Brain and Cognition 173 (2023) 106105

Contents lists available at ScienceDirect

Brain and Cognition

journal homepage: www.elsevier.com/locate/b&c

ELSEVIER

t.)

Check for

Effects of transcranial direct current stimulation and transcranial random %@
noise stimulation on working memory and task-related EEG in major
depressive disorder

O.W. Murphy ", K.E. Hoy *", D. Wong ¢, N.W. Bailey ‘-, P.B. Fitzgerald “:°, R.A. Segrave

2 Central Clinical School, Monash University, Clayton, VIC, Australia

Y Bionics Institute, East Melbourne, VIC, Australia

€ School of Psychology and Public Health, La Trobe University, Bundoora, VIC, Australia

4 Monarch Research Institute Monarch Mental Health Group, Sydney, NSW, Australia

€ School of Medicine and Psychology, Australian National University, Canberra, ACT, Australia

f BrainPark, Turner Institute for Brain and Mental Health, Monash University, Clayton, VIC, Australia

ARTICLE INFO ABSTRACT

Keywords:

Transcranial direct current stimulation (tDCS)
Transcranial random noise stimulation (tRNS)
EEG

Depression

Working memory

Objective: To compare effects of transcranial direct current stimulation (tDCS) and transcranial random noise
stimulation with a direct-current offset (tRNS + DC-offset) on working memory (WM) performance and task-
related electroencephalography (EEG) in individuals with Major Depressive Disorder (MDD).

Methods: Using a sham-controlled, parallel-groups design, 49 participants with MDD received either anodal tDCS
(N = 16), high-frequency tRNS + DC-offset (N = 16), or sham stimulation (N = 17) to the left dorsolateral
prefrontal cortex (DLPFC) for 20-minutes. The Sternberg WM task was completed with concurrent EEG recording
before and at 5- and 25-minutes post-stimulation. Event-related synchronisation/desynchronisation (ERS/ERD)
was calculated for theta, upper alpha, and gamma oscillations during WM encoding and maintenance.

Resuits: tDCS significantly increased parieto-occipital upper alpha ERS/ERD during WM maintenance, observed
on EEG recorded 5- and 25-minutes post-stimulation. tRNS + DC-offset did not significantly alter WM-related
oscillatory activity when compared to sham stimulation. Neither tDCS nor tRNS + DC-offset improved WM
performance to a significantly greater degree than sham stimulation.

Conclusions: Although tDCS induced persistent effects on WM-related oscillatory activity, neither tDCS nor tRNS
+ DC-offset enhanced WM performance in MDD.

Significance: This reflects the first sham-controlled comparison of tDCS and tRNS + DC-offset in MDD. These
findings directly contrast with evidence of tRNS-induced enhancements in WM in healthy individuals.

therapeutic tools for alleviating the cognitive symptoms of MDD.
Transcranial electrical stimulation (tES) techniques such as trans-
cranial direct current stimulation (tDCS) and transcranial random noise

1. Introduction

Major Depressive Disorder (MDD) is a highly prevalent and often

debilitating mental illness which is associated with significant rates of
morbidity and mortality (Kessler et al., 2005, 2009). Impairments in
working memory (WM) are amongst the most common neuropsycho-
logical symptoms of MDD and may contribute an exacerbation of af-
fective symptoms and poorer treatment outcomes (Dunkin et al., 2000;
Joormann & Gotlib, 2010; Snyder, 2013). Current first-line antidepres-
sant medications and psychotherapies are relatively ineffective at
treating these cognitive symptoms (Herrera-Guzman et al., 2010; Raskin
et al., 2007), highlighting the need for the development of alternative

stimulation (tRNS) have both been shown to enhance WM performance
in healthy individuals via modulation of underlying neural activity
(Andrews et al., 2011; Fregni et al., 2005; Friehs & Frings, 2019; Mul-
quiney et al., 2011; Murphy et al., 2020). Although improvements in
WM following delivery of tDCS to the dorsolateral prefrontal cortex
(DLPFC) to individuals with MDD have been reported (e.g. Boggio et al.,
2007; Loo et al., 2012; Moreno et al., 2015; Oliveira et al., 2013), meta-
analyses and large-scale clinical trials have found that effects of tDCS on
WM performance and underlying brain activity in MDD are often modest
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in size and variable between studies and individuals (Hill et al., 2016;
Martin et al., 2018). tRNS is another form of tES which delivers an
alternating current with a randomly fluctuating frequency and intensity
(Fertonani et al., 2011; Terney et al., 2008). tRNS can be delivered with
a DC-offset which results in electrodes maintaining a consistent polarity
but with a randomly fluctuating current intensity (Ho et al., 2015).
Delivery of tRNS + DC-offset thereby combines features of both tDCS
and tRNS, whereby the consistent polar charge of electrodes mirrors that
of tDCS (i.e., net polarisation of neuronal membrane potentials), whilst
the randomly fluctuating current intensity also introduces random noise
into the neural system in a manner analogous to tRNS. Research in
healthy individuals has demonstrated that tRNS without an offset can
induce more pronounced neurophysiological and behavioural effects
than anodal tDCS (e.g. Fertonani et al., 2011; Inukai et al., 2016).
Furthermore, the delivery of tRNS with a DC-offset has been shown to
facilitate cortical excitability to a greater degree than tRNS without an
offset (Ho et al., 2015). Our research team previously provided the first
evidence that tRNS + DC-offset can induce more pronounced and
consistent WM enhancements than anodal tDCS in healthy individuals
(Murphy et al., 2020). However, we are not aware of any previous sham-
controlled research directly comparing the effects of tDCS and tRNS in
people with MDD.

A greater understanding of how tES influences underlying neuro-
physiological activity and modulates cognitive processing could provide
valuable markers for future treatment protocol and improve the reli-
ability of cognitive outcomes. Electroencephalography (EEG) has been
widely used to characterise the neurophysiological correlates of WM
functions in healthy individuals, which includes reliable and robust
modulation of oscillatory activity within the theta (4-8 Hz), upper alpha
(10-12.5 Hz), and gamma (30-100 Hz) frequency ranges, with the
modulation of each associated with WM task accuracy (Jensen & Tesche,
2002; Jensen et al., 2002; Roux et al., 2012). There is growing evidence
for abnormal modulation of oscillatory activity during WM processing in
MDD, particularly for modulation of upper alpha activity during the
maintenance phase of WM processing (Bailey et al., 2014; Murphy et al.,
2019; Segrave et al., 2010). Crucially, in a previous study utilising
baseline data from participants in the current study, we observed that
individuals with MDD displayed altered modulation of frontal-midline
theta, and occipital gamma and upper alpha during WM processing
(Murphy et al., 2019). Given evidence that tDCS and tRNS can modulate
oscillatory activity within these frequency ranges (Boonstra et al., 2016;
Hoy et al., 2015; Miller et al., 2015), examination of EEG-derived
measures of oscillatory activity may provide valuable insights into the
neurophysiological mechanisms underlying the cognitive effects of tES
in MDD. Moreover, the effects of tES on task-related EEG have
frequently been reported in the absence of significant changes in task
performance (Hill et al., 2017; Nikolin et al., 2018), indicating that EEG-
derived measures may prove more sensitive than cognitive measures
alone.

In the current study we sought to compare the acute effects of
delivering a single session of anodal tDCS, tRNS + DC-offset, or sham
stimulation on WM performance and WM-related oscillatory activity in
individuals with MDD. We hypothesised that both tDCS and tRNS + DC-
offset would significantly improve WM performance when compared to
sham stimulation, and that tRNS + DC-offset would be superior to tDCS
in improving WM performance. Given evidence that MDD is associated
with reductions in upper alpha power during WM maintenance (Bailey
et al., 2014; Murphy et al., 2019), combined with evidence that tES can
modulate alpha activity in healthy individuals (Boonstra et al., 2016;
Hsu & Tseng et al., 2014; Murphy et al., 2020), we hypothesised that
both tDCS and tRNS + DC-offset would increase upper alpha power
during WM maintenance when compared to sham stimulation, and that
these enhancements would be more pronounced following tRNS + DC-
offset as compared to tDCS. We also performed exploratory analyses to
examine potential effects of tES on theta and gamma activity during WM
encoding and maintenance, however we did not construct specific

Brain and Cognition 173 (2023) 106105

hypotheses for these analyses due to the paucity of previous evidence
regarding MDD-related changes in theta and gamma activity during WM
processing.

2. Methods
2.1. Participants

Forty-nine adults with MDD were recruited into the study. All par-
ticipants were aged between 18 and 65 years, right-handed, fluent in
English, and had normal or corrected-to-normal vision. Participants
were screened for contraindication to tES (i.e., epilepsy, stroke, trau-
matic brain injury, neurological illness, frequent or severe headaches,
pregnancy, medical infusion devices, or metal implants in the brain or
skull). A structured clinical interview (see Section 2.3. Clinical Inter-
view) was conducted to confirm the presence of a current Major
Depressive Episode, and to screen for other Axis 1 psychiatric disorders.
Participants were excluded if they reported recreational drug use within
one month prior to testing, a history of substance abuse or dependence,
or were currently taking medications which have been shown to inter-
fere with the effects of non-invasive brain stimulation (i.e. benzodiaze-
pines, antipsychotics, or mood stabilisers) (Brunoni et al., 2013; Stagg &
Nitsche, 2011). At the time of testing, 26 participants were taking an-
tidepressant medication and 23 were medication-free (Table 1). 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 the Monash University Human
Ethics Committee and was prospectively registered on the Australian
and New Zealand Clinical Trials Registry (ACTRN12612001061820).

2.2. Design and procedure

The study utilised a sham-controlled, single-session, parallel-groups
design. Each participant completed a single experimental session con-
ducted at the Monash Alfred Psychiatry Research Centre, Melbourne.

Table 1
Participant Characteristics.
Sham tDCS tRNS F- p-
statistic value
Sample (n) 17 16 16
Gender (F/M) 10/7 9/7 10/6
Age (years) 28.34 + 28.58 + 28.47 + 0.003 0.997
10.56 7.24 10.56
Years of 14.00 + 14.19 + 13.69 + 0.368 0.694
education 1.84 1.60 1.54
WAIS-IV WMI 106.00 + 106.69 + 107.94 + 0.097 0.908
12.63 13.82 11.80
HAM-D 17.35 + 16.69 + 17.00 + 0.287 0.752
2.26 2.33 2.94
QIDS 13.94 + 13.19 + 14.13 + 0.763 0.472
2.25 1.87 2.66
STAI - State 41.47 £ 43.06 + 41.81 + 0.100 0.905
13.07 9.40 9.03
STAI - Trait 51.35 + 57.50 £ 58.94 + 2.646 0.082
12.07 6.42 10.78
Medications
None 10 6 7
SSRI 6 3 6
SNRI 1 3 1
Tricyclic 0 1 1
Atypical 0 3 1

Note: Values for mean + SD. Degrees of freedom = 48 for all comparisons. WAIS-
IV WMI = Wechsler Adult Intelligence Scale, Fourth Edition — Working Memory
Index; HAM-D = Hamilton Depression Rating Scale; QIDS = Quick Inventory of
Depressive Symptomology; STAI = State-Trait Anxiety Inventory; SSRI = Se-
lective Serotonin Reuptake Inhibitor; SNRI = Serotonin and Norepinephrine
Reuptake Inhibitor; Tricyclic = Tricyclic Antidepressant; Atypical = Atypical
Antidepressant.
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The experimental session began by recording participant demographics,
assessing WM ability using the Working Memory Index from the
Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-IV) (Wechsler,
2008), and conducting a clinical interview. Participants were then
allocated by stratified randomisation into a stimulation groups: sham,
tDCS, or tRNS. Stratified randomisation was based on age, sex, and WM
ability (using the WAIS-IV WMI) to ensure balancing of key character-
istics across stimulation groups. Participants were blinded to stimulation
condition. Cognitive and electrophysiological data were collected prior
to stimulation (BASELINE), at 5-minutes (POST-1), and at 25-minutes
(POST-2) after stimulation had ended (see Fig. 1 for illustration of
experimental session procedure). Although not reported in this paper,
combined TMS-EEG recording was also completed before and at two
timepoints post-stimulation (see Supplementary Materials for details).

2.3. Clinical interview

All clinical interviews and cognitive tasks were administered by a
single researcher (OWM) trained in standardised administration. The
Mini International Neuropsychiatric Interview (Sheehan et al., 1998)
was used to confirm the presence of a current DSM-IV defined Major
Depressive Episode and screen for other Axis 1 psychiatric disorders.
Depression severity was assessed using the Hamilton Depression Rating
Scale, 17-item (HAM-D;) (Hamilton, 1960) and the Quick Inventory of
Depressive Symptomology — Clinician Rated, 16-item (QIDS-C) (Rush
et al., 2003; Trivedi et al., 2004). State and trait anxiety levels were
assessed using the State-Trait Anxiety Inventory (STAI) (Spielberger
et al.,, 2010). Baseline WM ability was assessed using the Working
Memory Index from the WAIS-IV (Wechsler, 2008). Handedness was
assessed using the Edinburgh Handedness Inventory (Oldfield, 1971).

2.4. Transcranial electric stimulation

All stimulation conditions were delivered using an Eldith Stimulator
Plus machine (NeuroConn, Germany) and a pair of rectangular 5x7 cm
rubber electrodes (35 cm?) attached to the scalp using Ten20 conductive
paste (Weaver and Co., Colorado, USA). The anodal electrode was
placed over the left DLPFC (F3 using the 10-20 system of electrode
placement) and the cathodal electrode was placed over the right su-
praorbital area for all stimulation conditions (Bai et al., 2014; Hill et al.,
2016; Hoy et al., 2013). Computational modelling confirmed that elec-
tric fields induced by tDCS and tRNS were maximal in the area proximal
to the electrodes (see Supplementary Materials for further details).
During stimulation participants completed an adaptive version of the
Paced Auditory Serial Addition Task (PASAT) (Gronwall, 1977; Siegle
et al., 2007), given evidence that concurrent cognitive activity during
tES can induce more pronounced after-effects (Andrews et al., 2011).

Active tDCS was delivered at 1 mA (current density = 0.029 mA/

Sham stimulation
(1-min, 1mA)

tDCS
(20-min, 1mA)

Baseline

Sternberg
+ EEG

tRNS
(20-min, 1mA, 100-640 Hz)

TMS-EEG
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cm?) for a duration of 22-minutes (60 s ramp-up, 60 s ramp-down). The
sham condition was delivered for a duration of 22-minutes and involved
the delivery of active tDCS for a total of 2.5-minutes (60 s ramp-up, held
constant at 1 mA for 30 s, 60 s ramp-down). This sham protocol typically
produces an itching sensation under the electrodes during the initial
ramping stages and has been shown to produce successful participant
blinding (Boggio et al., 2008; Ferrucci et al., 2009; Murphy et al., 2020).

tRNS was delivered with an intensity of 1 mA and a 1 mA DC-offset
for a duration of 22-minutes (60 s ramp-up, 60 s ramp-down). tRNS was
delivered with a high frequency range (100-640 Hz) based on evidence
that the resulting neuromodulatory effects are primarily caused by
higher frequency oscillations (100-640 Hz) (Fertonani et al., 2011;
Moret et al., 2019). When delivering tRNS, a random amplitude is
generated for every sample within the pre-defined parameter space (i.e.,
with a 1 mA amplitude and 1 mA DC-offset). The random numbers used
to determine the current amplitude were normally distributed and the
probability of each frequency being selected followed a normal distri-
bution so that all frequencies within the specified range have an equal
probability of occurring at any given time during the stimulation ses-
sion, thereby creating a white-noise frequency distribution (Terney
et al., 2008). When delivered using these parameters, tRNS + DC-offset
electrodes fluctuate in amplitude with a frequency which fluctuates
randomly throughout the stimulation session, whilst maintaining a
consistent polarity. This produces a unidirectional current flow from the
positively-charged anode to the negatively-charged cathode. Moreover,
the chosen stimulation parameters for tDCS and tRNS + DC-offset pro-
duce an equivalent average amplitude of 1 mA at each electrode over the
course of the stimulation session, thereby allowing direct comparison of
stimulation techniques whilst controlling for the potentially confound-
ing effects of variability in net delivery of charge.

Participants were blinded to their stimulation condition. Immedi-
ately following tES, participants completed a side-effects questionnaire
and a stimulation blinding integrity questionnaire which asked them to
report whether they believed they had received active or sham
stimulation.

2.5. Working memory tasks

2.5.1. Paced auditory serial addition task

An adaptive, computerised version of the PASAT was administered to
participants during tES to promote engagement of fronto-parietal neu-
rocircuitry involved in WM processing (Lazeron et al., 2003; Lockwood
et al., 2004). Full details of the PASAT administration and procedure are
outlined in the supplementary materials. In brief, the PASAT is a chal-
lenging mental arithmetic task in which participants are required to sum
sequentially presented single-digit stimuli. We utilised an adaptive
version of the PASAT (Siegle et al., 2007) which adjusts the rate of
stimuli presentation based on participant performance, thereby ensuring

Sternberg
+ EEG

L L

Sternberg
+ EEG

X . >

TMS-EEG TMS-EEG

T T T 1

5 15 25 35

Time Since End of Stimulation (min)

Fig. 1. Overview of experimental design and procedure.
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that the task remains achievable yet cognitively challenging for all
participants. Participants completed three, five-minute blocks of the
PASAT, each separated by a one-minute rest period. The first block of the
PASAT was begun after the initial one-minute ramping-up period for tES
had ended.

2.5.2. Sternberg working memory task

Cognitive effects of tES were examined using a modified verbal
Sternberg WM task presented with Neuroscan Stim2 software (Compu-
medics, Melbourne, Australia). The Sternberg WM task was selected as it
temporally separates the encoding, maintenance, and retrieval aspects
of WM processing and thereby allows examination of oscillatory activity
associated with each WM phase (Jensen & Tesche, 2002; Jensen et al.,
2002; Segrave et al., 2010). We used a modified version of the Sternberg
WM task in which participants are presented with a memory set con-
taining eight letters (Segrave et al., 2010). The memory set is then
removed for a maintenance period, and participants are then presented
with a probe letter and indicate using a button press whether the probe
was present or absent in the memory set (see Fig. 2 for Sternberg WM
task design and stimuli timing). Participants completed a total of 52
trials presented in two blocks with a 30 s break between blocks, resulting
in a total task duration of 11 min. Participants were instructed to keep
their eyes open during the maintenance period of the task, given the
strong modulatory effect that closing the eyes can have on alpha power
(Barry et al., 2007). Further task details are included in the supple-
mentary materials.

2.6. Electrophysiological recording and pre-processing

A detailed methodological description of EEG setup, recording, and
data pre-processing can be found in the supplementary materials. In
brief, EEG was obtained from 34 Ag/AgCl scalp electrodes and four
facial electrodes using Neuroscan Acquire software and a Synamps 2
amplifier (Compumedics, Melbourne Australia). Impedances were
regularly checked after each EEG recording and kept below 5 kQ
throughout the experiment. Electrodes were grounded to AFz and
referenced online to an electrode between Cz and CPz. EEG was sampled
at 1000 Hz with an online bandpass filter of 0.1-100 Hz. Data was
analysed offline in MATLAB (The Mathworks, Natick, MA) using
EEGLAB for pre-processing (sccn.ucsd.edu/eeglab) (Delorme & Makeig,
2004) and fieldtrip for frequency analysis (https://www.ru.nl/donders/
fieldtrip) (Oostenveld et al., 2011).

2.7. Spectral analysis

EEG data was converted into the frequency domain using Morlet
Wavelet Transform (3.5 oscillation cycles with steps of 1 Hz). Neural
oscillatory power was calculated within the theta (4-7 Hz), upper alpha
(10-12.5 Hz), and gamma (35-45 Hz) frequency bands. These frequency
ranges were selected to correspond with previous research examining
oscillatory activity during WM processing and the Sternberg task (Bailey
et al., 2014; Hill et al., 2017; Hsieh et al., 2011; Roberts et al., 2013).
Oscillatory power during WM processing was calculated as event-related
synchronisation/desynchronisation (ERS/ERD%) using the formula:
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[(Active - Reference)/Reference) x 100)]. ERS/ERD% values reflect
relative changes in oscillatory power between a pre-defined active and
reference period, with positive values indicating increased oscillatory
power within the active period (i.e., neural event related synchronisa-
tion). ERS/ERD% for each frequency band was calculated separately for
the encoding (1800-5800 ms) and maintenance (5800-8800 ms) pe-
riods, with the middle 600 ms period of the blank screen between the
fixation cross and memory set used as the reference period. Prior to
analyses, the ERS/ERD% values were averaged over trials for each
participant.

2.8. TMS-EEG setup and recording

Fifty consecutive monophasic TMS pulses were delivered over the F3
EEG electrode (chosen to approximate the location of the DLPFC) using a
Magstim magnetic stimulator connected to a 70 mm figure-of-eight coil
(MagStim Ltd., UK). Data from TMS-EEG is not included in the present
paper but the procedure is outlined here for the sake of illustrating the
experimental procedure completed by participants. TMS intensity was
determined individually for each participant as 120% of their resting
motor threshold (RMT). RMT was determined at the beginning of each
experimental session immediately after EEG setup and was defined as
the lowest stimulus intensity required to elicit motor evoked potentials
in the right abductor pollicis brevis muscle of >0.05 mV in at least five
out of ten consecutive trials (Rossini et al., 2015). Monophasic pulses
were delivered with a five second inter-pulse interval and 10% jitter
(Hill et al., 2017, 2018). Concurrent EEG was recorded throughout de-
livery of TMS pulses the same EEG setup and recording parameters as
outlined in the current study, with the exception that TMS-EEG
recording utilised a higher sampling rate of 10 KHz. RMT determina-
tion and delivery of TMS pulses were conducted by an appropriately
trained researcher, and administration of TMS-EEG took approximately
4.5 min to complete.

2.9. Statistical analysis

All statistical analyses were performed using either MATLAB or IBM
SPSS Statistics, version 26 (IBM Corp, Armonk, NY). Blinding integrity
and side-effect frequency were compared between groups using Chi-
square tests.

2.9.1. Cognitive data

Sternberg WM task accuracy and response time were used to
examine effects on WM performance. Mixed ANOVAs were used to
examine effects of tES on accuracy and response time, with CONDITION
(sham, tDCS, and tRNS + DC-offset) as the between-subjects factor and
TIME (BASELINE, POST-1, and POST-2) as the within-subjects factor.
Any significant interaction effects between CONDITION and TIME were
further explored using: i) separate repeated measures ANOVAS for each
stimulation condition to examine changes over TIME (BASELINE, POST-
1, and POST-2), and ii) one-way ANOVAs to compare differences in
change-from-baseline scores (A-scores) (i.e., POST-1 — BASELINE =
A-POST-1; POST-2 — BASELINE = A-POST-2) between stimulation
conditions at each time-point (A-POST-1, A-POST-2). Any main effects

Fixation Cross Blank Screen Memory Set Maintenance Probe and Visual Masking Blank Screen
Period Response
800ms 1000ms 4000ms 3000ms 2000ms 116ms 1183ms

Fig. 2. Sequence and timing of stimuli for the Sternberg WM task.
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for the repeated measure and one-way ANOVAS were further examined
using pairwise comparisons with Bonferroni correction. Normality of the
cognitive data was confirmed via inspection of skewness and kurtosis on
histograms and Q-Q plots. Mauchly’s test was used to evaluate the
assumption of sphericity, with Greenhouse-Geisser corrections applied
where appropriate.

2.9.2. EEG data

Changes in oscillatory ERS/ERD% over time were examined via
nonparametric cluster-based permutation analyses using the Fieldtrip
toolbox (Oostenveld et al., 2011). This technique allows examination of
changes in ERS/ERD% across all EEG electrodes whilst controlling for
the rate of multiple comparison (Maris & Oostenveld, 2007) and has
been used previously for examining effects of tES on oscillatory activity
(e.g. Hill et al., 2017, 2018). Clusters were defined as two or more
neighbouring electrodes with a t-statistic < 0.05 and two-tailed Monte
Carlo p-values were calculated using 2000 permutations. While cluster-
based analyses within Fieldtrip are well-suited for controlling the
multiple-comparison rate inherent when comparing multi-channel EEG
data, these techniques do not allow mixed-model comparisons (e.g., 3x3
mixed model ANOVA with TIME and STIMULATION as independent
variables). Therefore, cluster-based one-way repeated measure ANOVAs
were first conducted separately for each stimulation group to examine
changes in ERS/ERD% over TIME (BASELINE to POST-1 or POST-2) for
each frequency range. Significant main effects were further examined
using A-scores to explore whether changes in ERS/ERD% significantly
differed between stimulation conditions.

3. Results
3.1. Demographic and clinical measures

The stimulation groups did not significantly differ in age, years of
formal education, WM ability, state or trait anxiety, or depression
severity (see Table 1 for demographic and clinical characteristics of the
participants). One-way ANOVAs confirmed that stimulation conditions
were matched at BASELINE and did not significantly differ in Sternberg
WM task accuracy or response time (both p > .05), or theta, upper alpha,
or gamma power during WM encoding and maintenance (all p > .05).

3.2. Effects of tES on Sternberg WM task performance

Effects of tES on WM performance were examined using separate
mixed model ANOVAs for Sternberg WM task accuracy and response
time.

The mixed-model ANOVA for response time on the Sternberg WM
task revealed no significant main effect for stimulation condition (F
(2,46) = 0.172, p = .843, ng = 0.007), and no significant interaction
effect for time and stimulation condition (F(4,92) = 1.901, p = .117, ng
=0.076) (Table 2). No further comparisons were conducted for response
time due to the lack of a significant interaction effect.

The mixed model ANOVA for accuracy on the Sternberg WM task
revealed a significant interaction effect for time and stimulation con-
dition (F(4,92) = 2.705, p = .035, ng = 0.105), but did not reveal a
significant main effect of stimulation condition (F(2,46) = 0.029, p =
971, ng = 0.001). To further explore this significant interaction effect,

Table 2
Response time on the Sternberg WM task for sham, tDCS, and tRNS + DC-offset
groups.

BASELINE POST-1 POST-2
Sham 1125.66 + 153.55 1025.49 + 143.55 1057.02 £+ 115.78
tDCS 1103.95 + 139.20 1040.39 £ 156.56 982.03 + 145.38

tRNS + DC-offset ~ 1105.38 + 168.32 1034.83 £ 135.81 1027.91 £ 139.51

Note: Values reflect mean + SD of response time (ms).
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repeated measures ANOVAs were conducted for each stimulation con-
dition to examine changes in accuracy over time (Fig. 3). Accuracy for
the sham group significantly increased from BASELINE to POST-1 (mean
difference = 5.54, p = .009), and from BASELINE to POST-2 (mean
difference = 5.66, p = .034). The tDCS group displayed significant in-
creases in accuracy from BASELINE to POST-1 (mean difference = 5.77,
p = .035), and from BASELINE to POST-2 (mean difference = 6.85, p =
.018). Finally, the tRNS + DC-offset group displayed a significant in-
crease in accuracy from BASELINE to POST-1 (mean difference = 5.41, p
= .019), but accuracy did not differ between BASELINE and POST-2
(mean difference = 0.60, p = .999).

Differences in the effects of tES stimulation conditions on Sternberg
WM task accuracy were further explored by comparing change-from-
baseline scores between stimulation conditions. Between-group com-
parisons indicated that stimulation conditions did not significantly differ
in their effects on accuracy from BASELINE to POST-1 (F(2,48) = 0.010,
p =.990, nf, < 0.001) (Fig. 4A). Significant differences were observed in
the effects of stimulation condition from BASELINE to POST-2 (F(2,48)
= 3.743, p = .031, r]f, = 0.140) (Fig. 4B). Specifically, the tDCS group
displayed significantly greater improvements in accuracy from BASE-
LINE to POST-2 when compared to the tRNS + DC-offset group (mean
difference = 7.452, p = .044), whereas no differences were observed
between the tDCS and sham group (mean difference = 1.195, p > .999),
or the tRNS + DC-offset and sham group (mean difference = 6.257, p =
.107) (Fig. 4B).

3.3. Effects of tES on oscillatory activity during working memory
processing

3.3.1. Within-group comparisons

3.3.1.1. Sham. Examination of EEG activity for the sham group did not
reveal any significant changes over time for theta, upper alpha, or
gamma ERS/ERD% during the WM encoding or maintenance periods.

3.3.1.2. tDCS. Examination of EEG activity over time for the tDCS
group revealed significant changes in upper alpha ERS/ERD% during
the WM maintenance period. EEG recorded 5-minutes post-stimulation
(POST-1) revealed a significant increase in WM maintenance period
upper alpha ERS% bilaterally over parieto-occipital regions (Fig. 5). The
tDCS group also displayed significant increases in WM maintenance
upper alpha ERS% on EEG recorded 25-minutes post-stimulation (POST-
2), which was localised over left frontal regions (p = .026) and bilat-
erally over parieto-occipital regions (p < .001) (Fig. 6). The tDCS group
did not display any significant changes in encoding period upper alpha
ERS/ERD% from BASELINE to POST-1 or POST-2, nor were any signif-
icant changes observed in encoding or maintenance period theta or
gamma ERS/ERD% from BASELINE to POST-1 or POST-2 (all p’s >
0.05).

3.3.1.3. tRNS. The tRNS + DC-offset group displayed a significant in-
crease in WM maintenance period upper alpha ERS% over right-frontal
regions from BASELINE to POST-2 (p = .029) (Fig. 7). The tRNS + DC-
offset group did not display any significant changes in encoding period
upper alpha ERS/ERD% from BASELINE to POST-1 or POST-2, nor were
any significant changes in encoding or maintenance period theta or
gamma ERS/ERD% observed from BASELINE to POST-1 or POST-2 (all
p > .05).

3.3.2. Between-group comparisons

When compared to the sham group, the tDCS group displayed
significantly larger increases in WM maintenance period parieto-
occipital upper alpha ERS% from BASELINE to POST-1 (p = .018)
(Fig. 8A), and from BASELINE to POST-2 (p = .030) (Fig. 8B). In
contrast, changes in maintenance period upper alpha ERS/ERD% did not
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significantly differ between the tRNS + DC-offset and sham groups at
POST-1 or POST-2 (all p > .05).

3.4. tES tolerability and blinding integrity

All stimulation conditions were well tolerated, and no significant,
prominent, or persistent adverse effects were reported. Twenty-three of
the 49 participants (46.94%) reported minor adverse effects whilst
receiving tES, including: slight itching or discomfort under the electrode
(15 participants), mild burning sensation (4 participants), or a mild
headache (4 participants). There was no significant difference in the
reporting of side-effects between the three stimulation conditions (all p
> .05).

Participants were unable to guess at better than chance level whether
they had received active or sham stimulation (X2 (1,N=49),=1.289,p
= .525), indicating that adequate blinding of stimulation conditions was
maintained.

4. Discussion

We report evidence from the first sham-controlled direct comparison
of tDCS and tRNS + DC-offset on cognitive and electrophysiological
measures of WM in MDD. Contrary to our hypotheses, neither tDCS nor
tRNS + DC-offset improved WM performance when compared to the
sham stimulation. However, tDCS demonstrated greater improvements
in WM accuracy than the tRNS + DC-offset condition at 25-minutes post-
stimulation. When examining the neurophysiological effects of the
stimulation conditions separately, both tDCS and tRNS + DC-offset
significantly increased upper alpha ERS% during the WM maintenance
period, whereas no significant changes in oscillatory activity were
observed following sham stimulation. When comparing these oscillatory
changes between stimulation conditions, tDCS induced sustained in-
creases in upper alpha ERS% over parieto-occipital regions during the
WM maintenance period, which remained significant when compared to
sham stimulation. Effects of tRNS + DC-offset on oscillatory activity
were not significant when compared to sham. These findings demon-
strate the capacity of tDCS to induce alterations in WM-related neuro-
physiological activity which persist beyond the end of stimulation.
However, the absence of significant improvements in or relationships to
WM performance indicated that these neurophysiological effects were
not sufficient to reliably enhance cognitive function in this small,
cognitively high-functioning sample of individuals with MDD.

4.1. Effects of tES on working memory performance

Examination of cognitive performance indicated subtle yet signifi-
cant improvements in WM accuracy for all stimulation conditions,
including sham. The tDCS and sham groups demonstrated significant
improvements in WM accuracy on immediate and delayed cognitive
testing. WM accuracy for the tRNS + DC-offset group increased imme-
diately following stimulation and then returned to pre-stimulation levels
on delayed testing. Importantly, neither tDCS nor tRNS + DC-offset
improved WM performance to a significantly greater degree than sham
stimulation, indicating that these improvements reflect practice effects
rather than stimulation effects. Contrary to our hypothesis, direct
comparison of active stimulation conditions during the delayed testing
period revealed that tDCS improved WM accuracy to a significantly
greater degree than tRNS + DC-offset.

Our findings contract with several previous studies in MDD which
observed increases in WM performance following a single sessions of
tDCS (Boggio et al., 2007; Martin et al., 2018; Moreno et al., 2015;
Oliveira et al., 2013; Wolkenstein & Plewnia, 2013). Despite some
positive findings, the cognitive effects of tDCS are known to be highly
variable between studies and individuals for both healthy and clinical
populations (Ciullo et al., 2021; Figeys et al., 2021; Hill et al., 2016; Koo
et al., 2023). This variability is influenced by a complex interaction
between stimulation parameters (e.g. current density, duration, number
of sessions, etc.) and individual characteristics (e.g. age, sex, baseline
performance, skull thickness, presence of psychiatric illness, etc.) (Chew
et al., 2015; Figeys et al., 2021; Koo et al., 2023; Li et al., 2015). Stim-
ulation parameters, in particular the variation in current density (i.e.,
the ratio of injected current divided by the surface area of stimulation
electrodes; mA/cm?), may have influenced the discrepant results of our
study. We delivered tDCS with a low current density (0.029 mA/cm?)
that has previously been shown to enhance WM performance in healthy
individuals (e.g. Andrews et al., 2011; Fregni et al., 2005; Jeon & Han,
2012; Ohn et al., 2008), and those with MDD (Fregni et al., 2006).
However, some meta-analytic evidence indicates that higher current
densities may be more effective for enhancing WM performance in
clinical populations such as MDD (Hill et al., 2016), raising the possi-
bility that the density delivered in the present study was insufficient to
induce reliable WM improvements. Still, large variability exists in
studies of the cognitive effects of tDCS even when delivering a higher
current density. For instance, several studies have reported enhanced
WM performance in MDD when delivering tDCS with higher current
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densities (0.057-0.080 mA/cm?) (Boggio et al., 2007; Loo et al., 2012;
Moreno et al., 2015; Oliveira et al., 2013), whereas others have failed to
replicate these findings (Brunoni et al., 2016; Loo et al., 2010; Martin
et al., 2018; Wolkenstein & Plewnia, 2013). Regardless, our findings
indicate that delivery of tDCS using the parameters implemented in this
study is insufficient to induce reliable enhancements of WM perfor-
mance in MDD.

We found that a single session of tRNS + DC-offset to the left DLPFC
did not induce any significant changes in WM performance when
compared to sham stimulation. To date, two sham-controlled studies
have examined the effects of tRNS in MDD (Nikolin et al., 2020;
Schecklmann et al., 2021). Nikolin et al. (2020) reported the results of a
randomised clinical trial delivering four weeks of tRNS + DC-offset in
individuals with MDD, finding that changes in depressive symptom
severity did not differ between tRNS and sham. The study also did not
observe significant effects of tRNS + DC-offset treatment on a battery of
neuropsychological measures, including those assessing WM. Similar
null findings were reported by Schecklmann et al. (2021), with a three-
week course of bifrontal tRNS without a DC-offset failing to demonstrate
superiority over sham stimulation as an add-on treatment for reducing
clinical symptom severity in MDD. This study also did not observe any
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significant changes in measures of cognitive functioning, including WM.
Our findings provide further evidence that a single session of prefrontal
tRNS + DC-offset does not produce observable improvements in WM
functioning in MDD.

Our findings are broadly consistent with research in healthy in-
dividuals by Mulquiney et al. (2011), who reported that a single session
of anodal tDCS improved WM performance, whereas no significant im-
provements were observed following tRNS. In contrast to Mulquiney
et al., however, we delivered tRNS with a DC-offset which resulted in a
consistent polarity at each electrode, thereby delivering consistent
polarisation of neural membrane potentials whilst also introducing noise
into the neural system via random fluctuations in current intensity (Ho
et al., 2015). Interestingly, we previously observed contrasting results
when delivering tRNS + DC-offset in healthy individuals using the same
stimulation parameters, with tRNS + DC-offset increasing WM perfor-
mance to a significantly greater degree than both anodal tDCS and sham
stimulation (Murphy et al., 2020). These contrasting findings may relate
to state-dependent effects of tRNS, whereby stimulation protocols which
demonstrate efficacy in healthy populations may induce different
cognitive and neurophysiological effects when delivered in MDD (e.g.
Gogler et al., 2017; Moreno et al., 2015). Hence, while we did not
observe significant WM improvements following a single session of
tRNS + DC-offset, further research is warranted to investigate whether
tRNS may induce more pronounced effects in MDD if delivered using
different stimulation parameters from those that were effective in
healthy individuals.

4.2. Effects of tES on oscillatory activity during working memory
processing

We found that tDCS significantly increased upper alpha ERS% over
parieto-occipital regions during the WM maintenance period. Upper
alpha oscillations have been functionally linked to inhibitory processes
which facilitate efficient cognitive processing via suppression of non-
task relevant neural regions during cognitive activity (Klimesch et al.,
2007; Klimesch, 2012; Zanto et al., 2011). Within this framework,
increased posterior upper alpha ERS% during the maintenance phase of
the Sternberg WM task following tDCS would indicate greater functional
inhibition of visual processing regions which may interfere with the
active maintenance of WM stimuli (Klimesch, 2012).

Interestingly, several previous studies have reported that individuals
with MDD display abnormal modulation of upper alpha activity during
the maintenance phase of the Sternberg WM task, which has been
interpreted as indicating dysfunctional inhibitory processes in MDD
(Bailey et al., 2014; Segrave et al., 2010). Moreover, we previously
observed that the current cohort of participants with MDD displayed
significantly less posterior upper alpha ERS% during WM maintenance
when compared to a sample of healthy controls balanced on age, gender,
and WM ability (Murphy et al., 2019). Given this, increases in mainte-
nance period upper alpha ERS% following tDCS may indicate a shift
towards normalisation of altered WM-related oscillatory activity in
MDD. Indeed, evidence in healthy individuals has indicated that greater
alpha power over parieto-occipital regions during WM maintenance
predicts higher rates of subsequent recall (Khader et al., 2010). How-
ever, the absence of improvements in WM performance, or relationship
between neurophysiological changes and WM performance, indicates
that these neurophysiological changes were insufficient to produce
observable enhancements in WM performance in the current participant
group.

When examining the electrophysiological effects of tRNS + DC-offset
over time we observed changes consistent with our hypothesis, reflected
by increases in upper alpha during WM maintenance on EEG recorded
25-miuntes post-stimulation. However, these changes did not signifi-
cantly differ from sham stimulation, indicating that delivery of tRNS +
DC-offset with the current parameters was not sufficient to induce
substantial or persistent changes in WM-related oscillatory activity in
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our current sample. This directly contrasts with previous research in
healthy individuals showing that delivery of a single session of tRNS
using identical stimulation parameters to the current study resulted in
significant increases in WM encoding period theta and gamma ERS%
when compared to both anodal tDCS and sham stimulation (Murphy
et al., 2020). Given the large body of evidence demonstrating that in-
dividuals with MDD display altered patterns of neural oscillations dur-
ing WM processing (Bailey et al., 2014; Murphy et al., 2019; Segrave
et al., 2011), combined with evidence that effects of tES are dependent
on the state of neural oscillations at the time of stimulation (e.g. Bradley
et al., 2022; Hsu et al., 2016), it is perhaps unsurprising that delivering
identical stimulation protocols in healthy and depressed populations
may produce divergent effects. While the cognitive and neurophysio-
logical outcomes of tES are known to be highly variable in healthy

individuals, delivering these techniques in clinical conditions such as
MDD raises further challenges due to the limited understanding of how
tES interacts with MDD-related neural activity to produce observable
cognitive improvements. Indeed, there is extremely limited information
regarding the optimal tRNS stimulation parameters for modulating
cognitive and neurophysiological outcomes in healthy individuals, and
this evidence is entirely absent in MDD. Improving the effectiveness and
reliability of tRNS as a therapeutic tool will therefore require further
research examining the optimal stimulation parameters for modulating
cognitive performance in MDD, as well as a greater understanding of the
neurophysiological changes which underlie these cognitive
improvements.

The neurophysiological effects of tRNS have been conceptualised
with reference to the stochastic resonance phenomena, whereby the
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Fig. 7. Difference in maintenance period upper alpha ERS/ERD% from BASELINE to POST-2 for the tRNS + DC-offset group. Box-and-whisker plot displays upper
alpha ERS/ERD% averaged across electrodes from the significant frontal cluster at BASELINE and POST-2 (*p < .05), with individual participant data points overlaid
(hollow circles). Boxes extend from the 25th to 75th percentiles with the median represented by a horizontal line. Topographical map displays differences in
oscillatory ERS/ERD% (POST-2 - BASELINE), with EEG electrodes forming significant clusters marked by black crosses (p < .05). Note: ERS-ERD% = Event-Related

Synchronisation/Event-Related Desynchronisation.

introduction of random noise into a system serves to amplify the
strength of signals across a range of frequencies, thereby increasing the
signal-to-noise ratio of otherwise weak signals (Fertonani et al., 2011;
Pavan et al., 2019). Within the context of a non-linear neural system, the
effects of stochastic resonance are most prominent when the introduced
random noise is sufficient to increase the amplitude of existing neural
signals from sub-threshold to supra-threshold, thereby amplifying the
otherwise weak signal to produce greater rates of neural firing.
Consistent with this, experiments utilising tRNS to modulate auditory
and visual perceptual thresholds have demonstrated that effects are
most pronounced for near-threshold signals (Rufener et al., 2017; Van
der Groen et al., 2018). However, there is considerable evidence that
MDD is associated with abnormal oscillatory dynamics during WM
processing, including reduced modulation of oscillatory power within
theta, alpha, and gamma ranges (e.g. Bailey et al., 2014; Murphy et al.,
2019; Segrave et al., 2011). As the effects of tRNS remain dependent on
the state of the neural system during stimulation, the presence of
reduced WM-related neural synchrony in MDD may limit the amplifi-
cation of oscillatory power via tRNS. In our MDD participants, the neural
signal may have been of insufficient strength relative to background
neural noise, resulting in neural signal dynamics which are not suited for
tRNS-induced amplification via stochastic resonance. Although specu-
lative, this rationale is consistent with the state-dependence of tES ef-
fects and provides a potential mechanistic explanation for the variation
in outcomes when delivering tRNS between healthy and MDD pop-
ulations. It appears likely that, if tES is able to elicit more pronounced
neurophysiological effects, the method will require tailoring stimulation
parameters to match the altered neural dynamics associated with MDD.
For example, given evidence that MDD is associated with reduced
modulation of oscillatory power within theta, alpha, and gamma fre-
quency ranges (Bailey et al., 2014; Murphy et al., 2019; Segrave et al.,
2010), delivery of alternating current stimulation (tACS) at such fre-
quencies may prove effective for entraining and facilitating oscillatory
power in this population, potentially leading to more pronounced effects
on cognitive functioning.

4.3. Limitations and future directions

Our findings should be considered with several limitations in mind.
We adopted a between groups design with different participants in each

stimulation condition, as opposed to a crossover design which can
minimise potential inter-individual variability in response to tES (Lopez-
Alonso et al., 2014). The advantages of the between groups design,
however, were minimisation of WM task practice effects and max-
imisation of the integrity of participant blinding to stimulation condi-
tion, given evidence that sham tES protocols are substantially less
effective for subsequent stimulation sessions and crossover trials
(O’connell et al., 2012). To account for potential effects of heterogeneity
in individual characteristics between groups, we utilised stratified ran-
domisation of participants to balance groups on key factors which
contribute to inter-individual variability in tES outcome, including age,
sex, and WM ability (Chew et al., 2015; Lopez-Alonso et al., 2014).
Future large-scale research studies using a within-groups design will
allow for greater consideration of individual characteristics which in-
fluence the outcome of tES, and thereby better inform the factors
contributing to variability in the cognitive and neurophysiological
response to stimulation. Although we observed significant group-level
differences in WM performance, the small size may have limited the
statistical sensitivity to identify more subtle changes in these measures.
To investigate this possibility, we conducted post-hoc Bayesian analyses
to provide a more sensitive estimate of the probability that results of
binary p-value tests (i.e., significant or non-significant) reflect true
group differences. These post-hoc Bayesian tests on the cognitive data
provided further support for the validity of the current results. An
overview of the methodology and results of these analyses is presented
in the Supplementary Materials.

The experimental session included recording of EEG and TMS-EEG
before and after stimulation, and it is conceivable that this may have
influenced the outcomes of the study. Firstly, it is possible that the
electroconductive gel used to reduce EEG electrode impedance may also
increase shunting of electrical current across the scalp during tES,
thereby reducing the modulatory effects of stimulation on cortical re-
gions. Importantly, however, we feel that this is unlikely to be respon-
sible for the absence of significant effects on cognitive outcomes in the
current study, as previous studies including both tDCS and EEG have
observed significant improvements in cognitive functioning (Heimrath
et al., 2014; Hoy et al., 2015; Murphy et al., 2020; Zaehle et al., 2011).
Moreover, any such influence of the electroconductive gel is unlikely to
introduce any confounding effect on the study outcomes, as any effects
on electrical fields would presumably be equivalent across the
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Fig. 8. Comparison of maintenance period A-upper alpha ERS/ERD% for the tDCS and sham conditions at POST-1 (A) and POST-2 (B). Box-and-whisker plot displays
A-upper alpha ERS/ERD% averaged across electrodes from the significant cluster (*p < .05), with individual participant data points overlaid (hollow 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
maps display differences in oscillatory ERS/ERD% when comparing tDCS and sham at POST-1 (A) and POST-2 (B), with EEG electrodes forming significant clusters
marked by black crosses (p < .05). Note: ERS-ERD% = Event-Related Synchronisation/Event-Related Desynchronisation.

stimulation conditions. Secondly, it is possible that the TMS pulses
delivered during TMS-EEG could have induced subtle changes which
influence the brain state prior to receiving tES (e.g., Pellicciari et al.,
2016). Although conceivable, the relatively small number of pulses
delivered (50 single-pulses for the TMS-EEG recording) and high inter-
pulse interval (5 s) are typically considered to be insufficient to induce
persistent effects on cortical excitability (Julkunen et al., 2012; Pell
et al, 2011). Although subtle influences from TMS-EEG recording
remain possible, the TMS-EEG procedure was held consistent across all
experimental sessions and is therefore unlikely to contribute to the
differential outcomes observed when delivering sham, tDCS, or tRNS +
DC-offset.

Although WM impairments are a common neuropsychological
symptom of MDD, the current participants performed at age-appropriate
levels on standardised WM tasks at baseline (i.e., WAIS-IV WMI). This
performance indicates a lack of major WM impairment under quiet test
conditions and suggests a relatively high cognitively functioning sample.
As cognitive enhancing effects of tDCS are more pronounced for in-
dividuals with lower abilities at baseline (Sarkar et al., 2014; Tseng
et al.,, 2012), it remains possible that tDCS and tRNS may produce
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observable cognitive enhancing effects for people with MDD who are
experiencing prominent cognitive impairments. It is also possible that
ceiling effects on the modified Sternberg WM task may have reduced
sensitivity for observing tES-induced improvements in the efficiency or
accuracy of WM processing. We observed practice effects in WM task
accuracy across timepoints, indicating sufficient sensitivity to observe
significant changes in performance. However, the slope of these learning
effects may have resulted in a smaller window for observing potential
tES-induced improvements in WM performance. We used a modified
Sternberg task as it allows examination of oscillatory activity within
temporally separated phases of WM processing, however the inclusion of
more sensitive measures of WM performance, such as the n-back task,
may prove superior in identifying subtle improvements in cognitive
functioning.

The current study delivered tES with a 1 mA current intensity (cur-
rent density = 0.029 mA/cm?) and it is possible that utilising a higher
current density may have induced more pronounced outcomes. While
there is some meta-analytic evidence that higher current densities (e.g.,
0.058 mA/cm?) may be more effective for enhancing WM performance
in clinical populations such as MDD (Hill et al., 2016), this is contrasted
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against evidence that higher current densities are also associated with
more frequent side-effects and increased risk of compromised blinding
of stimulation condition (Buchanan et al., 2021; O’connell et al., 2012;
Wallace et al., 2016). There is also some evidence that higher current
densities may also produce more inconsistent tDCS outcomes, such as an
inversion in the direction of outcomes so that cathodal stimulation leads
to a facilitation rather than inhibition of cortical excitability (Batsikadze
et al., 2013). Despite these methodological limitations, further research
is required to systematically investigate whether delivering tDCS and
tRNS + DC-offset with higher current densities may produce more
pronounced cognitive and neurophysiological outcomes in MDD.

5. Conclusions

In conclusion, we provide evidence that a single session of anodal
tDCS to the left DLPFC induced sustained effects on WM-related oscil-
latory activity which persisted up to 25-minutes post-stimulation, re-
flected by increases in upper alpha ERS% during the WM maintenance
phase. The neurophysiological effects of tDCS remained significant
when compared to sham stimulation and were consistent across imme-
diate and delayed EEG recordings. Despite this, tDCS did not enhance
WM performance to a significantly greater degree than sham stimula-
tion, indicating that these neurophysiological effects were insufficient to
translate into observable cognitive improvements in this small, cogni-
tively high-functioning sample. We also found that delivery of tRNS
using the current stimulation parameters did not induce significant
changes in cognitive or neurophysiological measures of WM when
compared to sham stimulation. Our study supports the potential of tDCS
to modulate WM-related neural activity in MDD, however further
investigation is warranted to explore whether delivery of tDCS or tRNS
techniques with alternative stimulation parameters or repeated sessions
may produce more pronounced neurophysiological alterations and
observable improvements in WM performance in MDD.
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