits that
learning is most effective when spaced apart rather
than completed in a short period of time. When
considering the spacing effect alongside tDCS,
researchers have shown that stimulation was more
potent when spaced out over several days as
compared to consecutive daily administration (Au,
Buschkuehl, Duncan, & Jaeggi, 2016). Transfer
effects of tDCS to affective processes may also not
be found when WMT is presented in such a short,
concentrated session. Further still, extant work
suggests that a single session of tDCS alone is not
sufficient to produce noticeable cognitive gains
(Horvath et al., 2015).
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In light of the present study’s results, the question
arises of whether WMT is truly effective, a question
that other researchers continue to debate. Some
recent meta-analyses suggest that WMT has a small
positive transfer effect on broader cognitive
capabilities (Au et al., 2016; Karbach & Verhaeghen,
2014). However, other researchers highlight some
of the above considerations (e.g., discounting
differences in baseline cognitive abilities, ignoring
the use of active versus passive control groups) as
problems in these meta-analyses, instead arguing
there is a dearth of evidence in support of WMT
(Melby-Lervag & Hulme, 2016). Some researchers
have also found evidence for a publication bias in
reporting significant effects of single-session tDCS
studies (Westwood & Romani, 2017). Rather than
investigating whether or not WMT and tDCS
themselves work, some argue that researchers
should be more concerned with what parameters of
training work best for which individuals, and how
much improvement individuals make within WMT
(Jaeggi, Buschkuehl, Jonides, & Shah, 2011).
Above and beyond WMT alone, other studies
augmenting training with tDCS have found multiple
sessions result in sustained gains in WM and
untrained associated domains (Ruf et al., 2017).
Again, perhaps the present study’s single-session
design limits the possibility of significant effects
being found.

The findings of this study should be considered in
light of its limitations, with those limitations shaping
directions for future research. This study utilized a
relatively small sample size (i.e., 22 participants per
group), and it is possible that a larger sample size
would have produced significant group differences.
Granted, the estimated effect sizes for our variables
were within their associated 95% confidence
internals; thus, it is also likely that additional data
points would not have significantly altered the
significance of findings.

While tDCS has been suggested to produce
cognitive performance gains in a single session
(Fregni et al.,, 2005), these claims have been
disputed by other researchers (Alonzo et al., 2012;
Meinzer et al., 2014). Future studies should
consider multiple sessions of emotionally-laden
WMT paired with tDCS. Finally, while this study
compared active tDCS to sham tDCS, both groups
completed an emotional n-back task. While the
choice to use an emotional task was intentional
given that tDCS has been implicated in
improvements in affective and cognitive control,
future studies might benefit from the inclusion of a
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neutral n-back task to investigate any potential
group differences.

Despite largely null findings, the present study is
methodologically sound and contributes to the newly
growing body of tDCS literature. While our single
session high-potency tDCS administration paired
with an emotional n-back task did not result in
significant changes across groups, the limitations
addressed above provide future directions to explore
within this area of work. As researchers continue to
investigate the potential utility of WMT as a means of
bolstering a wide range of cognitive functions and
associated affective processes, it is imperative to
explore mechanisms underlying these changes. For
instance, are the positive changes resulting from
WMT due to the brain working harder, or more
efficiently? How far do possible transfer effects
reach, and for how long? While our single session
of WMT and tDCS administration did not result in
any noticeable improvements or transfer effects, this
allows researchers to narrow in on the minimal
intervention needed to find such effects.
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