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Background: Transcranial direct current stimulation (tDCS) has been shown to improve working memory
(WM) performance in healthy individuals, however effects tend to be modest and variable. Transcranial
random noise stimulation (tRNS) can be delivered with a direct-current offset (DC-offset) to induce equal
or even greater effects on cortical excitability than tDCS. To-date, no research has directly compared the
effects of these techniques on WM performance or underlying neurophysiological activity.
Objective: To compare the effects of anodal tDCS, tRNS þ DC-offset, or sham stimulation over the left
dorsolateral prefrontal cortex (DLPFC) on WM performance and task-related EEG oscillatory activity in
healthy adults.
Methods: Using a between-subjects design, 49 participants were allocated to receive either anodal tDCS
(N ¼ 16), high-frequency tRNS þ DC-offset (N ¼ 16), or sham stimulation (N ¼ 17) to the left DLPFC.
Changes in WM performance were assessed using the Sternberg WM task completed before and 5- and
25-min post-stimulation. Event-related synchronisation/desynchronisation (ERS/ERD) of oscillatory ac-
tivity was analysed from EEG recorded during WM encoding and maintenance.
Results: tRNS induced more pronounced and consistent enhancements in WM accuracy when compared
to both tDCS and sham stimulation. Improvements in WM performance following tRNS were accom-
panied by increased theta ERS and diminished gamma ERD during WM encoding, which were signifi-
cantly greater than those observed following anodal tDCS or sham stimulation.
Conclusions: These findings demonstrate the potential of tRNS þ DC-offset to modulate cognitive and
electrophysiological measures of WM and raise the possibility that tRNS þ DC-offset may be more
effective and reliable than tDCS for enhancing WM performance in healthy individuals.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

There is significant interest in the use of non-invasive trans-
cranial electrical stimulation (tES) techniques to modulate a wide
range of cognitive functions in both healthy and clinical pop-
ulations [1]. The working memory (WM) system is among the most
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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common targets for neuromodulation as it is central to a range of
higher-order cognitive functions and is frequently impaired in
many neurological and psychiatric conditions [2,3]. Delivery of
anodal transcranial direct current stimulation (tDCS) to the left
dorsolateral prefrontal cortex (DLPFC), a brain region crucially
involved in WM processing [4,5], has been shown to significantly
improve WM performance in healthy individuals [6e8]. However,
recent systematic reviews and meta-analyses have highlighted that
the effects of tDCS on WM performance are typically modest and
heterogenous between studies [9e12]. There is also evidence that
effects of tDCS are highly variable between individuals with regard
to modulation of cognitive performance [11,13] and underlying
brain activity [14]. These findings highlight the need to improve
understanding of how tDCS influences the neurophysiological ac-
tivity underlying WM and suggests the need for further research
examining whether other forms of tES may induce more consistent
effects on cognitive performance.

One factor thought to limit the effectiveness of tDCS is the
activation of homeostatic neural mechanisms which counter-
regulate the persistent changes in neuronal membrane potentials
induced by direct current stimulation [1,15]. While tDCS delivers a
direct electrical current with a constant intensity and fixed polarity
at each electrode, transcranial random noise stimulation (tRNS) is
another form of tES which delivers an alternating current with a
randomly fluctuating frequency and intensity. In contrast to tDCS, it
has been proposed that tRNS may induce more pronounced and
reliable neuromodulatory effects by delivering a randomly fluctu-
ating electrical field which prevents activation of homeostatic
mechanisms [15]. tRNS can also be delivered with a direct current
offset (DC-offset) to produce a unidirectional current flow analo-
gous to tDCS, thereby combining the characteristics of tDCS (i.e. net
polarisation of neuronal membrane potentials) and tRNS (i.e.
introducing noise into the neural system) [16]. While several
studies have found that delivering tRNS without a DC-offset can
produce similar or even greater neuromodulatory effects on
cortical excitability than anodal tDCS [17e19], recent evidence
suggests that tRNS þ DC-offset can induce more pronounced en-
hancements [16]. This raises the possibility that tRNS þ DC-offset
may prove more effective as a means to enhance cognitive per-
formance; however, we are not aware of any research examining
the effects of tRNSþ DC-offset onWM performance orWM-related
neurophysiological activity in healthy individuals.

Neurophysiological measures derived from electroencephalog-
raphy (EEG) can provide an objective and temporally-precise
means to examine the neuromodulatory effects of tES. WM pro-
cessing in healthy individuals is supported by reliable and robust
modulations of neural oscillatory activity within the theta
(4e8 Hz), upper alpha (10e12.5 Hz), and gamma (30e100 Hz)
frequency ranges [20e22]. Several studies have observed that en-
hancements in WM performance following anodal tDCS were
accompanied by modulation of task-related oscillatory activity,
indicating that modulation of oscillatory activity may reflect a po-
tential neurophysiological process underlying the cognitive-
enhancing effects of stimulation [23e25]. Further, electrophysio-
logical effects of tDCS have been observed in the absence of im-
provements in cognitive performance [14], indicating that
neurophysiological measures derived from EEG may be more sen-
sitive than cognitive measures alone.

The current study aimed to directly compare the neuro-
modulatory effects of anodal tDCS and tRNS þ DC-offset on WM
performance and WM-related oscillatory activity in healthy adults.
We hypothesised that both tDCS and tRNS would induce greater
enhancements in WM performance when compared to sham
stimulation. We further hypothesised that tRNS þ DC-offset would
induce greater increases inWM performance than anodal tDCS. We
also hypothesised that, when compared to anodal tDCS, tRNSþ DC-
offset would induce more consistent improvements in WM per-
formance. Exploratory analyses were also performed to investigate
effects of tES on oscillatory activity recorded during completion of
the WM task. We did not construct specific hypotheses regarding
the direction of changes in oscillatory activity due to the paucity of
relevant previous research.

Methods

Participants

Forty-nine healthy adults were recruited into the study. Written
informed consent was obtained from all participants prior to
engaging in the study. The experimental protocol was approved by
the Alfred Human Research Ethics Committee and Monash Uni-
versity Human Ethics Committee and was registered on the
Australian and New Zealand Clinical Trials Registry
(ACTRN12612001061820). All participants were aged between 18
and 65 years, fluent in English, had normal or corrected-to-normal
vision, and were confirmed as right-handed using the Edinburgh
Handedness Inventory [26]. Prior to inclusion, participants were
screened for current psychopathology using the Mini International
Neuropsychiatric Interview for the DSM-IV [27], and a safety-
screen was completed to identify and exclude any participants
with contraindicators to tES. No participants were taking psycho-
active medication at the time of testing, and none reported recre-
ational drug use in the previous month. Using a parallel-group
study design, participants were allocated to receive either tDCS,
tRNS þ DC-offset, or sham stimulation. Stratified randomisation
was used to allocate participants to each condition based on age,
gender, and WM ability as assessed using the Working Memory
Index from the Wechsler Adult Intelligence Scale, Fourth Edition
(WAIS-IV) [28]. The stimulation groups did not significantly differ
in age, years of formal education, or WM ability (all p > .10) (see
Table 1 for demographic and clinical characteristics of the partici-
pants). All clinical interviews and cognitive tasks were adminis-
tered by a single researcher trained in standardised administration.

Design and procedure

Data was collected during a single experimental session con-
ducted at the Monash Alfred Psychiatry Research Centre, Mel-
bourne. Participants first completed a clinical interview to collect
demographic data and assess WM ability, and were then allocated
to receive either sham stimulation, tDCS, or tRNS. The Sternberg
WM task with concurrent EEG recording was administered at
BASELINE, as well as approximately 5-min (POST-1) and 25-min
(POST-2) following the end of stimulation (see Fig. 1 for illustra-
tion of study procedure and protocol). While not reported in the
current study, effects of tES were also assessed using combined
transcranial magnetic stimulation and EEG (TMS-EEG), recorded at
BASELINE, as well as approximately 15-min (POST-1) and 35-min
(POST-2) following the end of stimulation. Details of TMS-EEG
procedure are presented in supplementary materials. There was
minor variation in the timing of EEG and TMS-EEG recording post-
tES (~15e30 s difference between participants), which reflected the
time required to remove the tES electrodes and re-attach the EEG
recording electrodes.

Transcranial electric stimulation

tES was delivered while participants completed the Paced
Auditory Serial Addition Task (PASAT) (described below), given
evidence that engaging in concurrent cognitive activity whilst



Table 1
Participant demographic characteristics (mean ± SD).

Sham tDCS tRNS F-statistic p-value

Sample (n) 17 16 16
Gender (F/M) 12/5 11/5 10/6
Age (years) 31.05 ± 13.06 30.43 ± 12.01 27.60 ± 8.60 0.42 .659
Years of education 14.35 ± 1.69 14.75 ± 1.84 15.00 ± 1.41 0.64 .532
WAIS-IV WMI 108.59 ± 13.37 108.50 ± 9.56 111.06 ± 11.75 0.25 .778

Degrees of freedom ¼ 48 for all comparisons.
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receiving tDCS can produce more pronounced after-effects [29].
Stimulation was delivered using an Eldith Stimulator Plus (Neuro-
Conn, Germany) and a pair of rectangular 5 � 7 cm electrodes
(35 cm2) attached to the scalp using Ten20 conductive paste
(Weaver and Co., Colorado, USA). For all stimulation conditions, the
anodal electrode was placed over the left DLPFC (F3 using the
10e20 system of electrode placement) and the cathodal electrode
was placed over the right supraorbital area. tDCS was delivered at
1 mA (current density ¼ 0.029 mA/cm2) for a duration of 22 min
(60 s ramp-up, 60 s ramp-down). High-frequency tRNS
(100e640 Hz) was delivered with an intensity of 1 mA and a DC-
offset of 1 mA for a duration of 22 min (60 s ramp-up, 60 s ramp-
down). A high-frequency range was chosen based on previous
research that the neuromodulatory effects of tRNS are primarily
driven by oscillations in the upper end of the frequency range
(100e640 Hz) [15]. Delivering tRNS þ DC-offset with these pa-
rameters ensures that each electrode maintains a consistent po-
larity and produces a unidirectional current flow analogous to tDCS
[16], whereby the current passes from the positively-charged anode
(over the left DLPFC, current intensity fluctuates between þ0.5 mA
and þ1.5 mA) to the negatively-charged cathode (over the right
supraorbital area, current intensity fluctuates between �0.5 mA
and �1.5 mA). Importantly, the stimulation parameters chosen for
tDCS and tRNS þ DC-offset ensures that both techniques deliver an
approximately equivalent net charge over the course of the stim-
ulation session (mean charge of þ1 mA at anode and �1 mA at
cathode) and is therefore appropriate for directly comparing effects
of tES techniques. Sham stimulation was delivered for 22-min and
involved delivery of active tDCS for a total of 2.5 min (60s ramp-up,
held constant for 30s, 60s ramp-down). This sham procedure elicits
an initial itching sensation under the electrodes to aid blinding, but
participants receive no current for the remaining stimulation
period, and has been shown to result in successful participant
blinding [30,31]. Immediately following the end of stimulation,
participants completed a questionnaire to evaluate whether tES
Fig. 1. Overview of experimen
caused any discomfort or adverse effects. The integrity of stimula-
tion blinding was also assessed at this time by asking participants
to report whether they believed they had received active or sham
stimulation.

Estimation of the induced cortical electrical fields for tDCS and
tRNS þ DC-offset was achieved using the ROAST toolbox in MAT-
LAB, which utilises a finite-element model of tES current-flow
based on an MRI-derived template head [32]. Models were based
on 7 � 5 cm rectangular electrodes (with a 3 mm thickness and a
2 mm layer of gel) placed over electrode sites F3 (corresponding to
the left DLPFC) and AF8 (corresponding to the right supraorbital
region). Default toolbox settings were used for determining con-
ductivities of biological matter (i.e. skin, bone, cerebrospinal fluid,
white/grey matter). For both tDCS and tRNS þ DC-offset, finite-
element modelling indicated that the induced electric field was
maximal in the area surrounding the electrodes, with positive
currents largely confined to the left frontal cortex. Further details of
electrical field models are presented in supplementary materials.
Working memory tasks

Paced Auditory Serial Addition Task (PASAT)
Participants completed three 5-min blocks of the PASAT whilst

receiving tES. The PASAT is a challenging mental arithmetic task
which has been shown to engage fronto-parietal regions involved
in WM processing, including the DLPFC [33,34]. We used an
adaptive version of the PASAT in which interstimulus interval be-
tween the presentation of numbers adjusted based on the partici-
pants performance, thereby ensuring that the task remained
challenging but achievable for all participants [35,36]. Participants
began the first block of the PASAT after the initial ramping-up
period for tES had ended, and each block was separated by a 1-
min break. Further details of task administration and structure
are presented in supplementary materials.
tal design and protocol.
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Sternberg working memory task
Effects of tES on WM performance were assessed using a

Sternberg WM task presented with Neuroscan Stim2 software
(Compumedics, Melbourne, Australia). The task simultaneously
presented eight letters to remember which were randomly selected
from a set of 15 consonants. Following a retention period, partici-
pants were presented with a probe letter and responded as to
whether it was present in the memory set. Sternberg task design
and stimuli timing are presented in Fig. 2. Participants completed
52 trials of the Sternberg WM task with a short 30 s break in the
middle, resulting in a total task duration of 10 min and 59 s.
Additional task details are described in supplementary materials.

Electrophysiological recording and pre-processing

A detailed methodological description of EEG setup, recording,
and pre-processing is provided in the supplementary materials.
Briefly, 34 single Ag/AgCl scalp electrodes recorded EEG activity to
Neuroscan Acquire software using a Synamps 2 amplifier (Com-
pumedics, Melbourne Australia). Impedances were kept below 5 kU
prior to recording. EEG was sampled at 1000 Hz with a bandpass of
0.1e100 Hz. EEG data was analysed offline in MATLAB (The Math-
works, Natick, MA) using EEGLAB for pre-processing (sccn.ucs-
d.edu/eeglab) [37] and fieldtrip for frequency analysis (http://www.
ru.nl/donders/fieldtrip) [38].

Spectral analysis

EEG datawas converted into the frequency domain usingMorlet
Wavelet Transform (3.5 oscillation cycles with steps of 1 Hz). Neural
oscillatory powerwas calculated for each electrodewithin the theta
(4e7 Hz), upper alpha (10e12.5 Hz), and gamma (35e45 Hz) fre-
quency bands, with the frequency ranges chosen to correspond
with previous research examining oscillatory activity during WM
and the Sternberg task [39e44]. Modulation of oscillatory power
was calculated as event-related synchronisation/desynchronisation
(ERS/ERD%), which provides positive values when oscillatory power
increases in the active test period compared to the reference period.
The reference period used for baseline correction was defined as
the middle 600 ms of the blank screen between the fixation cross
and memory set. Average ERS/ERD% for each frequency band was
calculated across the encoding (1800e5800 ms) and maintenance
(5800e8800 ms) periods and then averaged over trials for each
participant.

Statistical analysis

All statistical analyses were performed using either IBM SPSS
Statistics, version 25 (IBM Corp, Armonk, NY) or MATLAB. Chi-
square tests were used to assess the effectiveness of stimulation
blinding between groups.
Fig. 2. Sequence and timing of stim
Cognitive data
Accuracy and response time on the Sternberg WM task were

used as the primary WM outcome measures. One-way ANOVAs
were used to confirm that stimulation conditions did not signifi-
cantly differ in accuracy or response time at BASELINE (both
p > .05). Effects of tES on accuracy and response time were first
assessed separately using 3 � 3 mixed ANOVAs with CONDITION
(sham, tDCS, and tRNS) as the between subjects factor and TIME
(BASELINE, POST-1, and POST-2) as the within-subjects factor. Sig-
nificant interaction effects were further explored via separate
repeated measures ANOVAs for each stimulation condition to
examine changes over TIME (BASELINE, POST-1, POST-2). Addi-
tionally, one-way ANOVAs were used to compare change-from-
baseline (i.e., POST-1 - BASELINE, POST-2 - BASELINE) scores (D-
scores) between stimulation conditions at each time-point (D-
POST-1, D-POST-2). Analysis of D-scores allows for a direct com-
parison of whether changes in WM performance significantly
differed between stimulation conditions, and is consistent with
previous research examining tES-induced changes in WM perfor-
mance [25,45]. Pairwise comparisons with Bonferroni correction
were used to explore any significant main effects. Mauchly’s test
was used to evaluate the assumption of sphericity, with
Greenhouse-Geisser corrections appliedwhere appropriate. Finally,
for WM performance variables which displayed significant changes
over time, we examined the consistency of improvement induced
by tDCS and tRNS by comparing the proportion of participants in
each stimulation group who demonstrated improvements in ac-
curacy which were greater than simple practice effects, defined as
themean change in performance displayed by the sham group from
BASELINE to POST-1 or POST-2. A chi-square test was used to
compare whether the proportion of participants displaying im-
provements greater than practice effects significantly differed be-
tween the tDCS and tRNS groups at POST-1 or POST-2.

EEG data
EEG data from 5 participants were excluded due to technical

errors (2 participants) and excessive artefact in the EEG recording
(3 participants), resulting in a total of 44 participants with valid EEG
data (sham n ¼ 16, tDCS n ¼ 14, tRNS n ¼ 14). Effects of tES on task-
related oscillatory ERS/ERD% were examined via non-parametric
cluster-based permutation analyses using the Fieldtrip toolbox
[38]. This technique allows examination of global changes in
oscillatory ERS/ERD% across all EEG electrodes whilst also con-
trolling for multiple comparisons [46] and has been used in pre-
vious studies examining the effects of tES on WM-related
oscillatory activity [40,45]. Clusters were defined as two or more
neighbouring electrodes with a t-statistic < 0.05. Monte Carlo p-
values (two-tailed) were then subsequently calculated using 2000
iterations. Effects of tES on oscillatory ERS/ERD% were first exam-
ined separately for each group using a repeated measures ANOVA
design to compare changes in oscillatory ERS/ERD% over time from
uli for the Sternberg WM task.
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BASELINE to POST-1 or POST-2. When any significant changes in
oscillatory ERS/ERD% were observed over time, further compari-
sons were conducted using D-scores to compare whether the three
stimulation conditions significantly differed in their effects on
oscillatory ERS/ERD%, consistent with previous research examining
effects of tES on WM-related oscillatory activity [25,45].
Results

Working memory performance

Accuracy
A significant time by stimulation condition interaction was

observed for Sternberg task accuracy (F (4,92) ¼ 3.855, p ¼ .006,
hp
2 ¼ 0.144). Post-hoc analyses revealed that accuracy significantly

increased following tRNS (F (2,30) ¼ 26.716, p < .001, hp
2 ¼ 0.640),

with pairwise comparisons showing that accuracy significantly
increased from BASELINE to POST-1 (mean difference ¼ 11.06,
p < .001), and from BASELINE to POST-2 (mean difference ¼ 7.09,
p ¼ .002) (Fig. 3). No significant changes in accuracy were observed
following either sham (F (2,32) ¼ 2.965, p ¼ .066, hp

2 ¼ 0.156) or
tDCS (F (2,30) ¼ 0.023, p ¼ .977, hp

2 ¼ 0.002) (Fig. 3).
Direct comparison of stimulation conditions using accuracy D-

scores revealed significant group differences at POST-1 (F
(2,48) ¼ 11.148, p < .001, hp

2 ¼ 0.326), with pairwise comparisons
revealing that tRNS displayed significantly larger improvements in
accuracy when compared to both sham (mean difference ¼ 6.31,
p ¼ .036) and tDCS (mean difference ¼ 11.54, p < .001), whereas no
significant difference was observed between sham and tDCS (mean
difference ¼ 5.23, p ¼ .106) (Fig. 4). As illustrated in Fig. 4, partic-
ipants receiving tRNS displayed a more consistent pattern of
improvement from BASELINE to POST-1, with 13 of the 16 partici-
pants in the tRNS group (81.25%) demonstrating improvements in
accuracy that were larger than the mean improvement following
sham (i.e. simple practice effects), whereas only 5 of the 16 par-
ticipants in the tDCS group (31.25%) met this criterion. When
compared to the tDCS group, a significantly higher proportion of
individuals in the tRNS group displayed improvements in accuracy
from BASELINE to POST-1 which were larger than simple practice
effects (c2 (2, N ¼ 49), ¼ 8.20, p ¼ .017).
Fig. 3. Accuracy on the Sternberg WM task across the three time points (BASELINE, POST-1,
Comparison of accuracy D-scores at POST-2 did not reveal sig-
nificant differences between stimulation conditions (F
(2,48)¼ 2.341, p¼ .108, hp

2 ¼ 0.092). Similar to the pattern of results
observed at POST-1, participants receiving tRNS displayed a more
consistent pattern of improvement from BASELINE to POST-2, with
11 of the 16 participants in the tRNS group (68.75%) demonstrating
improvements in accuracy that were larger than the mean
improvement following sham, whereas only 6 of the 16 partici-
pants in the tDCS group (37.50%) met this criterion. However, the
proportion of participants who demonstrated improvements in
accuracy which were greater than practice effects did not signifi-
cantly differ between the tDCS and tRNS groups at POST-2 (c2 (2,
N ¼ 49), ¼ 3.14, p ¼ .208).

Response time
No significant time by stimulation condition interaction was

observed for response time (F (3.53,81.25) ¼ 1.589, p ¼ .191,
hp
2 ¼ 0.065) (Fig. 5). As the interaction term for response time was

non-significant, no further analyses were performed for this
variable.

Oscillatory ERS/ERD% during working memory processing

Exploratory analysis of oscillatory ERS/ERD% for the tRNS group
revealed a significant increase in encoding period theta ERS from
BASELINE to POST-1, which was present over left frontal regions
(p ¼ .008) (Fig. 6) and left parieto-occipital regions (p ¼ .042). The
tRNS group also displayed a significant reduction in encoding
period gamma ERD over left frontal regions from BASELINE to
POST-1 (p ¼ .023) (Fig. 6). The tRNS group did not display any
significant changes in theta, upper alpha, or gamma ERS/ERD% from
BASELINE to POST-2 (all p > .05). As ERS/ERD% values are baseline
corrected using a reference period (i.e. the middle 600 ms of the
blank screen between the fixation cross and memory set), addi-
tional analyses were conducted to confirm that the significant
changes in encoding period theta and gamma ERS/ERD% displayed
by the tRNS group fromBASELINE to POST-1were not simply driven
by changes in absolute power during the reference period used for
baseline correction. Examination of changes in absolute oscillatory
power for the tRNS group revealed that absolute theta and gamma
POST-2). Error bars denote standard error of the mean. *p < .05. **p < .01. ***p < .001.



Fig. 4. Box-and-whisker plots with individual participant values overlaid (black circles) showing changes in Sternberg task accuracy from BASELINE to POST-1 (D-scores). Boxes
extend from the 25th to 75th percentiles with the median represented by a horizontal line. Whiskers extend from the minimum to maximum values. *p < .05. **p < .01. ***p < .001.
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power during the reference period did not significantly change
from BASELINE to POST-1 (both p > .05). Consistent with the results
observed for theta ERS/ERD%, the tRNS group displayed a signifi-
cant increase in encoding period absolute theta power from
BASELINE to POST-1, which was present bilaterally over frontal
regions (p ¼ .003). The tRNS group did not display any significant
changes in encoding period absolute gamma power from BASELINE
to POST-1 (p > .05). Further details regarding analyses of absolute
oscillatory power are included in supplementary materials.

Exploratory analysis of oscillatory ERS/ERD% for the tDCS group
did not reveal any significant changes in theta, upper alpha, or
gamma ERS/ERD% from BASELINE to POST-1 (all p > .05). The tDCS
group displayed a significant decrease in encoding period theta ERS
over parieto-occipital regions from BASELINE to POST-2 (p ¼ .037).
No other changes in oscillatory ERS/ERD% were observed for the
tDCS group from BASELINE to POST-2 (all p > .05).
Fig. 5. Response time (ms) on the Sternberg WM task across the three time points
Exploratory analysis of oscillatory activity for the sham group
did not reveal any significant changes in encoding or maintenance
period theta, upper alpha, or gamma ERS/ERD% from BASELINE to
POST-1 or POST-2 (all p > .05).

Direct comparison of stimulation conditions using change-
from-baseline-scores (D-scores) revealed that the tRNS group dis-
played significantly larger increases in theta ERS from BASELINE to
POST-1 when compared to both sham (left frontal cluster: p ¼ .021,
parieto-occipital cluster: p ¼ .004) and tDCS groups (left frontal
cluster: p ¼ .003; parieto-occipital cluster: p ¼ .005) (Fig. 7).
Further, the tRNS group displayed significantly less gamma ERD
from BASELINE to POST-1 when compared to both the sham
(p ¼ .021) and tDCS groups (p ¼ .025) (Fig. 8). Changes in theta ERS
from BASELINE to POST-2 did not significantly differ between
stimulation conditions (all p > .05). Exploratory correlations did not
reveal any significant relationships between D-scores for accuracy
and oscillatory ERS/ERD% (all p > .05).
(BASELINE, POST-1, POST-2). Error bars reflect the standard error of the mean.



Fig. 6. Encoding period theta and gamma ERS/ERD% for BASELINE and POST-1 for the
tRNS group. Box-and-whisker plot displays oscillatory ERS/ERD% at BASELINE and
POST-1 (*p < .05, **p < .01), with positive values reflecting ERS and negative values
reflecting ERD. Boxes extend from the 25th to 75th percentiles with the median rep-
resented by a horizontal line and individual participant data points overlaid (black
circles). Whiskers extend from the minimum to maximum values. Topographical map
displays differences in oscillatory ERS/ERD% (POST-1 - BASELINE), with EEG electrodes
forming significant clusters marked by black crosses (p < .05) and stars (p < .01). Data
displayed in the box-and-whisker plot reflects the average of electrodes marked in the
topographical map.
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tES tolerability and blinding integrity

The experimental protocol was well tolerated, and no significant
adverse effects were reported. Fifteen of the 49 participants
(30.61%) reported minor adverse effects whilst receiving tES,
including: slight itching or discomfort under the electrode (15
participants), mild burning sensation (1 participant), or a mild
headache (1 participants). The incidence of minor adverse effects
did not significantly differ between the three stimulation condi-
tions (all p > .10). Blinding of stimulation conditions was main-
tained as participants were unable to guess at better than chance
level whether they had received active or sham stimulation (c2 (1,
N ¼ 49), ¼ 2.451, p ¼ .294).
Discussion

The aim of the present study was to directly compare the
cognitive and neurophysiological effects of tDCS and tRNS as neu-
romodulatory tools for enhancing WM in healthy adults. When
delivered using the current stimulation parameters, we found that
tRNS þ DC-offset over the left DLPFC significantly improved WM
task accuracy, whereas no significant cognitive effects were
observed following anodal tDCS or sham stimulation. Moreover,
tRNS induced more consistent improvements in WM accuracy as
compared to tDCS. Enhancements in WM performance immedi-
ately following tRNS were accompanied by increased theta ERS and
diminished gamma ERD during WM encoding. In contrast, we did
not observe any immediate effects of anodal tDCS on WM-related
oscillatory ERS/ERD%; a decrease in encoding period theta ERS
was observed 25-min post-stimulation, however these changes did
not remain significant when compared to sham stimulation.

Cognitive effects of tES

To our knowledge, this reflects the first evidence showing tRNS
to be more effective than anodal tDCS for enhancing WM perfor-
mance in healthy adults. Results of the current study contrast with
previous research byMulquiney et al. [47], who found that tDCS but
not tRNS over the left DLPFC significantly improved WM perfor-
mance in healthy adults. There are several methodological factors
which may have contributed to these conflicting findings. Firstly,
the current study examined effects of tRNS þ DC-offset, whereas
Mulquiney et al. delivered tRNS without a DC-offset. Delivering
tRNS without a DC-offset results in stimulation electrodes rapidly
changing polarity with a randomly fluctuating frequency, whereas
tRNS þ DC-offset produces a consistent unidirectional current flow
analogous to tDCS as the current intensity fluctuates entirelywithin
the positive range at the anodal electrode (between þ0.5
and þ 1.5 mA using the current stimulation parameters) and
entirely within the negative range at the cathodal electrode (�0.5
and �1.5 mA). tRNS þ DC-offset has been shown to induce larger
modulation of cortical excitability than tRNS without an offset [16],
potentially because it combines the characteristics of tRNS (i.e.
introducing noise into the neural system) with those of tDCS (i.e.
consistent polarisation of neuronal membrane potentials). Given
this, it is possible that the addition of a DC-offset may also increase
the effectiveness of tRNS as a means to enhance cognitive perfor-
mance in healthy adults. However, further research is needed to
directly compare the neurophysiological and cognitive effects of
delivering tRNS with and without a DC-offset. Secondly, the current
study delivered tRNS for a duration of 20-min whereas Mulquiney
et al. used a shorter duration of 10-min. Although delivery of tRNS
for a duration of 10-min has been shown to induce enhancements
in motor cortex excitability for up to an hour after stimulation [48],
it is possible that longer stimulation durations are required to
modulate excitability and cognitive performance in non-motor
regions such as the prefrontal cortex.

Contrary to our predictions, we did not observe significant im-
provements in WM performance following anodal tDCS. Existing
evidence for the facilitatory effects of anodal tDCS over the DLPFC
on WM performance in healthy individuals is inconsistent, with
several recent meta-analyses findings that effects of anodal tDCS on
WM performance are typically modest and variable [9e11]. More-
over, effects of tDCS appear to be highly variable at the individual
level, with one meta-analysis finding that only 16% of participants
displayed the desired outcome in cognitive studies [13]. Consistent
with this, we observed a high degree of variability in the effects of
tDCS on WM performance, with only 31.25% of participants in the
tDCS group displaying improvements in accuracy that were above-
and-beyond what would be expected due to practice effects (i.e.
greater than the average improvement shown by the sham group).
In contrast, 81.25% of participants in the tRNS group demonstrated
improvements in accuracywhichwere greater than practice effects.
Taken together, our null findings are broadly consistent with pre-
vious research and suggest that a single session of anodal tDCS to
the left DLPFC using the current stimulation parameters may not be
sufficient to induce meaningful or consistent enhancements inWM
performance in healthy adults. Furthermore, these findings indicate



Fig. 7. Comparison of encoding period D-theta ERS/ERD% at POST-1 between the tRNS and sham conditions (A), and between the tRNS and tDCS conditions (B). Box-and-whisker
plot displays D-theta ERS/ERD% (*p < .05, **p < .01), with individual participant data points overlaid (black circles). Boxes extend from the 25th to 75th percentiles with the median
represented by a horizontal line. Whiskers extend from the minimum to maximum values. Topographical map displays differences in oscillatory ERS/ERD% when comparing tRNS to
sham (A) and tRNS to tDCS (B), with EEG electrodes forming significant clusters marked by black crosses (p < .05) and stars (p < .01). Data displayed in the box-and-whisker plot
reflects the average of electrodes marked in the topographical map.
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that tRNS þ DC-offset may reflect a more effective and reliable
means to enhance WM performance in healthy adults.

Effects of tES on oscillatory ERS/ERD% during working memory
processing

Enhancements in WM performance following tRNS were
accompanied by changes in oscillatory ERS/ERD% during WM
encoding. Immediately following tRNS, we observed increases in
encoding period theta ERS over left frontal and parieto-occipital
regions, and diminished gamma ERD over left frontal regions.
Consistent with the pattern of cognitive improvements, alterations
in oscillatory ERS/ERD% were maximal immediately following
tRNS, but did not significantly differ when assessed at 25-min post-
stimulation. Importantly, exploratory analyses of absolute
oscillatory power for the tRNS group did not reveal any significant
changes in absolute theta or gamma oscillatory power during the
reference period used for calculation of ERS/ERD%. These findings
indicate that significant changes in theta and gamma ERS/ERD%
following tRNS were driven by alterations in oscillatory activity
related to processes involved in WM encoding, rather than gener-
alised effects on oscillatory power. Given evidence that higher WM
performance is associated with a greater magnitude of theta and
gamma power duringWM encoding [42,43], the pattern of changes
in oscillatory ERS/ERD% we observed following tRNS are consistent
with increased efficiency of cognitive processing within fronto-
parietal neurocircuitry which supports WM processing. Impor-
tantly, however, we did not observe any linear relationships be-
tween tRNS-induced enhancements of WM performance and
changes in task-related theta and gamma ERS/ERD%, indicating that



Fig. 8. Comparison of encoding period D-gamma ERS/ERD% at POST-1 between the
tRNS and sham conditions (A), and between the tRNS and tDCS conditions (B). Box-
and-whisker plot displays D-gamma ERS/ERD% (*p < .05, **p < .01), with individual
participant data points overlaid (black circles). Boxes extend from the 25th to 75th
percentiles with the median represented by a horizontal line. Whiskers extend from
the minimum to maximum values. Topographical map displays differences in oscilla-
tory ERS/ERD% when comparing tRNS to sham (A) and tRNS to tDCS (B), with EEG
electrodes forming significant clusters marked by black crosses (p < .05) and stars
(p < .01). Data displayed in the box-and-whisker plot reflects the average of electrodes
marked in the topographical map.
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modulation of task-related oscillatory ERS/ERD% does not appear to
be a primary mechanism through which tRNS enhances WM per-
formance. These findings conflict with previous literature linking
increases in oscillatory power within these frequencies to
improved WM performance [20e22] and suggests that the rela-
tionship between oscillations and WM performance is more com-
plex than a directly causal relationship.

The precise neurophysiological mechanisms through which
tRNS alters oscillatory activity remain poorly understood, and less
is known about the mechanisms underlying tRNS þ DC-offset [1].
One possible explanation relates to the stochastic resonance phe-
nomenon, whereby the randomly fluctuating current delivered by
tRNS introduces ‘noise’ into the neural system and thereby in-
creases the synchronisation of neural firing via amplification of
subthreshold oscillatory activity [1,15]. Within this context, effects
of tRNS are state-dependent as the ‘noise’ introduced to the neural
system primarily affects neurons which are close to the discharge
threshold (i.e. task-dependent activity) [49]. As participants in the
current study received tES whilst completing the PASAT, a cognitive
task which has been shown to engage WM neurocircuitry [33,34],
the ‘noise’ introduced by tRNS may have therefore amplified WM-
related oscillatory activity in a manner consistent with the sto-
chastic resonance phenomena. However, while this theoretical
framework provides a potential explanation for the ‘online’ effects
of tRNS on oscillatory activity, it remains unclear how tRNS-
induced changes in oscillatory activity during stimulation are
translated into long-term ‘offline’ effects which persist beyond the
end of stimulation [50,51].

We did not observe any effects of anodal tDCS on WM-related
oscillatory ERS/ERD% immediately following stimulation.
Although a small decrease in parieto-occipital theta ERS was
observed 25-min following tDCS, this change was not significant
when compared to other stimulation conditions. Moreover, the
absence of any changes in WM performance following tDCS limits
our ability to interpret how these changes in oscillatory ERS/ERD%
may relate to cognitive performance. There is limited research
investigating the effects of anodal tDCS on WM-related oscillatory
activity, however, our findings contrast with two previous studies
which observed enhanced WM performance on a 2-back task and
increased task-related theta activity following a single session of
anodal tDCS to the left DLPFC [24,25]. One potential explanation for
these conflicting findings relates to differences in the WM task
used, as the n-back task requires simultaneous encoding, mainte-
nance, and retrieval of informationwhereas the SternbergWM task
used in the current study temporally separates each phase of WM
processing. Given this variation in cognitive demands, combined
with evidence that the n-back and Sternberg tasks engage different
neural regions [52], it remains possible that effects of tDCS on
oscillatory ERS/ERD% were not observable when using the Stern-
berg task.

Given that recent research has raised concerns that commonly
used sham tES protocols may induce active effects on neurophysi-
ological and cognitive outcomes [14,53], it is relevant to note that
we did not observe any significant changes in WM performance or
oscillatory ERS/ERD% following sham stimulation. While the sham
group demonstrated subtle and non-significant improvements in
WM performance over time, these improvements are consistent
with practice effects and were significantly weaker than those
observed following tRNS. Given evidence that neurophysiological
measures derived from EEG may be more sensitive than cognitive
measures for assessing the effects of tES [14], the absence of
changes in oscillatory ERS/ERD% following sham stimulation
further increases confidence that the current sham protocol reflects
an accurate control condition for comparing effects of tES methods.

Limitations and future directions

The current findings should be considered with a number of
study limitations in mind. Firstly, we used a between-group design
to prevent practice effects from repeated exposure to the WM task
over multiple session, whereas evidence suggests that a within-
groups design is most appropriate for minimising inter-individual
response to tES [54]. However, we utilised stratified random-
isation to ensure close balancing of groups on factors known to
influence effects of tES, including age, gender, and WM ability, and
therefore aimed to reduce the inter-individual variability intro-
duced by the between-group design used in this study. Secondly,
although the stimulation parameters used for tDCS and tRNS þ DC-
offset in the current study resulted in an equivalent net charge (i.e.
dosage) over the stimulation session, the peak current intensity
was higher in the tRNSþ DC-offset (i.e. a maximum of 1.5 mA) than
the tDCS condition (i.e. a maximum 1.0 mA). Given the role of
current intensity in determining the voltage and distribution of the
electrical field induced by tES (see Figs. S1 and S2 in supplementary
materials for modelling of electrical field induced by tES at differing
current intensities), variation in peak current intensity may have
contributed to the divergent cognitive and electrophysiological
effects of tDCS and tRNS þ DC-offset. The current findings warrant
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further research investigating which stimulation parameters (i.e.
stimulation dosage, peak current intensity, duration) are primarily
responsible for the cognitive and neurophysiological effects of
tRNS þ DC-offset. Thirdly, the current study limited analyses to the
effects of tES on theta, upper alpha, and gamma ERS/ERD% as there
is an extensive body of EEG research indicating their role in sup-
porting WM encoding and maintenance in healthy individuals
[20,21,55]. However, further investigation of the pattern of oscil-
latory effects of tES across every frequency band may be an infor-
mative analysis technique in future studies, particularly given
emerging evidence implicating potential roles of delta and beta
oscillations in cognitive processing [56e58]. Moreover, future
research using EEG-derived measures of neural connectivity and
cross-frequency coupling may provide more detailed information
regarding the neurobiological effects of tES. Indeed, cross-
frequency phase coupling of theta and gamma oscillations has
been proposed as a potential neural substrate underlying the active
maintenance of WM stimuli [55,59], and reflects a potentially
useful neurophysiological measure for future research investigating
the neurobiological changes underlying the cognitive effects of tES.
Finally, while the current study examined effects of tES in healthy
individuals, these findings highlight the potential utility of
tRNS þ DC-offset as a therapeutic tool for ameliorating cognitive
deficits associated with various neurological or psychiatric condi-
tions. Future research should aim to investigate the efficacy of
tRNS þ DC-offset in improving WM performance in psychiatric
conditions which feature prominent WM deficits and aberrant
WM-related oscillatory activity, such as depression or schizo-
phrenia [44,60e62].

Concluding remarks

In conclusion, our findings show that a single session of
tRNSþDC-offset over the left DLPFC can enhanceWMperformance
and modulate task-related oscillatory ERS/ERD% in healthy adults.
Delivery of tRNS þ DC-offset induced more pronounced and
consistent improvements in WM performance when compared to
anodal tDCS, indicating that tRNS may overcome some of the fac-
tors contributing to high rates of inter-individual variability in the
response to tDCS. These findings support the potential of tRNS as a
neuromodulatory tool to alter behavioural and neurophysiological
markers of WM in healthy adults. Future research is needed to
investigate the therapeutic efficacy of tRNS þ DC-offset for treat-
ment of neurological and psychiatric conditions, particularly those
which feature cognitive dysfunction.
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