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Executive Summary

Ongoing work within the United States Army is investigating means of sustaining or
enhancing Soldier performance. The purpose of this technical report is to build upon a previous
review which broadly focused on interventions for cognitive enhancement such as
pharmaceutical intervention, nutrition and supplements, and transcranial stimulation (Kelley et
al., 2019). Given the rapid pace of technological development and quantity of research
evaluating neuromodulation techniques (transcranial electrical and magnetic stimulation), we
conducted a targeted review to identify emerging trends and trajectory of feasibility for
implementation in operational settings. Hence, this report includes papers published between
2018 and 2022 that met our specific inclusion criteria (see eligibility section for inclusion and
exclusion criteria).

This technical report focuses on studies that investigate the potential role for
neuromodulation technologies to enhance cognitive function and implications for military use. In
particular, we are interested in several specific aspects of cognition that relate directly to the
daily function of the Soldier, including working memory, attention, inhibition, cognitive control,
and reasoning/decision-making. As Soldiers are faced with many important decision-making
tasks that require cognitive inhibition and precise cognitive control, a wrong decision or lack of
attention to detail could have catastrophic consequences. Multiple reviews have previously
detailed both the potential and limitations of transcranial electrical stimulation (tES) to improve
cognitive enhancement (Chase et al., 2021). Here, we discuss the feasibility and practicality
aspects of implementing this technology in the military setting as well as the current limitations
and remaining questions within the research field of transcranial stimulation pertaining to
enhancing cognitive performance.
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Introduction

In training and on the battlefield, Soldiers must have a positive and focused mentality to
accomplish the objective/mission. Military operations require sustained attention, where a brief
disruption of attention or focus could have devastating consequences. A multitude of distractions
can arise in the military environment that can impact how a Soldier manages attention, in turn,
decreasing mental function and cognitive performance. For example, fatigue can diminish
cognitive resources during extended or frequent missions that can have significant decrements in
performance (Abd-Elfattah et al., 2015). In addition to the already diminished available cognitive
resources the Soldier may have from experiencing fatigue, the multi-domain operational field
can place a significant demand on the Soldier, increasing the likelihood of mistakes and errors
due to excessive cognitive workload.

In the operational setting, cognitive challenges are constant, especially when multitasking
is required. Furthermore, these challenges may occur over an extended duration while fatigue
inevitably sets in. In a degraded cognitive state, the Soldier is presented with great challenges to
perform at optimal capacity. Therefore, cognitive enhancement could sustain performance
despite suboptimal conditions known to elicit deficits in performance and cognition. However,
there are several challenges in obtaining this desired outcome. Primarily, the United States
military has an extensive history of utilizing stimulants (dating back to World War II) to
maintain wakefulness and attentiveness (Bower & Phelan, 2003). While stimulant use has been
well-documented to improve the aforementioned, it has not come without negative side effects
that pose ethical and medical challenges as well as potentially impacting readiness post-
enhancement (Levy, 1993).

Furthermore, another challenge presents as military personnel must perform in austere,
extreme environments and often with additional physical burden (e.g., weight of personal
protective equipment or tactical gear, physical exertion). Therefore, any additional gear required
for the Soldier to carry must have a valid justification for its use and serve an important and
mission-directed purpose. Hence, it is of utmost importance to identify both training and
technological advancements or approaches to facilitate optimal and enhanced performance in
challenging environments while mitigating the need for the addition of cumbersome equipment.
A significant effort of current research aiming to increase cognitive performance is investigating
neuroenhancement techniques that would enhance mental function and acuity while not creating
any extra burden for the Warfighter. Neuroenhancement focuses on improving the neural
processes involved in executive functioning beyond the maximum natural capability of the
individual (Bruny¢ et al., 2020). Nonpharmacologic neuromodulation techniques such as
transcranial magnetic stimulation (TMS) and transcranial electrical stimulation (tES) have
demonstrated the potential to increase neuroenhancement and provide long-term cognitive
benefits (Frank et al., 2018; Grover et al., 2022; Naish et al., 2018). Current literature suggests
that neuromodulation technologies such as tES and TMS may facilitate cognitive enhancement,
which may further increase the chance of mission success. Although there are many techniques
that may directly facilitate neuromodulation and enhance cognitive performance such as vagus
and trigeminal nerve stimulation, this review specifically focuses on current transcranial
interventions. This review highlights the recent literature on transcranial stimulation aimed at
targeting various anatomical regions (primarily the dorsolateral prefrontal cortex) as well as
other brain regions responsible for regulating and executing executive functions.
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Neuromodulators and Neuromodulation

Neuromodulation, the introduction of exogenous entities in the nervous system to alter
affect and behavior, is tightly regulated by the prefrontal cortex (PFC) (Cools & Arnsten, 2022).
The PFC plays a dynamic role in how sensory information is perceived and provides our baseline
for abstract thought processes. The PFC generates executive functions such as working memory,
attention, inhibition/cognitive control, and reasoning/decision-making (Friedman & Robbins,
2022). Interestingly, the PFC is highly sensitive to subtle alterations of its neurochemical
environment. Research has demonstrated that small electrical stimuli delivered via TMS and tES
can alter hormonal regulation (Mehrsafar et al., 2020), neurotransmitter activity and synthesis
(Alvarez-Alvarado et al., 2021; Cuypers & Marsman, 2021; Heimrath et al., 2020; Premoli et al.,
2014), general nervous system activity (Fertonani & Miniussi, 2017; Rodrigues et al., 2021;
Schestatsky et al., 2013; Stagg et al., 2018), and behavior (Gebodh et al., 2021; Liu et al., 2018;
Schestatsky et al., 2013; Y. Wang et al., 2020). However, the precise mechanisms underlying the
aforementioned effects remain to be elucidated.

TMS

TMS and repetitive transcranial magnetic stimulation (rTMS) have been proven to be a
safe, minimally invasive methodology to produce cortical stimulation by passing an electric
current through a magnetic coil to create a brief, yet high-intensity magnetic field with both
excitatory and inhibitory capabilities (Hallett, 2007). Although the physiological mechanisms
underlying the effects of TMS and rTMS remain unknown, a significant body of research has
demonstrated the functional application of these stimulation methods to enhance cognitive
function and performance (Bagherzadeh et al., 2016; Curtin et al., 2019; Klimesch et al., 2003;
Klomjai et al., 2015; Luber & Lisanby, 2014). Although proven to be effective to enhance
cognitive performance, proper implementation of TMS requires specialized training.
Furthermore, the devices are relatively large (which may impose limitations for use in the field)
and TMS has been associated with a larger side effect profile compared to other minimally
invasive neuromodulation techniques (Rossi et al., 2021).

tES

tES has been shown to have the capability to successfully modulate neuronal membrane
potentials within many different areas of the cerebral cortex. tES can be classified into three
subcategories: transcranial direct current stimulation (tDCS), transcranial alternating current
stimulation (tACS), and transcranial random noise stimulation (tRNS) (Paulus, 2011). tDCS
involves the utilization of a weak electrical current via the use of two electrodes, a positive
anode, and a negative cathode, which are placed on the participant's scalp. Electrical current
flows between the two electrodes to make a complete circuit. The positive anodal current is
thought to facilitate behavioral responses corresponding to the cortical region at which it is
placed. In contrast, the negative cathodal current is thought to produce a behavioral inhibition
response (Thair et al., 2017). tACS utilizes alternating electrical currents, which produce a
sinusoidal waveform to change between positive and negative voltage every half-cycle. Hence,
the current flow is different than that of tDCS, as the current is not flowing in only one direction
but alternating between the anodal and cathodal electrodes in the first half of the cycle and then
moves in the reverse direction during the second half of the cycle (Elyamany et al., 2021). tRNS



involves the utilization of a randomly fluctuating current (between .1 and 640 hertz [Hz]) over a

large frequency spectrum to produce cortical stimulation (Nikolin et al., 2020).

Methods

Literature searches, limited to academic journals, were conducted using PubMed and
EBSCO databases in January and February 2022.

Table 1. Keywords Included in Literature Search

Interventions Cognitive Functions
tDCS Cognition
TMS Memory
tES Attention
Decision-making
Judgment
Spatial Abilities

Visual Perception

Eligibility

The inclusion criteria followed that of our previous literature review (Kelley et al., 2019)

and were intentionally conservative to increase homogeneity and capture a high level of study

quality (Table 2).
Table 2. Study Inclusion and Exclusion Criteria
Criteria Included Excluded
Date Published 2018 — 2022 Prior to 2018
Study Design Within-subjects, sham-controlled Non-random or non-
counterbalanced stimulation order
Between-subjects, with control group Non-random assignment”
Test Population Age: 18 to 50 years Age: Under 18 years, over 50
years
Race: Any Race: None
Gender: Males and females Gender: None
Health status: Healthy Health status: Unhealthy or
abnormal
Nationality: Any Nationality: None
Intervention tDCS (including, high definition
[HD]-tDCS, tRNS, tACS)
TMS (including, rTMS)
tES
Study Condition Normal Sleep deprived
Language English Non-English
Outcome Measures Valid and reliable Not validated

Neuropsychological tests of cognition

Not tested for reliability
Not neuropsychological tests of
cognition



Measures of memory, attention, spatial Measures of mood, personality

reasoning/abilities, math reasoning, constructs, language, imaging
decision-making, visual perception, and studies
judgment

Note. Several studies met the majority of our search criteria but were excluded if the purpose was
not to examine enhancement (e.g., testing whether cathodal tDCS hampered performance) and
the officially accepted paper was not accessible through our search parameters (Koo et al., 2018).
*One study (Au et al., 2021) used pseudorandom assignment, but was included in the final
results.

Procedure

The analysis was carried out according to the guidelines for systematic reviews and meta-
analyses previously outlined (Littell et al., 2008) and (Lipsy & Wilson 2001).

The research team first searched the databases using combinations of the predetermined
keywords (e.g., intervention method AND cognitive function). Next, titles and abstracts were
reviewed to determine further eligibility. Following this step, full texts were retrieved and
reviewed for eligibility. The review process and results are provided in Table 3.

Table 3. Literature Search and Review Results

Search Results (February 2022) 1410
Duplicated citations 326
Judged irrelevant or ineligible by title and abstract 974
Full-texts retrieved 110
Included studies 97

Prior to extracting study details, articles were categorized based on stimulation type.
The categories included: tDCS (n = 51), HD-tDCS (n = 8), tACS (n = 15), tRNS (n =7),
rTMS (n = 3), TMS (n =9), and a combination of stimulation approaches (n = 4).

Results

The results are summarized by stimulation type, tDCS [including HD-tDCS], tACS,
tRNS, rTMS, and TMS, as well as combination studies where multiple stimulation techniques
were used. Given the large number of tDCS studies, these results were further summarized by
targeted cognitive function.

tDCS

Of the 59 studies using tDCS (including HD-tDCS), 26 studies were excluded during the
extraction phase, resulting in 33 studies included in this review. Results are reported below by
targeted function. Note that some studies targeted multiple cognitive functions and thus are
reported in multiple locations.



Working Memory.

Eleven studies targeted working memory, summarized in Table 4 below. Of these 11
studies, only six resulted in significant findings for tDCS enhancing working memory. Of these
six, four studies found improvement with active tDCS stimulation compared to sham stimulation
(Karthikeyan et al., 2021; Luque-Casado et al., 2019; Zivanovic et al., 2021), and one study
found improvement compared to baseline (Assecondi et al., 2021). Hussey and colleagues (2020)
had an interesting approach as they combined tDCS and sham stimulation with either acute
aerobic exercise or absence thereof, resulting in four groups (exercise active stimulation, exercise
sham, seated active stimulation, and seated sham) and conducted a statistical comparison
between the groups to assess effects (Hussey et al., 2020). Results from this study suggest that
exercise and state of health may contribute to the enhancement effects of tDCS and warrant
further investigation in different subpopulations.

Working memory tasks included the versions of the n-back task (refer to Table 4 for
specific versions) (Assecondi et al., 2021; Au et al., 2021; Boudewyn et al., 2019; Hussey et al.,
2020; Ikeda et al., 2019; Karthikeyan et al., 2021; Zhu et al., 2020; Zivanovic et al., 2021), digit
span memory tasks (Luque-Casado et al., 2019; Wang et al., 2018), and interference digit span
task (Marko & Riecansky, 2021). Similar to previous reviews, the studies reviewed here included
a variety of stimulation parameters. Eight studies specifically targeted the left dorsolateral
prefrontal cortex (IDLPFC) (Boudewyn et al., 2019; Hussey et al., 2020; Ikeda et al., 2019;
Karthikeyan et al., 2021; Luque-Casado et al., 2019; Marko & Riecansky, 2021; Wang et al.,
2018; Zivanovic et al., 2021). Of these eight, three found improved performance using both
online (n = 1) (Karthikeyan et al., 2021) and offline (n = 2) (Luque-Casado et al., 2019;
Zivanovic et al., 2021) stimulation parameters. The duration of stimulation among these three
studies ranged from 10 to 20 minutes (min), with intensities of 1 milli-amp (mA), 1.5 mA, and
1.8 mA. Moreover, Lucque-Casado et al. (2019) only found effects of tDCS after performing a
cluster analysis where “responders” were identified. In this study, responders were identified as a
subgroup of participants who experienced an increase in motor evoked potentials in response to
anodal tDCS. The “responders” improved performance in the digit span backwards task
compared to sham stimulation, but not to baseline performance.

Two studies (Zhu et al., 2020; Zivanovic et al., 2021) targeted the posterior parietal
cortex (PPC). Zivanovic et al. (2021) targeted both the left and right PPC with tDCS applied at
1.8 mA and 1.5 mA across three experiments, for a duration of 20 minutes. Performance
improvements were found with stimulation to the left PPC, as well the IDLPFC, with large effect
sizes reported (np2 > .14). Zhu et al. (2020) applied tDCS at 1.5 mA for 20 minutes, offline, and
also found improved performance with the left PPC targeted. Zhu et al. (2020) also compared
low performers to high performers and found that those identified as “low performers” at
baseline had greater performance improvement (1,2 = .09). Additionally, “high performers” had
no difference in performance on some of the tasks between active stimulation and sham
stimulation. Low performers, previously classified by Tseng and colleagues, were defined as
participants who have poor change detection performance which may be a direct result of not
being able to produce significant neurological amplitudes that are associated with certain
cognitive responses. These participants were not able to elevate visual attention and memory
access processes in their PPC as efficiently as their “high performer” counterparts (Tseng et al.,
2012).



Three studies included the right DLPFC (rDLPRC) as the targeted region (Assecondi et
al., 2021; Au et al., 2021; Zivanovic et al., 2021). Zivanovic et al. (2021) used 1.8 mA, applied
offline for 20 minutes, and found improved performance. Au and colleagues used 2 mA, offline
and online across four groups, for 25 minutes, and found no performance improvements due to
the stimulation (Au et al., 2021). Finally, Assecondi et al. (2021) also used 2 mA, applied online
for 20 minutes, and found performance improvements. Importantly, Assecondi et al. (2021)
compared individuals with low working memory capacity to those with high working memory
capacity. Individuals were classified in either low- or high-capacity groups based on their
working memory capacity, specifically, their composite memory scores which were obtained
from the results of the n-back tasks completed at baseline. The authors found those with low
capacity who received active stimulation and strategy training improved performance in the n-
back task (Cohen's d > .9). Alternatively, those with high capacity only improved performance
when receiving sham stimulation and strategy training (Cohen's d > .9). Finally, Zhu et al. (2020)
also targeted the left inferior frontal gyrus (IIFG). tDCS was applied at 1.5 mA for 20 minutes
offline. Performance improvements, compared to baseline, were found, similar to their findings
when the left PPC was targeted, including the same pattern for low versus high performers

(Mp? > .14).



Table 4. tDCS Working Memory Studies

Stimulation
Description
Study Design & Gender & Additional Reference (Intensity, Follow-
Authors Assignment Mean Age Sample Blinded Active Location . duration, Task Effects
. . Location - up
Details (sd) Details timing
[online/offli
nej)
Karthikey =~ Within-subjects 32 Not Single F3 Fp2 1 mA/10 Visuospat  Anodal None
anetal., 16 males (M) mentioned (anode) (cathode) minutes ial 2-back  stimulation
2021 3 Conditions 26 years (yrs.) (min) task improved
1. Control accuracy,
2. Anodal Online sensitivity,
3. Sham (started 20 and specificity
min into of responses
task)
Ikeda et Within-subjects 24 M All right- Double F3 F4 2 mA/26 min  n-back No significant ~ None
al., 2019 21.3 yrs. handed (anode) (cathode) total (2x, 13 task effects found
2 Conditions (1.26) min)
1. tDCS-Sham
2. Sham-tDCS Offline
Hussey et  Between-subjects 4 groups. All right- Not mentioned F3 (anode, array of 5 Right 2mA/30 min  n-back Group who None
al., 2020 24 per group handed; circular electrodes) bicep task received tDCS
4 Groups 96 total excluded if (cathode, Online for 2 adopted a
1. Exercise and 36 M had health array of 5 tasks, offline conservative
stimulation issues circular for 1 task response
2. Exercise and 1.22.58 yrs. preventing electrodes strategy under
sham 2.22.21 yrs. strenuous ) 4-back
3. Seated and 3.23.54 yrs. exercise due condition
stimulation 4.20.83 yrs. to exercise while less
4. Seated and sham condition conservative
under 2-back
condition
Lucque- Within-subjects 30 Caucasian Single Left DLPFC, Contralate 1.5 mA/15 Digit No effects None
Casado et 23 M localized using ral min span found at group
al., 2019 2 Conditions 21.6 yrs. (2.7) guided procedure supraorbit backward  level; cluster
1. Anodal tDCS (anode) al area Offline s memory  analysis
2. Sham tDCS (cathode) task identifying
“responders;”
“responders”
improved
performance
compared to
sham, but not
compared to
baseline
Wang et Mixed 23 total All right- Double F3 (anode) Right 2 mA Forward No effects None
al., 2018 handed supraorbit and found for
3 Conditions backward either group




Stimulation

Description
Study Design & Gender & Additional Reference (Intensity, Follow-
Authors Assignment Mean Age Sample Active Location Location duration, Task Effects up
Details (sd) Details timing
[online/offli
neJ)
1. 10 min anodal 1.13 al 1.10 & 20 s digit
tDCS 8M (cathode) min; Offline span
2.20 min anodal 22.7yrs. (1.8) 2.20 min; memory
tDCS Online tasks
3. Sham 2.8
4M
2 Groups 223 yrs. (1.9)
1. Online
2. Offline Withdrawals
not indicated
Assecond  Between-subjects 65 total All right- Single F4 (anode) Fpl 2 mA/20 min  Adaptive Participants None
ietal, 27M handed (cathode) spatial n-  with low WM
2021 4 Groups 20.6 yrs. (3.8) Online back task  capacity who
1. Active tDCS and received
working memory Fixed- active
(WM) strategy load stimulation
2. Active tDCS and visual n- and strategy,
no strategy back task  performance
3. Sham and WM improved ;
strategy participants
4. Sham and no with high WM
strategy capacity
performance
improved with
sham
stimulation
and strategy
Zhu et Between-subjects 17 each group ~ N/A Single Left IFG group Contralate 1.5 mA/20 Auditory Stimulationto ~ None
al., 2020 51 total anode located ral cheek min and left IFG and
3 Groups 20 M between F7-Cz & (cathode) Visual 3-  left PPC
1.L PPC 18.9 yrs. (1.4) T3-Fz; Left PPC Offline back decreased
2.LIFG group anode P3 reaction times
3. Sham (RTs) from
pre-
stimulation to
post-
stimulation;
both groups
had decreased
RTs post-
stimulation

compared to
sham; analysis




Authors

Study Design &
Assignment
Details

Gender &
Mean Age
(sd)

Additional
Sample Blinded Active Location
Details

Reference
Location

Stimulation
Description
(Intensity,
duration,
timing
[online/offli
nej)

Task

Effects

Follow-
up

of low
performers
versus high
performers
found

Auetal.,
2021*

Mixed

4 Groups

1. Offline pre-
training

2. Online

3. Offline post-
training

4. Sham

82 total

1.19 (7 M)
2.21 (7 M)
3.22 (7 M)
4.20 (8 M)

20.40 yrs.
(1.68)

All right- Single F4 (anode)
handed

Fpl
(cathode)

2 mA/25 min

1. Offline
2. Online
3. Offline
4. Sham

n - back

Group who
received tDCS
post-training
performed
worse than the
sham group;
found stronger
performance
gains after the
weekday
relative to
weekday in
post-training
group only
(n,* = 0.058)

1 month
follow-
up; no
group
differenc
es
remaine

d

Boudewy
netal.,
2019

Within-subjects

20

21 yrs.

N/A Single F3 (anode)

Fp2
(cathode)

2 mA/25 min

Online

n - back

Lower error
rates
following
active
stimulation
were
significantly
correlated
with higher hit
rates on the N-
back task that
was
completed
concurrently
with tDCS.

None

Zivanovi
cetal.,
2021

Within-subjects
across 3
experiments

1. Offline IDLPFC,
left parietal
prefrontal cortex
(IPPC), and sham

1. 21 total
IM
26.76 yrs.
(4.83)

2. 21 total
IM

All right- Single 1. F3, P3 (anode)
handed 2. F4, P4 (anode)
3. F3, P3 (anode)

Contralate
ral cheek
(cathode)
for all
experimen
ts

1&2.1.8
mA; Offline
(online
during non-
exp. task)
3.1.5mA;
Online

Verbal 3-
back and
Spatial 3-
back

1. Found
improved
spatial hit rate
and effect size
for L PPC, but
shorter RTs
for both tasks
for L DLPFC

None




Stimulation

Description
Study Design & Gender & Additional Reference (Intensity, Follow-
Authors Assignment Mean Age Sample Blinded Active Location . duration, Task Effects
! 1 Location L up
Details (sd) Details timing
[online/offli
neJ)

2. Offline right 26.43 yrs. All 2. Found

dorsolateral (4.78) experiments improved

prefrontal cortex (1 20 min verbal hits and

DLPFC), right 3.21 total d’ forR

posterior parietal 10M DLPFC, and

cortex (RPPC), and  24.90 yrs. shorter RTs

sham (2.49) for both tasks

3. Online IDLPFC, 3. No effects

IPPC, and sham
Markoet  Between-subjects 121 total All right- Double 1. Between F3 & Between 2mA/25min  Interferen PFC None
al., 2021 49 M handed AF3 (anode) T7 & P5 ce digit stimulation

3 Groups 23.1 yrs. (3.8) 2. Between T8 & P6  (cathode) Online spantask  increased

1. PEC (anode) scores during

2. Temporal and post-

parietal cortex stimulation

(TPC) (control) compared to

3. Sham (control) baseline

(%= 0.077)
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Attention.

Five studies examined various aspects of attention, summarized in Table 5 below. Three
of the studies used a within-subjects study design (Lewald, 2019; Lo et al., 2019; Zink et al.,
2020) and two studies used a mixed-model design (Hanenberg et al., 2019; Lu, Liu, et al., 2020)
and they all reported improved attentional performance with application of tDCS. Four studies
used a similar study design as they counterbalanced participants to receive either sham then
stimulation or stimulation then sham and then analyzed the performance differences between the
conditions in each individual (Hanenberg et al., 2019; Lewald, 2019; Lo et al., 2019; Zink et al.,
2020). The remaining study included in this section simply compared tDCS to sham (groups did
not receive both conditions) (Lu, Liu, et al., 2020) The attention tasks utilized varied from
auditory attention tasks (e.g., dichotic listening, spatial auditory attention) to vigilance tasks
(e.g., Mackworth Clock Task). These five studies targeted different regions: frontal-parietal
network (Zink et al., 2020), right posterior parietal cortex (Lo et al., 2019), temporal cortices
(Lewald, 2019), left DLPFC (Lu, Liu, et al., 2020), and posterior superior temporal gyrus
(Hanenberg et al., 2019). Additionally, different stimulation parameters were used across these
studies. Stimulation intensities included 1 mA (n =2), 1.5 mA (n=2), and 2 mA (n = 1).
Duration of stimulation included 16 min (z =1), 20 min (z = 3), and 32 min (n = 1). Stimulation
was applied offline (» = 3) and online (n = 1).

11
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Table 5. tDCS Attention Studies

Stimulation
Study Design ‘e . Description
Authors & Assignment Gender & Addltlonal. Blinded Actn:e Refere‘nce (Intensity, duration, Task Effects Follow-up
. Mean Age (sd)  Sample Details Location Location R
Details timing
[online/offline])
Zink et al., Within-subjects 30 N/A Not Center of Fz- Left deltoid 2 mA/20 min Focused Application of None
2020 13M mentioned T4 & Cz-F8 (cathode) dichotic stimulation resulted
2 Conditions 25.7 yrs. (3.4) (anode) Offline listening task in improved
1. Sham first performance only in
2. Stimulation conditions requiring
first high attentional
control, and only
when attention was
focused to left ear
(n,*=0.16)
Lewald, 2019 Within-subjects 24 All right- Single Between C5 Shoulders (2 1 mA/32 min Spatial Application of None
12M handed and & T7, and C6 cathodes) auditory task stimulation resulted
2 Conditions 22.6 yrs. fluent German & T8 Timing of stimulation in better performance
1. Active speakers (2 anodes) not specified compared to sham
stimulation then stimulation; those
sham who received active
2. Sham then stimulation first had
active greater improvements
stimulation compared to those
who received sham
first in the first
session, whereas
there was no
difference in the
second session
Loetal., 2019 Within-subjects 26 All right- Not P4 (anode) Left 1.5 mA/20 min Attention Orienting attention None
13M handed mentioned supraorbital Network Test improved with active
2 Conditions 24.4 yrs. (4) bridge Offline tDCS

1. First visit
sham
stimulation and
second visit
anodal
stimulation

2. First visit
anodal
stimulation and
second visit
sham
stimulation

13



Stimulation

Study Design o . Description
Authors & Assignment Gender & Addltlonal. Blinded ACtlYe Refere.nce (Intensity, duration, Task Effects Follow-up
. Mean Age (sd)  Sample Details Location Location R
Details timing
[online/offline])
Hanenberg et Within-subjects 20 All right- Single Btw C6 and Left 1 mA/16 min Auditory Accuracy improved None
al., 2019 10M handed; all T8 (evaluated Shoulder Online selective for targets located on
3 Conditions 24.3 yrs. (0.6) tested within anode & spatial the right vs. left
1. Anodal normal for cathode attention task hemispace after
2. Cathodal audiometric separately) anodal stimulation
3. Sham thresholds (n,2=0.24)
2 Groups
Younger versus
older (reporting
younger only
here)
Lu, Lui, et al., Mixed 49 N/A Not F3 (single AF3,F1, F5, 1.5 mA/20 min Attention Main effect of time None
2020 20M mentioned  anode) FC3 (4 network test for executive RT,
2 Groups 21.15 yrs. cathodes) Offline neutral RT,
1. Active (1.78) Color word congruent and
2. Sham Stroop test incongruent RT.
Interaction for time
and group for all
conditions

14



Memory and Learning.

Four of the tDCS studies focused on memory and/or learning. Two studies
counterbalanced sham and stimulation conditions within participants and compared differences
between the two conditions (Bjekic et al., 2019; Cellini et al., 2019). The other two studies
included in this section compared active tDCS stimulation to sham control groups (Bystad et al.,
2020; Vulic et al., 2021). The tasks to assess memory and learning ranged from fact learning to
face cued word recall. All studies included in this section used a within-subjects study design.
One study targeted the bilateral prefrontal cortex offline (Cellini et al., 2019), two targeted the
lateral posterior cortex (Bjekic et al., 2019) in an online/offline fashion and (Vulic et al., 2021) in
an online fashion) and one targeted the temporal lobe offline (Bystad et al., 2020). Different
stimulation parameters were used across all studies (see Table 6 below for details). It is
important to note that Vulic and colleagues found differences in responses between participants
in theta-oscillatory and constant tDCS conditions. The authors simply suggest that these two
stimulation conditions have different modes of action and further investigation is warranted to
elucidate their exact modes of action. Interestingly, all studies except for Bystad et al. (2020),
found enhanced learning and memory effects from tDCS stimulation. Although studies
mentioned by authors have suggested that memory improvement from tDCS could potentially be
due to enhanced excitability in the temporal cortex (Boggio et al., 2012; Ferrucci et al., 2008),
the effects were found in a clinical population with Alzheimer’s disease. The exact mechanism
as to how these effects occurred is still not known and may be different in a non-clinical, healthy
population. All studies included in this section reported large effect sizes (p2 > .14).

15
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Table 6. tDCS Memory and Learning Studies

Study Design Stimulation
Gender & Additional Active Reference Description
Authors . Mean Age Sample Blinded . . (Intensity, duration, Task Effects Follow-up
Assignment ! Location Location R
Details (sd) Details timing
[online/offline])
Cellini et al., Within- 17 Uneven sex Not Two Left shoulder ~SDR-tDCS —4 Fact learning ~ Greater Yes, delayed
2019 subjects 11M distribution mentioned  electrodes blade seconds of 0.75 Hz task memory test 48 hours.
32.24 yrs. due to high placed oscillating current retention for the  Greater
2 Conditions (8.06) attrition (30) anterior and with maximum of 2 SDR-tDCS memory
1. Sham then but no sex posterior to mA condition retention with
Sleep-based differences bilateral compared to SDR-tDCS
short duration found frontal tDCS current was sham across compared to
repetitive positions F3 intermittently applied two tests sham
(SDR)-tES and F4 and at based on real-time
2. SDR-tES the mastoids detection of slow
then sham oscillations during 90
min nap
Offline
Bystad et al., Mixed 20 N/A Double T3 (anode) Fp2 2 mA/30 min across 3 California No effects None
2020 (Within- ™ (cathode) sessions (30 min Verbal found for
subjects for 22 yrs. between sessions), 2 Learning memory and
this review) visits Test learning but did
find
2 Conditions Offline enhancement
1. Active between active
stimulation and sham tDCS
2. Sham in executive
function
Bjekic et al., Within- 40 All right- Double P3 (anode) Contralateral 1.5 mA/20 min 1. Face Cued 1. Higherrecall  Yes.
2019 subjects 18M handed cheek Word Recall  of correct face-  Participants
21-35 yrs. (cathode) Online during an Task word pairs with  completed
2 conditions unrelated computer 2. Verbal active follow-up
1. Sham/ game/oftline during Fluency stimulation tests 1 and 5
anodal task Task (n,?=0.20) days after
2. Anodal/ 2. No effects each tDCS
sham condition.
Effects
persisted at 5
days.
Vulic et al., Within- 36 All right- Single Anode was Return 20-minute blocks of Face Cued Higher recall Yes.
2021 subjects 1I8M handed and placed at P3 electrode stimulation. 1.5 mA Word Recall ~ with ot-tDCS Participants
23.78 yrs. naive to tDCS was placed for anodal tDCS and Task compared to completed
3 Conditions (1.83) over ot-DCS followed the sham (n,>=.31)  follow-up
1.tDCS contralateral ~ same parameters and anodal tests 1 and 5
2. theta- cheek except the current was tDCS compared  days after
oscillating oscillating (+/- .01 to sham each tDCS
(ot)-tDCS mA) around the 1.5 m,*=.32) condition.
3. Sham mA in the frequency Effects of

17



Stimulation

Study 8? esign Gender & Additional Active Reference Description
Authors . Mean Age Sample Blinded . L (Intensity, duration, Task Effects Follow-up
Assignment . Location Location S,
Details (sd) Details timing
[online/offline])
of average human anodal tDCS
theta rhythm (5 Hz) persisted.

Online

18



Reasoning and Decision-making.

Two studies evaluated the effect of tDCS on reasoning/decision-making. Both studies
compared tDCS to sham conditions (Edgcumbe et al., 2019; Wertheim et al., 2020). Edgcumbe
and colleagues applied tDCS stimulation both the right and left DLPFC (1.5 mA/20 minutes) in
an offline fashion while Wertheim and colleagues applied tDCS stimulation to the IDLPFC and
right posterior parietal cortex (rPPC) (1 mA/20 minutes) in an online fashion during non-target
tasks and offline during the target tasks. Both studies found no improvement with reasoning or
decision-making tasks for tDCS applied to the IDLPFC. Interestingly, improvements were found
using tDCS applied to the rDLPFC (Edgcumbe et al., 2019) and rPPC (Wertheim et al., 2020)

(N2> .14),
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Table 7. tDCS Reasoning/Decision-making Studies

Study Design Stimulation
& Gender & Additional Active Reference Description
Authors . Mean Age Sample Blinded . . (Intensity, duration, Task Effects Follow-up
Assignment . Location Location ;o
Details (sd) Details timing
[online/offline])
Edgcumbe et  Between- 54 total All Not 1. tDLPFC, 1. rtDLPFC, 1.5 mA/20 min Belief Bias Analytical judgment None
al., 2019 subjects 24.63 yrs. participants ~ mention  F4 (anode) F3 (cathode) Syllogisms (np?=0.15) and decision
were naive ed 2. IDLPFC, 2. IDLPFC, Offline making (n,? = 0.11) were

3 groups 1.18 to tDCS F3 (anode) F4 (cathode) Cognitive improved with right

consisting of TM 3. Sham 3. Sham left Reflection tDCS, whereas logic

different 2528 yrs. right DLPFC ~ DLPFC Test index score was

stimulation (4.26) return return worsened with left tDCS

locations, 218 electrode electrode Representative (1,2 =0.12)

these are oM over over ness Heuristic

detailed in the 53 7g yIs. contralateral contralateral Task

active and (4.63) location location

reference 3.18

location 9M

columns 24.83 yrs.

(4.60)

Wertheimet ~ Mixed 51 total All right- Single 1. tPPC, P4 Contralateral 1 mA/20 min Spatial Stimulation to right PPC None
al., 2020 14 M handed (anode) upper arm Reasoning resulted in more

3 Conditions 21.80 yrs. 2. IDLPFC, (cathode) Online during non- Problems correct/plausible )

1. rPPC (2.7) F3 (anode) target tasks/Offline responses for deductive

2. IDLPFC 3.Sham over during target task tasks and indeterminate

3. Sham 17 in each either region deductive reasoning

group

21
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Inhibition, Cognitive Control, and Executive Functions.

Ten studies evaluated the effects of tDCS on either inhibition, cognitive control, and/or
executive function. Eight studies compared tDCS to sham stimulation conditions (Bashir et al.,
2022; Dubreuil-Vall et al., 2018; Friehs & Frings, 2018; Li et al., 2019; Lu, Gong, et al., 2020;
Mattavelli et al., 2022; Thomas et al., 2021; Weller et al., 2020). One study used a
counterbalanced design where all participants received tDCS and sham stimulation and
comparisons were made between the two conditions (Angius et al., 2019). Dousett and
colleagues had multiple conditions and made comparisons across five different groups (training
only, tDCS stimulation [two locations], sham stimulation, no training or stimulation) (Dousset et
al., 2021). A variety of tasks, electrode placements, and stimulation conditions were used across
the studies with some similarities between studies. For example, three studies used the stop
signal task (Bashir et al., 2022; Friechs & Frings, 2018; Li et al., 2019), two studies used the
Stroop task (Angius et al., 2019; Lu, Gong, et al., 2020), four studies used the flanker task
(Dubreuil-Vall et al., 2019; Mattavelli et al., 2022; Thomas et al., 2021; Weller et al., 2020).
Along with the utilization of similar tasks, several studies investigated the potential for tDCS
enhancement by placing electrodes in the same anatomical region. The majority of studies within
this category targeted the DLPFC and were able to find significant effects (see table below)
(Angius et al., 2019; Dousset et al., 2021; Dubreuil-Vall et al., 2019; Friehs & Frings, 2018; Lu,
Liu, et al., 2020; Thomas et al., 2021; Weller et al., 2020). Other regions investigated included
the pars triangularis of the right inferior frontal gyrus (rIFG) (Dousset et al., 2021; Li et al.,
2019), motor cortex (Bashir et al., 2022) and dorsal anterior cingulate cortex (dACC) (Mattavelli
et al., 2022) albeit with different stimulation settings and conditions (online versus offline).
Interestingly, all of the studies reviewed and classified in the table below demonstrated
significant positive findings in support of tDCS in some aspect of cognitive enhancement.
Additionally, all studies cited were able to find large effects for stimulation and sham
comparisons (np2 > .14). Details for all the tasks, electrode placements, and stimulation
conditions used in each study can be found in Table 8 below.
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Table 8.

tDCS Cognitive Control/Inhibition/Executive Functions

Stimulation
Authors St.udy Design & Gender & Mean Additional‘ Blinded ACﬁYe Refere.nce Iz;rstz:t[;:';;,n Task Effects Follow-up
Assignment Details Age (sd) Sample Details Location Location . P
duration, timing
[online/offline])
Lietal, Within-subjects 26 Not mentioned Not F8 (anode, Right 2 mA/ Stop Anodal None
2019 13M mentioned  cathode) shoulder approximately 12 Signal stimulation
3 Conditions 38 yrs. (15.5) (cathode, min total Task produced faster
1. Anodal anode) RTs and delayed
2. Cathodal Online time to produce
3. Sham incorrect
responses
Weller Between-subjects 162 total All right-handed Single Groups 1 & Lateral Groups 1,2,5 & 6: Paced For PASAT, For PASAT,
etal., 35M 3, F3 (anode)  deltoid 1 mA Auditory improved no. 1 mA
2020 9 Groups 23.20 yrs. (3.98) Groups 2 & muscle, Groups 3,4,7 & 8: Serial correct trials with ~ anodal
1 sham, remainder 4, F4 (anode) all groups 2 mA Addition anodal 1 mA group’s
had different Groups 5 & Task compared to performance
stimulation 7,F3 Online, all groups, (PASAT) sham; when effects
parameters (see (cathode) 19 min, 10s examining | mA remained
stimulation Groups 6 & Flanker anodal, post-
description column) 8, F4 Task performance? training and
(cathode) improved with 3-month
application to left ~ follow-up; 1
PFC mA to left
improved
No effects found ~ POSt-
on Flanker Task training, but
not at
follow-up
Friehs & Mixed 56 total All right-handed Single F4 (anode) Left 0.5 mA/20 min Stop More efficient None
Frings, 24.82 yrs. (3.78) deltoid Signal response
2018 2 Conditions (cathode) Online Task inhibition
1. Active stimulation ~ 1.28 (8ST) (measured by stop
2. Sham 10 M signal delay RT)
25.25 yrs. (4.01) for anodal
P 228 stimulation
re- and post-test M (m,2=0.12) and
2439 yrs. (3.50) fewer errors of
omission
(m,*=0.01)
Bashir Between-subjects 30 total (all All right-handed Double C3 (anode) AF8 2 mA/20 min Stop Stop signal task None
etal., males) (cathode) Signal performance and
2022 2 Groups 24.3 yrs. (5.03) Timing not reported Task response times
1. Sham improved from
2. Active pre- to post-
stimulation
Angius Within-subjects 12 Performed regular ~ Double F3 (anode) Fp2 2 mA/30 min Stroop Fewer errors None
etal., 9M aerobic exercise (cathode) Task following tDCS

25



Stimulation

Authors St.udy Design & Gender & Mean Additional‘ Blinded ActiYe Refere'nce D(;’s;;l[: ;g))’n Task Effects Follow-up
Assignment Details Age (sd) Sample Details Location Location . S,
duration, timing
[online/offline])
2019 2 Conditions 23.3 yrs. (3.0) training (3-5 hours Offline for incongruent
1. tDCS/sham per week) words
2. Sham/tDCS
Dousset ~ Between-subjects 127 total Not mentioned Single rIFG (group 1. rIFG 2 mA/20 min both Go—No-  Commission One week
etal., 2), F8 2. sub- groups Go Task errors increased follow up,
2021 S Groups 1.26 (anode) occipital for group 2 from overall
1. Training only oM regionon  Online during baseline to first decrease in
2. (Right inferior 233 yrs. (2.4) rDLPFC upper training / offline session, whereas commission
frontal gyrus) rIFG 224 (group 3), F4  cervical during task there was an errors for
stimulation & training 1 M (anode) spine overall decrease group 3
3.rDLPFC 27.9 yrs. (2.5) (cathode) in commission
stimulation & training 3 o4 errors for group 3
4. Sham stimulation 13M 3.rDLPFC (n,>=0.088)
& training ) 22.5yrs. (2.7) ,F3
5. No training or 4.27 (cathode)
stimulation 1M
22.3 yrs. (2.7)
5.26
8 M
22.5yrs. (2.7)
Dubreui ~ Within-subjects 18 Not mentioned Double F4 (right)/F3  Fpl 2 mA/30 min Eriksen Left stimulation None
I-Vall et IM (left) (anode (right) / Flanker compared to sham
al., 2019 2 Conditions 32.6 yrs. (15.6) both) Fp2 (left) Offline Task and right resulted
1. Sham vs. left active (cathode in decreased RTs
2. Sham vs. right both) for incongruent
active trials
Lu, Mixed 43 Not mentioned Single F3 (single AF3,F1, 1.5 mA/20 min Stroop Lowest Stroop None
Gong, et 24M anode) F5, FC3 Task effect found for
al., 2021 2 Conditions 20.91 yrs. (1.95) 4 Timing unclear sham (main effect
1. Active cathodes) Shifting of time)
2. Sham attention
task For SAT score,
3 Phases of (SAT) main effect of
experiments: pre- Score time; interaction
intervention group X time
(baseline), HD-tDCS 2-back (active group
sessions, and post- score improved after all

intervention

sessions
compared to
baseline, sham
only at post-
tDCS)

For 2-back, main
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Stimulation

Authors St.udy Design & Gender & Mean Additional‘ Blinded ACti\.’e Refere.nce D(;ls;;ll;:';),n Task Effects Follow-up
Assignment Details Age (sd) Sample Details Location Location . S,
duration, timing
[online/offline])
effect of time
(both groups
improved)
Thomas  Within-subjects 1.21 Not mentioned Double F3, FCl1, Fz, Not 1 mA (anode)/-1 Flanker Exp.5 decreased None
etal., 10M FCs5, AF7 mentioned mA (cathode) for 20 accuracy with
2021 5 experiments with 25.7 yrs. (2.2) (4x1 ring) min cathode tDCS +
different conditions 2.24 cathode and exercise from pre-
12M anode Online (stimulated to-post compared
1. Anodal vs. sham 25.2 yrs. (1.7) 15 min offline, 5 to sham with
tDCS 3.24 min online) exercise
2. Cathodal vs. sham 1I5M
tDCS 25 yrs. (2.5)
3. Aerobic exercise 4.22
(AE) vs. active 11M
control 25.5yrs. (2.1)
4. Anodal vs. sham 5.24
tDCS during AE 1I5M
5. Cathodal vs. sham 24.9 yrs. (1.5)
tDCS during AE
Matavel ~ Within-subjects 20 Not mentioned Single Fz-F1-FCz PO9-09- 1 mA/session for 20  Flanker Flanker-Cathodal =~ None
lietal., 10M (anodes) 010 minutes task dorsal anterior
2022 3 Conditions 23.5yrs. (1.9) cingulate cortex
1. Active anodal Offline Loss-and  (dACC)
2. Active cathodal risk- stimulation
3. Sham HD-tDCS aversion resulted in a
tasks significant

decrease of the
Flanker “conflict
effect.” There was
a significant
interaction
between
stimulation type
and flanker
condition

For the loss- and
risk-aversion
tasks, cathodal
dACC stimulation
was associated
with a
significantly
increased degree
of loss and risk
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Authors

Study Design &
Assignment Details

Gender & Mean
Age (sd)

Additional
Sample Details

Blinded

Active
Location

Stimulation

Reference Description
. (Intensity, Task Effects
Location . S,
duration, timing
[online/offline])

Follow-up

aversion
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tACS

Our initial search parameters yielded eleven studies, three of which met our inclusion
criteria. All three studies used different tasks to assess either attention (Yaple & Vakhrushev,
2018) or inhibition/cognitive control/executive function (Battaglini, Ghiani et al., 2020; Loffler
et al., 2018). For the specific tasks, Yaple & Vakhrushev (2018) used the attentional blink effect,
Battaglini, Ghiani, et al. (2020) used orientation discrimination, and Loffler et al. (2018) used the
visual-two choice task. Furthermore, the anatomical regions that were targeted in each of the
studies differed as Yaple & Vakhrushev (2018) targeted both the parietal cortex (P4) and the
DLPFC (F3), Battaglini and colleagues targeted the parietal cortex (P4), and Loffler et al. (2018)
targeted the visual cortex (electrodes were placed at Cz and Oz). All three studies used the online
administration of tACS but used different stimulation conditions (see Table 9 below for
description). Furthermore, both of the within-subject studies (Battaglini, Ghiani, et al., 2020;
Yaple & Vakhrushev, 2018) found that tACS improved cognitive performance from baseline and
the between-subject study (Loffler et al., 2018) found a significant improvement in performance
in the experimental groups compared to the sham controls. Looking at practicality of the effects,
all studies reported large effect sizes (np2 > .14) for either main or interaction comparisons.
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Table 9. tACS Studies

Authors

Study Design
& Assignment Details

Gender &
Mean Age
(sd)

Additional
Sample
Details

Active

Blinded Location

Reference
Location

Stimulation
Description
(Intensity, duration,
timing
[online/offline])

Task & Cognitive
Construct

Follow-
up

Effects

Yaple et
al., 2018

Within-subjects
2 Experiments

1. 9 blocks with 3 stimulation
protocols (sham, 10 Hz, and
20 Hz) repeated 3 times

2. 15 blocks for each protocol
(sham, 10 Hz at 0 °, 10 Hz at
180°, 20 Hz at 0° and 20 Hz
at 180°)

35 total
1.18

8M
20.66 yrs.
(2.53)
2.15

M
20.26 yrs.
(2.35)

Not
mentioned

Double 1.P4
2. P4 and

F3

Right
deltoid for
both

1. no more than 35
min at 10 and 20 Hz
2. 50 minutes- 10
Hz and 20 Hz at 0
and 180 deg

Online

Attentional blink
effect

Attention

1. main effect of  None
lag (n,=2.14)

2. Main effect of
stim. Frequency,
20 Hz at 180 deg
increased
performance
compared to
sham, 20 Hz at 0
deg and 10 Hz at
0 deg (no effect
size reported)

Battaglini,
Ghiani et
al., 2020

Within-subjects

3 Conditions
1. 10 Hz stim
2. 18 Hz stim
3. Sham

20
10M
23.05 yrs.

All
students
from the
University
of Padova

Single P4

C4, Pz, 02
and P8

3x45 minute session
over 3 days and
intensities were 10
and 18 Hz for tACS

Online

Orientation
discrimination

Inhibition/cognitive
control/executive
function

A lower None
threshold for
stimuli presented
in the
contralateral
hemifield when
participants were
stimulated with
right parietal 18-
Hz tACS, as
compared to 10-
Hz tACS and to
the sham
stimulation on
the same cortical
area.

Stimulation
condition

np? = .08; target
position

N2 =.06;
stimulation
condition x
target position
N> = .26

Loffler et
al., 2018

Between-subjects

2 Groups
1. tACS
2. Sham

24

12M
25.71 yrs.
(2.73)

1 not

All right-
handed.
Five had
participated
in one
tACS

Not
mentioned

Two
rubber
electrodes
were
positioned
with their

Not
mentioned

Two 30 min blocks.
Intensity was set to

1 mA. 40 Hz tACS

was used

Online

Visual Two-Choice
Task
Inhibition/cognitive
control/executive
function

Increase in None
reaction times is

approx. 19

milliseconds

larger for

subjects who did
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Stimulation

Study Design Gender & Additional . Active Reference Des‘crlptlon . Task & Cognitive Follow-
Authors . . Mean Age Sample Blinded . . (Intensity, duration, Effects
& Assignment Details A Location Location S, Construct up
(sd) Details timing
[online/offline])
included in experiment center at not receive
analysis at least two Cz and tACS
weeks prior Oz
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tRNS

Six studies included in our analysis implemented the use of tRNS in an attempt to either
enhance reasoning and decision-making (Sprugnoli et al., 2021), attention (Conto et al., 2021;
Tyler et al., 2018) or inhibition/cognitive control/decision-making (Battaglini et al., 2019;
Battaglini, Contemori, et al., 2020; Contemori et al., 2019). Five studies found significant effects
when comparing the tRNS stimulation to sham (Battaglini et al., 2019; Battaglini, Contemori, et
al., 2020; Contemori et al., 2019; Sprugnoli et al., 2021) and sham/control groups (Tyler et al.,
2018). Conto and colleagues used a mixed-model study design and compared the stimulation
groups to sham and also analyzed whether or not improvements in orientation judgement
accuracy occurred in each group from baseline (Conto et al., 2021). Different tasks including the
semantic compound remote associates problems (CRA) and visuo-semantic Rebus puzzles
(Sprugnoli et al., 2021), temporal order judgements task (Conto et al., 2021; Tyler et al., 2018),
contrast detection tasks (Battaglini, Contemori, et al., 2020; Battaglini, Ghiani, et al., 2020), and
visual acuity and crowding procedure tasks (Contemori et al., 2019) were used to assess the
effectiveness of using tRNS for performance enhancement. Anatomical regions for electrode
placement included the right parietal and temporal lobes (Conto et al., 2021; Sprugnoli et al.,
2021; Tyler et al., 2018), and the occipital cortex (Battaglini, Contemori, et al., 2020; Battaglini,
Ghiani, et al., 2020; Contemori et al., 2019). Participants for all previously mentioned studies
received online electric brain stimulation; however, different frequencies and stimulation
conditions were used across the studies (see Table 10 below for further details). Regardless of
the stimulation location, tasks implemented, and protocol conditions, consistently across all
studies, tRNS stimulation enhanced cognitive constructs with large effects (1,2 > .14).
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Table 10. tRNS Studies

Study Design

Gender & Additional . Stimulation Description i
Authors . & Mean Age Sample Blinded ACtlYe Referfznce (Intensity, duration, Task & Cognitive Effects Follow-up
Assignment t Location Location A ! . Construct
Details (sd) Details timing [online/offline])
Sprugnoli et ~ Within- 31 All Double RP- P4 and Not 3 blocks of 7 minutes Semantic compound tRNS over the None
al., 2021 subjects 14 M participants AT-T8 mentioned each and tRNS was remote associates right temporal
24.4 yrs. were healthy delivered at 100-500 Hz (CRA) problems area improved
2 Conditions (3.8) native Italian Online both accuracy
1. tRNS speakers and Visuo-semantic Rebus and reaction
2. Sham 1 was left- puzzles times in CRA
handed. All compared to
were naive Reasoning/decision- sham
to the neuro- making stimulation
stimulation
techniques No significant
findings for
Rebus puzzles
Tyler et al., Mixed 1. 44 Participants Not PO7/PO8 Not 20 min/block beginning Two alternative forced-  Post-hoc None
2018 8M who did not mentioned  bilaterally mentioned at block 2 and going choice visual Temporal ~ comparisons
2 Experiments  18-35yrs meet for hMT + through block 5. All Order Judgements showed that
with 4 standard and sham participants completed (TOJ) task parietal
stimulation 2.28 inclusion block 6 without stimulation
conditions for 3\ criteria P3/P4 stimulation. For hf-tRNS  Attention alone caused
each: 18-30yrs based on a bilaterally conditions, 1 mA current significantly
brain for parietal was applied for 20 better
1. Behavioral stimulation minutes with random performance on
(assigned for survey were alternating frequency the TOJ task
participants assigned to deliverance between 101 than the
who did not the and 640 Hz behavioral and
meet behavioral sham but not
inclusion group Online hMT +
criteria based (m,*=.157)
on a brain
stimulation Simple effects
questionnaire) analysis
2. Human demonstrated
middle that stimulation
temporal area over parietal
(hMT +) cortices
stimulation significantly
3. Parietal affected
stimulation performance
4. Sham across blocks
(n,*=257)
Participants

performed better
on trials when
the left Gabor
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Study Design

Gender & Additional . Stimulation Description i
& . Active Reference . R Task & Cognitive
Authors . Mean Age Sample Blinded . X (Intensity, duration, Effects Follow-up
Assignment . Location Location L . . Construct
. (sd) Details timing [online/offline])
Details
was presented
before the right
(M’ =.174)
Conto etal., Mixed 37 Not Not PO7/PO8 Not 25 consecutive min per Two two-alternative Significant main ~ None
2021 17M mentioned mentioned  bilaterally mentioned session. For the two forced-choice tasks effect on
3 Stimulation 22.8 yrs. for hMT and active tRNS conditions, Temporal order stimulation
Conditions sham 2mA current was applied  judgements (TOJ) and condition
with random alternating orientation (n,* = .262)
1. Parietal P3/P4 frequency delivered at a discrimination (OD) Interaction
group bilaterally high frequency range tasks between
2. Human for parietal between 101 and 640 Hz stimulation
middle Attention condition and
temporal area Online session was
(hMT +) found to be
stimulation highly
3. Sham significant
Pre- and post- (n,* = .46)
test
measurements Significant main
effect on
training days
indicating
effects of
training on
performance
depended on
stimulation
condition
Battaglin, Within- 20 N/A Single Oz Vertex (Cz) 15 consecutive minutes Contrast Detection Significant main ~ None
Contemori, subjects ™™ per session. 1.5 mA Task (Gabor Patch) effect of
Penzo et al., 25 yrs. current with random orientation
2019 2 Stimulation (3.4) alternating frequency Inhibition/cognitive (> =.678),
Conditions delivered at a high control/executive stimulation
1. tRNS frequency range between  functions (M2 =.273),
2. Sham 100 and 600 Hz spatial
frequency
Online (M2 =.789),

orientation x
stimulation

(n,? = 279),
orientation x
stimulation

(M =.699) and
the three-way
interaction of
orientation X
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Study Design

Gender & Additional . Stimulation Description i
. Active Reference . R Task & Cognitive
Authors Assignment Mean Age Sample Blinded Location Location (Intensity, duration, Construct Effects Follow-up
Details (sd) Details timing [online/offline])
stimulation x
spatial
frequency
(ny* = .199)
There was a
significant
difference
between
diagonal sham
and diagonal
tRNS and
confirmed the
significant
difference at 12
cycle per degree
of visual angle
(cpd) for the
tRNS group
over the sham
for the diagonal
condition
Contemori Mixed 32 N/A Not 3 Vertex 30 minutes (approx. 5 Visual acuity Significant main ~ None
etal., 2019 I5M mentioned  centimeters min per block) 1.5 mA effect of session
2 Stimulation 29 YIS above the current with a 0-mA Crowding procedure and an
Conditions inion offset and maximal tasks interaction
1. tRNS current density of .094 between group
2. Sham mA/cm?2. This Inhibition/cognitive and sessions.
stimulation had an control/executive After 4 days of
Each alternating current of functions training the
participant random intensity with stimulation
underwent 3 zero offset and values group reduced
phases (pre- ranging from -1.5 mA to crowding more
test, training, 1.5 mA with frequencies significantly
and post-test) of fluctuation distributed than the sham
across a range of 100- group
640 Hz with zero mean
Online
Battaglini, Within- 68 N/A Not Exp 1l & 2: Vertex for 12 minutes. tRNS Contrast detection Higher None
Contemori, subjects 22M Mentioned  V1/V2 (0z) all consisted of a randomly (Gabor Patch) sensitivity as
Fertonani et 24 yrs. alternating current of 1.5 contrast
al., 2019 2 stimulation (3.0 Exp 3 & 4- mA with a 0-mA offset, Inhibition/cognitive inf:reased for
conditions between Fpz whose frequency ranged  ¢onrol/executive stimulated
1. tRNS from 100 to 600 Hz group.
2. Sham Sensitivity
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Study Design

Gender & Additional . Stimulation Description .
& . Active Reference . R Task & Cognitive
Authors . Mean Age Sample Blinded . X (Intensity, duration, Effects Follow-up
Assignment . Location Location L . . Construct
. (sd) Details timing [online/offline])
Details
and nasion Online functions changes (SC)

Four separate
experiments

became more
positive with
increasing
contrast at 6
lambda and
more negative
with increasing
contrast at 2
lambda

(m,*=58)

tRNS reduced
SC at 6 lambda

(0, = .25)
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TMS and rTMS

From the initial search which yielded twelve articles focusing on the potential use of
TMS for cognitive enhancement, only five satisfied all the parameters of the inclusion criteria
and were included in this report. Considering some of the studies included random and
intermittent protocols, TMS and rTMS were grouped together and will be referred to as TMS for
the remainder of the report. Two studies compared TMS to sham stimulation (Bakulin et al.,
2020; Jung & Lambon Ralph, 2021). Wu and colleagues, using a mixed-model study design,
found significant effects for intermittent transcranial brain stimulation (iTBS) comparing
subjects’ baselines to performance after intervention, as well as significant results comparing the
intervention condition to sham stimulation (Wu et al., 2021). One rather extensive study utilized
eight different stimulation conditions and compared baseline subject performance to multiple
intervention stimulation conditions (Momi et al., 2020). Interestingly, Tambini and colleagues
(2018) used an active condition rather than a sham TMS to ensure that non-specific effects did
not occur and compared this group’s results to the active TMS group. Three studies assessed the
potential for TMS for working memory enhancement (Bakulin et al., 2020; Tambini et al., 2018;
Wu et al., 2021). One study investigated the potential impact of TMS on reasoning and decision-
making (Jung & Lambon Ralph, 2021), while another investigated the construct of
inhibition/cognitive control/executive function (Momi et al., 2020). Targeted brain regions for
TMS included the DLPFC (Bakulin et al., 2020; Wu et al., 2021), the anterior temporal lobe
(ATL) (Jung & Lambon Ralph, 2021), the posterior inferior parietal cortex (pIPC) (Tambini et
al., 2018), and the left inferior parietal lobule (IIPL) and left middle frontal gyrus (IMFG) (Momi
et al., 2020). Different tasks, stimulation conditions, and online/offline protocols were used
across studies in addition to multiple individual experiments within the studies (see Table 11
below for further details). It is important to note that different delivery protocols of TMS evoked
different significant and non-significant outcomes in the studies. For example, Wu and
colleagues (2021) discovered that intermittent transcranial brain stimulation promoted a stronger
cognitive effect than 20 Hz random transcranial magnetic stimulation intervention and sham
control groups. All significant comparisons reported large effect sizes (1np2 > .14)
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Table 11. TMS and rTMS Studies

Study. Design & Gender  Additional . Active Reference Stimulation Description (Intensity, Taslf & Follow-
Authors Assignment & Mean Sample Blinded Location Location duration, timing [online/offline]) Cognitive Effects up
Details Age (sd) Details ’ Construct
rTMS Studies
Wu et Mixed 60 Not Double Montreal Not 22.5 minutes, Online Visual Accuracy of the 3- None
al., 2021 34 M mentioned neurologic mentioned spatial n- back task was
3 Groups ) institute 1. For HF-rTMS: delivered at 110% of the ~ Dack significantly
l.ngh-frequency 1.iTBS coordinates participant’s resting motor threshold ' ) improved in the 1.
repetitive TMS 23.8 yrs. (MNI) [-38, (RMT) via 45 trains of 2-s 20-Hz rTMS Wisconsin HF-rTMS compared
(HF-rTM_S) (3.42) 44, 26] (i.e., 40 pulses per train), each of which Card Sorting ~ to sham (n,?=.129).
2. Intermittent 2.20 Hz was followed by intertrain pauses of 28s, Test There was a
theta burst group for 22.5 min and a total of 1800 pulses. ) significant ]
stimulation (iTBS) 23.85 2. ForiTBS: 70% of RMT stimulus was Working interaction for time
3. Sham YIS delivered in the forms of bursts at a memory and group for effects
All groups were (2.79) frequency of 5 Hz, with each burst of iTBS (n,” = 439)
evaluated both pre- 3. Sham consisting of three stimuli delivered at a . .
and post-TMS 23.5 yrs. frequency of 50 Hz, a total of 10 bursts, iTBS showed higher
stimulation (2.99) and a total of 600 stimuli per session effect sizes than 20-
Hz rTMS in the
ACC of the 3-back
task
Jung et Within-subjects 21 All right- Not MNI [-57,-  Occipital 22.5 minutes, timing not reported Category Significant main None
al., 2020 14M handed mention 15, -35] lobe Judgement effect of protocol
4 Conditions 22 yrs. ed 1. 10 Hz protocol had 3 blocks of 15 trains ~ 125KS (np? =.62) and TMS
1.10 Hz (CR)) of 2 s stimulation repeated very 12 s (total ) _(nP2 =.33) and
2. ;0 Hz 900 pulses) Reqsqmng/ interactions between
3.iTBS 2.20 Hz stimulation consisted of 3 blocks decision- the 2protocol
4. Sham of 8 trains of 2 s stimulation repeated making (,”=.3) and TMS

every 28 s (total 960 pulses).

3.1TBS had 3 pulses of stimulation given
at 50 Hz, a 2s train of TBS repeated every
10 s for 190 s (total 600 pulses). All
protocols were delivered with 80% RMT
for each individual

and between the
protocol, task, and
TMS (n,* = .29).

Significant main
effect of task and
TMS (1,2 = .66).
Practice effects were
found in RT.
Category judgement
times were
significantly slower
after 1 Hz
stimulation and
fester after 20 Hz
stimulation
compared to sham.
There was a
significant
difference between
20 Hzand 1 Hz
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Study‘ Design & Gender  Additional . Active Reference Stimulation Description (Intensity, Taslf & Follow-
Authors Assignment & Mean Sample Blinded Location Location duration, timing [online/offline]) Cognitive Effects u
Details Age (sd) Details ’ 8 Construct P
stimulation
TMS Studies
Tambini ~ Within-subjects 22 Not Not Posterior Medial S1 40 second or 600 pulse applications. Graded Memory success None
etal., 5M mentioned mention  inferior Timing not reported. Memory was significantly
2018 2 Conditions 18-28 ed parietal Assessment greater for
1. Continuous theta  yrs. cortex c¢TBS was applied at 80% of active motor hippocampal-
burst (¢cTBS) TMS (pIPC) threshold (AMT) and composed of 50-Hz Working targeted pIPC TMS
2. Active TMS (MNI triplets (three single pulses separated by memory relative to control
control) coordinates) 20 msec) repeated at a frequency of 5 Hz TMS (n,* = .35).
+43, -67, (every 200 msec).
+28 A decrease in object
location error, or
more accurate object
placement, was
found for pIPC TMS
relative to control
TMS (n,* = .25).
Subjective
confidence in object
placement was
enhanced by pIPC
TMS (0,2 =.19)
Momiet  Within 30 All Not Left middle  Not 15 minutes; online Left No-Go A significant None
al., 2020 17M participants ~ mention  frontal mentioned (LNG) task interaction of
8 Conditions 25.43 were ed gyrus cc-PAS consisted of 180 paired TMS (near reasoning x
(5 addressing the yIS. recruited (IMFG) and pulses delivered every 5 s (2 Hz) over a transfer) and  stimulation was
impact of cortico- 3.69) through Left inferior total period of 15 minutes. The Visual found, and
cortical paired flyers at the parietal conditioning (first TMS pulse) stimulus Search (VS)  significant main
associative University lobule was set at an intensity of 90% RMT, while  task (far effect of stimulation
stimulation (cc- of Siena (IIPL) the test stimulus (second TMS pulse) was transfer) was found. For
PAS) with different School of applied at an intensity of 120% of the logical reasoning,
delays between the Medicine ipsilateral RMT Inhibition/co  after receiving P >
first and second (Italy) gnitive F cc-PAS,
TMS pulse and 3 control/exec  participants were
control conditions utive significantly faster
(same experimental functions as compared to other

design but no
T™MS)

conditions. For
relational reasoning,
there were faster
responses for F—P
compared to
simultaneous — TMS
and Prefrontal TMS.
Additionally, after
No stim, participants
were faster
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Study‘ Design & Gender  Additional . Active Reference Stimulation Description (Intensity, Taslf & Follow-
Authors Assignment & Mean Sample Blinded Location Location duration, timing [online/offline]) Cognitive Effects up
Details Age (sd) Details ’ Construct
compared to
simultaneous-TMS
and Prefrontal TMS
Bakulin Within-subjects 12 Not Not IDLPFC Occipital 20 minutes; offline Verbal A significant None
etal., 4M mentioned mention vertex working increase in SSP
2020 3 active stimulation  22-31 ed Trains of HF rTMS with a frequency of 10  memory task  scores and a
conditions and 1 yIS. Hz had a duration of 4 seconds and it is of significant decrease

control

26 seconds between them. Each session
consisted of 40 trains (1600 stimuli)

n-back Task

Working
memory

in high load n-back
tasks with spatial
stimuli were found
after TMS + WM-.
A significant overall
effect on all tests
was only shown for
this protocol. There
was a significant
difference between 4
protocols for the
high load n-back
task with spatial
stimuli. A
significant
difference was
found for
performance
changes after TMS +
WM +
(maintenance) and
TMS + WM —
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Studies with Combined Stimulation Methods

Seven studies investigated the effects of multiple types of transcranial electric and
magnetic stimulation interventions within a single study design and were therefore classified into
the “studies with combined stimulation methods” section of this report. The majority of the
studies within this category (Lang et al., 2019; Murphy et al., 2020; Pilly et al., 2019; Rohner et
al., 2018) implemented tasks within their studies to assess working memory while two studies
(Brem et al., 2018; Mosbacher et al., 2021) assessed reasoning and decision-making, and one
study (Lema et al., 2021) focused on the potential effects of transcranial stimulation for attention
enhancement. Six studies compared the intervention conditions to the sham stimulation condition
(Lang et al., 2019; Lema et al., 2021; Mosbacher et al., 2021; Murphy et al., 2020; Pilly et al.,
2019; Rohner et al., 2018). Brem and colleagues (2018) included a no-contact control group for
comparison against sham and multiple stimulation conditions. Different brain regions were
stimulated across the studies including the IDLPFC (Brem et al., 2018; Lema et al., 2021;
Murphy et al., 2020; Rohner et al., 2018) and IPPC (Mosbacher et al., 2021 assessed both
IDLPFC and IPPC) and right fusiform cortex (Lang et al., 2019). Interestingly, Pilly and
colleagues (2019) placed 64 electrodes globally over the cortex to assess whole brain function in
a mixed tACS/tDCS stimulus delivery paradigm. For specific additional regions stimulated in
each study, reference Table 12 below. Specifics for the stimulation parameters are also detailed
in the table below as there were several different types of stimulatory interventions and
methodologies used within each study. Several studies (Lang et al., 2019; Pilly et al., 2019;
Rohner et al., 2018) showed that tACS stimulation improved performance in working memory
tasks significantly better than tDCS stimulation, but no effect sizes were reported. Lema and
colleagues (2021) uncovered similar benefits of tACS compared to tDCS in the enhancement of
attention reporting large effects (np2 > .14). Interestingly, while Mosbacher and colleagues
(2021) found positive effects of tACS compared to tDCS stimulation for enhancing reasoning
and decision-making, Brem and colleagues (2018) compared participants who were categorized
into four separate groups (tDCS, tRNS, tACS, and a no-contact control group) and when a
comparison was made between the groups, the authors reported that tDCS and tRNS stimulations
significantly improved fluid intelligence while no effect for tACS or the no-contact control group
was found.
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Table 12. Studies with Combined Stimulation Methods

Study Design i Stimu} ation
& Gender & Additional Reference Description Task & Cognitive
Authors . Mean Age Sample Blinded Active Location . (Intensity, Effects Follow-up
Assignment . Location . R Construct
Details (sd) Details dum.tton, ttr.mng
[online/offline])
Mosbacheret  Mixed 137 Not Double IDLPFC and IPPC  Left Duration: 25 min Novel arithmetic Frontal theta None
al., 2021 48 M mentioned Shoulder with a fade in/out task based on the band tACS
7 different 22.5yrs (3.8) phase of 30s in “pound arithmetic” reduced the
stimulation/ tDCS or 100 by Rickard (1997) repetitions
montage periods in tACS needed to learn
combinations Reasoning/ novel facts and
(anodal tDCS, Intensity: in decision-making both frontal and
alpha band TDCS, current parietal theta
tACS, and intensity applied band tACS
theta band was fixed to 1 accelerated the
tACS) mA. In tACS, the decrease in
targeting current intensity calculation
either the and stimulation times in fact
IDLPFC, frequency were learning
IPPC, or sham adjusted problems.
individually
Online
Pilly et al., Within- 24 All right- Single 64 electrodes Right Total injected Declarative Significant None
2020 subjects IM handed were globally preauricular  current was setto ~ memory recall test effect of
23.96yrs placed to measure  region 2.5 mA, with baseline
4 Conditions (6.08) whole brain maximum 1.5 mA  Working memory performance
1. Episode A activity across all and minimal 150 and a
active lobes uA current at any marginally
stimulation electrode significant
2. Episode A effect of
sham Online intervention
3. Episode B type for both
stimulation absolute
4. Episode B accuracy and
sham metamemory.
Rohneretal.,  Within- 30 All right- Single F3 & P3 (tACS) Top of left 1 mA/15 min Visual 2-back letter ~ tACS resulted in
2018 subjects 15M handed; shoulder task a greater
26.2yrs (3) scored with F3 (tDCS / anode) (cathode) Online improvement in
3 Conditions 1Q above 85 Working memory reaction time
1. tACS compared to
stimulation tDCS and sham
2.tDCS conditions
stimulation
3. Sham
Lema et al., Within- 27 All right- Single F3 (anode) Fp2 2 mA/20 min for Attention Network tRNS None
2021 subjects ™ handed (cathode) both tRNS and Task stimulation
3 Conditions 22.78 yrs tDCS stimulation increased
1. tDCS (3.89) Attention attention in
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Stimulation

itudy Design Gender & Additional Reference Description Task & Cognitive
Authors . Mean Age Sample Blinded Active Location X (Intensity, Effects Follow-up
Assignment . Location . S, Construct
Details (sd) Details dura.twn, ttr‘nmg
[online/offline])
2. tRNS Online complex
3. Sham situations and
overall
performance
compared to
sham. No
significant
effects for tDCS
were observed
Lang et al., Between- 59 Not Single Fpl, P2, P3,PO7, Directly 2mA for 10 Face and Scene Improved active ~ None
2019 subjects 28 M mentioned P10 (p10 anode) above the minutes for both Task (FAST) memory
1.28.4(6.9) active tACS and tDCS performance
3 Groups 2.253(5.6) location stimulation Working memory was observed in
1. tACS 3.249(4.7) the tACs group.
2.tDCS Online tDCS had no
3. sham effect
Murphy et Between 1.16 All right- Not F3 (anode) Right 1 mA/22 min for Sternberg Working Significantly None
al., 2020 SM handed mentioned supraorbital  both tDCS and Memory Task increased
3 Groups 30.43 yrs. area tRNS stimulation accuracy for
1. tDCS (12.01) (cathode) Working memory group who
2. tRNS Offline during received tRNS
3. sham 2.16 tested task/ online compared to
6M during alt. task tDCS and sham
27.60 yrs. groups
(8.60) (n,% = 0.640)
3.17
5M
31.05 yrs.
(13.06)
Brem et al., Mixed 87 Not Single Anodal F3 for all Cathodal 1 mA for all 3 Logical Deductive  All stimulation None
2018 (46 M) mentioned active stimulation ~ placements.  stimulation Reasoning Tests protocols,
5 Groups groups; tDCS- conditions was except for
1.tDCS 1.28.41 Additional anodal ~ AFS; delivered for 30 1. Bochumer mftACS,
2.tRNS (11.58) placements for tRNS- F4; minutes over 9 Matrizentest significantly
3. Multi focal ~ 2.29.19 mftACS include mftACS- sessions except (BOMAT) improved the
tACS (10.39) F4, P3, and P4 Fz; for tDCS groups 2. Sandia Matrices participants’
(mftACS) 3.30.73 +/- mftDCS- which stimulation 3. Raven’s fluid
4. mutli focal (13.17) Fz,T7, T8,  wasdelivered for = Advanced intelligence
tDCS 4.27.88 +/- Oz 20 min for 9 Progressive after the training
(mftDCS) (11.58) sessions Matrices (RAPM) intervention
5. no contact 5.30.88 +/~
control (12.3) Online Reasoning/decision-
making
Pre-test,
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Stimulation

itudy Design Gender & Additional Reference Description Task & Cognitive
Authors . Mean Age Sample Blinded Active Location X (Intensity, g Effects Follow-up

Assignment . Location . S, Construct

> (sd) Details duration, timing
Details . .

[online/offline])

cognitive
training
combined
with

stimulation,
and post-test
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Discussion

The purpose of this technical report was to provide an updated and targeted review of the
research evaluating transcranial stimulation building off of the findings from USAARL’s 2019
report (Kelley et al., 2019). The previous report was broader in terms of inclusion criteria for
cognitive enhancement but did have a large focus on the potential benefits for tDCS to elicit
cognitive enhancement (33 studies included in the analysis). In addition to tDCS, Kelley et al.,
2019 reviewed other transcranial stimulation methods and reported outcomes from studies
utilizing oscillating direct current stimulation, intermittent theta burst stimulation, transcranial
alternating current stimulation (tACS), and repetitive transcranial magnetic stimulation (rTMS).
Kelley and colleagues (2019) concluded that although the stimulation parameters in the studies
varied widely, enhancement of learning tasks, perception-based tasks, visuospatial attention, and
recall tasks were consistent across studies. Since the 2019 report, there has been a surge in the
number of studies published that investigated the potential for transcranial stimulation to enhance
cognitive performance. Therefore, the current report focused solely on transcranial electrical and
transcranial magnetic stimulation and their potential to enhance cognitive performance metrics.
All papers included in this analysis were published between 2018-2022. Similar to findings
reported in the 2019 report, the majority of studies included here evaluated the potential for
tDCS to enhance cognitive performance. Hence, to further explore the beneficial results of tDCS,
we created subcategories of cognitive performance outcomes to include working memory,
attention, memory and learning, reasoning and decision-making, and cognitive
control/inhibition/executive functions. Furthermore, in addition to the transcranial stimulation
conditions included in the 2019 report, in this report we also analyzed papers published that
investigated the use of transcranial random noise stimulation (tRNS) and studies which utilized a
combined methods approach (e.g., analyzing tDCS vs. tACS vs. tRNS) to enhance performance.
The intent of this update was to examine utility of transcranial stimulation for cognitive
enhancement, whether these interventions might benefit healthy, cognitively normal young
adults, and the potential for use in the Warfighter population. Specifically, the goal was to
address the following questions:

e What is the minimum length of time needed for the application of an intervention to
facilitate cognitive performance enhancement?

e  Which neuromodulation technique shows the most consistent findings regarding
efficacy?

e How long does cognitive enhancement last after the neuromodulation intervention is
discontinued?

e Can the Warfighter gain beneficial cognitive enhancement from a one-time, acute
intervention or does the intervention need multiple exposure periods to generate and
sustain enhanced cognitive performance?

e After re-evaluating the literature pertaining to transcranial stimulation and cognitive
performance enhancement, have any of the gaps mentioned by Kelley and colleagues
(2019) been closed?

e Has the research shifted course and have any additional discrepancies in findings
emerged?

e (Can we recommend any form of transcranial stimulation for military use at this time?
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The military is constantly seeking ways to improve the Warfighter physically and
mentally and to conserve the fighting strength. With a wide array of performance enhancement
substances available, it is imperative to provide Warfighters with the best and most appropriate
recommendations based on solid, empirical evidence. Interestingly, recent research among U.S.
Army personnel has discovered that the use of performance enhancing supplements may increase
during deployment. Austin and colleagues (2016) conducted a survey that included over 200
deployed Soldiers and over 1000 in-garrison and concluded that the deployed Soldiers were
more likely to use performance enhancement products (Austin et al., 2016). However, there are
many questions that remain relating to the effectiveness and safety of such products. As our
review is focused on transcranial stimulation, several of the initial questions that arose pertained
to the timing parameters (i.e., duration and timing relevant to the task) necessary for the
stimulation to elicit the neuroenhancement effect (i.e., how long to apply the stimulation
technique as well as when, relative to the task being performed, to conduct stimulation) to elicit
the cited benefits. The studies cited in this review show considerable variability across and
within modalities (i.e., tDCS, TMS, tACS, tRNS). Across the majority of studies, participants
received stimulation from the TMS and tES devices for an average of approximately 20 minutes
during each session. TMS studies reported the least amount of time, with an average of about 15
minutes, and tACS studies had participants wear the device for an average of about 30 minutes.
It is important to note that these studies focused on the effectiveness of the intervention rather
than determining the optimal time each device should be active, which is a key step to
determining the length of time required to see effects. An important question that is posed for
future research is: What duration of stimulation is required to enhance an individual’s
performance on a specific task? For example, do all individuals need 15-20 minutes of
stimulation within certain parameters to achieve cognitive enhancement or can some experience
the effects with as little as 5 minutes of stimulation? The 15-20-minute mark may be the time
required to achieve the results (as reported by relevant research), but without a study designed to
control stimulation length for each of the outcome variables, the question remains unanswered.

Similar to the findings pertaining to the capability of transcranial stimulation to enhance
cognitive performance in our previous review (Kelley et al., 2019), within our categorization of
stimulation techniques and conditions in this review, we still found mixed results. It is
biologically plausible to suggest that the mixed results seen in our previous and current review
may be simply due to study parameters and individual differences in anatomy. Consistent with
our last review (Kelley et al., 2019) we noticed mixed effects for performance enhancement in
tasks requiring executive functioning as well as the stimulation locations and parameters being
inconsistent across studies. For example, although there were many studies that implemented
transcranial stimulation specifically on the DLPFC, no study could definitively state that
stimulation of the DLPFC was solely responsible for enhanced cognitive performance. There are
many neural networks that the DLPFC communicates with and receives communication from,
and the definitive neural mapping of its complete function is still lacking. Moreover, many of the
articles cited throughout this report used a set time duration for their experimental condition. As
stated previously, few studies investigated if there may be potential effects for cognitive
enhancement that are directly related to the stimulation duration. For example, Yaple and
Vakhrushev (2018) conducted two separate experiments which both used the same stimulation
conditions. However, their first experiment included a tACS stimulation period of less than 35
minutes (targeting one brain region) while the second experiment lasted for approximately 50
minutes (targeting two regions). Interestingly, as we have previously mentioned, it appears that
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there is a ‘15-20-minute sweet-spot’ for significant results to be achieved, Yaple and Vakhrushev
(2018) demonstrate just that. Furthermore, Wang and colleagues (2018) conducted two separate
experiments (one in an online condition and one in an offline condition) with different tDCS
stimulation durations. In the first experiment participants received a combination of sham, 10-,
and 20-minute tDCS stimulation (offline). In the second experiment, participants received sham
and 20-minute tDCS stimulation (online). Surprisingly, neither stimulation paradigm resulted in
improvement in visual short-term memory. Hence, much more research is needed to truly
establish how timing and cognitive performance enhancement are correlated.

It must also be noted that, in addition to stimulation duration, participants can perform
tasks while being stimulated in addition to post-stimulation. This is an important variable to
control as many “real world” and military-specific tasks would require stimulation to occur
minutes, if not hours, before task engagement. Warfighter performance is mission-dependent and
the tasks, whether aviating, engaging enemies, planning, or navigating terrain, may not permit
Warfighters the ability to actively utilize the device without significant technological
advancements. Hence, neuromodulation intervention would need to be implemented prior to task
execution and the effects would need to last long enough to impact mission performance.
Additionally, more research is needed to understand whether, and after how long, enhancement
effects plateau for each type of stimulation.

As pointed out by Silvanto and Pascual-Leone (2008), neuro stimulation prior to task
performance results in an excitatory action on the activated neuronal population, thus providing a
general increase in subsequent sensory stimulation. In contrast, when stimulation is applied
during the cognitive process, neurons critical to the task are further activated, while an inhibitory
effect is seen on neurons not involved in the task performance (Ridding & Rothwell, 2007). As
many tasks require changing and complex neuronal activation, this imbalance can cause
behavioral disruption (Grosbras & Paus, 2003). There is a high degree of variance in the timing
of stimulation application with more than half of the studies collecting at least some of the data
while participants received stimulation. Moreover, less than half of the studies assessed
enhancement effects after the initial period of data collection (e.g., hours, days, weeks after
stimulation). The studies that reported post-session follow-up found the neuroenhancement
effects disappeared in as little as one hour after stimulation. This may be a result of the state
dependency of an individual at the time of data collection. Factors such as mood, fatigue,
cognitive baseline level, and mental health can have significant moderating effects on the
effectiveness of neuroenhancement (Bakulin et al., 2020; Silvanto & Pascual-Leone, 2008).

Examining the outcomes more closely, there are noticeable differences between the
different types of stimulation. As previously discussed, researchers utilized either tDCS, tACS,
tRNS, TMS, or a combination of the stimulation types. tDCS devices, being relatively cheap and
portable, are much easier to utilize, which may explain the numerous studies conducted using
tDCS in comparison to other tES modalities. Interestingly, when assessing all of the intervention
modalities included in this report, tDCS was the only intervention to report null results in
multiple studies. For example, looking at working memory, seven out of 14 studies (50%)
reported no enhancement effects. Similarly, the remaining categories reported null results,
attention (20%), memory and learning (33%), reasoning and decision-making (25%), and
executive function (11%). Overall, with outstanding questions as to the underlying mechanism(s)
and reliability of the reported effects, additional research is needed to evaluate whether tDCS is
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an effective means of achieving sustainable neuroenhancement.

For the studies that only used tACS, only three studies met our inclusion criteria. One
study looked at attention and found positive results (Yaple & Vakhrushev, 2018). Two studies
found significant effects on executive functions (Battaglini, Ghiani, et al., 2020; Loffler et al.,
2018). When tRNS was utilized as the sole intervention modality, all studies included in this
review yielded significant results. One study found effects for reasoning and decision-making
(Sprugnoli et al., 2021), two found enhancement for attention (Conto et al., 2021; Tyler et al.,
2018), and three assessing executive function cited beneficial outcomes (Battaglini et al., 2019;
Battaglini, Contemori, et al., 2020; Contemori et al., 2019). Lastly, TMS studies found positive
results for working memory (Bakulin et al., 2020; Tambini et al., 2018; Wu et al., 2021),
reasoning and decision-making (Jung & Lambon Ralph, 2021), as well as executive function
(Momi et al., 2020). The combination studies yielded mixed, yet interesting results. Mosbacher
and colleagues compared tACS and tDCS and found that only tACS had a positive effect on
reasoning and decision-making (Mosbacher et al., 2021). The studies by Rohner and Lang found
similar effects for working memory comparing tACS and tDCS where only tDCS produced
significant results (Lang et al., 2019; Rohner et al., 2018). Furthermore, one study found that
tRNS demonstrated improvement in attention while no effects were observed for tDCS (Lema et
al., 2021). Another discovered that working memory was improved in only the group that
received tRNS but not in the groups that received tDCS (Murphy et al., 2020). One study found
that tRNS and tDCS had positive effects for reasoning and decision-making, but no effects were
observed in the tACS condition (Brem et al., 2018). Overall, with the correct parameters, all
transcranial stimulation techniques may prove promising, but more work needs to be conducted
to replicate and validate these modalities for cognitive enhancement use, as much variability
currently exists. Further, given the lack of operationally relevant outcomes with respect to
Warfighters, there is much work to be done if tES is to be a viable intervention.

Further addressing whether any of the cited neuromodulation techniques are non-invasive
and appropriate for the Warfighter, a minor limitation to this review is that device type (i.e.,
manufacturer, model) was not factored into the analyses and was only considered post-hoc. tES
devices can be portable and durable since rechargeable or non-rechargeable batteries can provide
more than enough amperage to produce the low amount of current needed. The decision to utilize
one modality over another would ideally be based on the device’s efficacy rather than
convenience yet cost and portability of the devices are considerable factors when trying to
identify those that are easily scalable in an operational setting. In studies that evaluated the
potential cognitive enhancement by comparing effects with different interventions (e.g., tACS
versus tDCS), several studies reported tACS as more effective in enhancing working memory
(Lang et al., 2019; Pilly et al., 2019; Rohner et al., 2018). Additionally, Mosbacher and
colleagues (2021) found tACS to be more effective in enhancing reasoning and decision-making.
Looking at tRNS, several studies found it to be more effective for improving attention (Lema et
al., 2021), and working memory (Murphy et al., 2020) than tDCS. With portability as a
requirement for operational use, the TMS and tRNS technologies are less likely candidates for
operational use, despite demonstrating potential benefits.

A key remaining challenge is that the effects of brain stimulation are not limited to the
targeted brain region, and few studies monitor the locality of neuronal activation, let alone delve
into the mechanism by which the effects are elicited. Activation is rarely localized but can spread
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ortho- and antidromically along neural connections. Studies in animal models demonstrate that
TMS might be best conceptualized as modulating activity across bi-hemispheric cortico-
subcortical networks reached from the directly targeted brain region (Valero-Cabre et al., 2007,
Valero-Cabre et al., 2005). In humans, studies combining TMS with brain imaging methods such
as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI)
confirm such distributed network effects (Bestmann et al., 2008; Sack et al., 2007). With
widespread activation and state-effects, it is difficult to ascribe causality to neurostimulation
treatment.

Finally, it is important to highlight that some of the combination studies reported non-
significant findings for certain stimulation conditions (Brem et al., 2018; Lang et al., 2019; Lema
et al., 2021). Interestingly, several of the studies focused solely on tDCS reported non-significant
findings with various explanations as to why results were not significant (Bystad et al., 2020;
Ikeda et al., 2019; Wang, Wen, et al., 2018). Ikeda and colleagues (2019) simply stated that it is
unclear as to why the tDCS gamma oscillation did not enhance working memory capacity (Ikeda
et al., 2019). Wang and colleagues (2018) suggested that their non-significant findings could be
due to the fact that their participants were young and were high-level baseline performers (Wang,
Wen, et al., 2018). Moreover, Bystad and colleagues (2020) attributed their nonsignificant
findings to the utilization of a novel, accelerated protocol (different from previous studies by
Manenti et al., 2013 and Sandrini et al., 2013 that did show enhanced memory function after
stimulation to the temporal area). However, even though Bystad and colleagues did not observe
learning and memory enhancement effects, it is important to note that they did find significant
enhancement through use of tDCS for executive function among their younger participants. It is
also important to note that previous studies that the authors included in their paper, which
claimed to have found tDCS targeting the temporal cortex and facilitating an improvement in
working memory, were in a clinical population. Specifically, these effects were found in a
population of Alzheimer’s patients (Bystad et al., 2020). This is important to mention because
the relationship between transcranial stimulation and cognitive enhancement remains to be
debated in healthy individuals. Complicating the interpretation of results by using a clinical
population with neurocognitive functional abnormalities only creates more speculation and adds
another layer of experimental variables. For example, the period and severity of cognitive
decline varies widely in Alzheimer’s patients and there is currently not a truly definitive way to
define it. Researchers would have to have diagnostic tests on the patients conducted in order to
accurately classify the severity of cognitive decline and there may be significant variation
between participants which would render the results very difficult to interpret (Malpetti et al.,
2020).

Regardless of the intervention technique, the studies that supported cognitive
enhancement effects reported large effect sizes (np2 > .14) showing that, under the right
conditions and with the right population, tES may be an effective tool for temporary
neuroenhancement. Further, it is clear that tES could have a practical use in the military
community; the challenge is to determine standardizations for the type of stimulation, location of
stimulation, duration of stimulation, optimal timing of stimulation in relation to target tasks, the
duration of time that neuromodulation effects last after stimulation, and whether repeated
stimulation sessions have an additive effect or only a temporary increase in baseline
performance.
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Limitations and Future Directions

Less than half of the studies assessed in our review investigated the lasting effects after
the initial data collection period (e.g., hours, days, and weeks after stimulation). Several of the
studies included in this report conducted a post-session follow-up only to discover that
neuroenhancement effects disappeared in as little as one hour after stimulation (Bjekic et al.,
2019; Hanenberg et al., 2019; Lewald, 2019). One of the main factors that makes it difficult to
attribute cognitive enhancement effects to neurostimulation over any period is the state
dependency of an individual at the time of data collection. Factors such as mood, fatigue,
cognitive baseline level, and mental health can significantly moderate the effectiveness of
neuroenhancement (Bakulin et al., 2020; Silvanto & Pascual-Leone, 2008). Hence, longitudinal
follow-up experiments and studies to investigate the potential for sustained cognitive
enhancement from tES should be implemented.

Extensive research has been conducted using the tES and TMS methods evaluated in our
current literature review targeting brain regions directly involved in cognitive and executive
function (specifically prefrontal cortical regions such as the dorsolateral prefrontal cortex).
However, the utilization of transcranial ultrasound (tUS) in a healthy population for
enhancement of cognitive performance is relatively scarce. This was a surprising finding as tUS
offers several advantages over tES and TMS, such as the ability to target specific deep cortical
anatomical regions while simultaneously providing better spatial resolution (Fini & Tyler, 2017;
Kubanek, 2018; Lee et al., 2016; Legon et al., 2018). Interestingly, to our current knowledge,
there has only been one study, in a nonclinical healthy population, that investigated the use of
tUS specifically targeting the right prefrontal cortex (RPFC) (Sanguinetti et al., 2020). When this
same region has been targeted by tDCS (Boudewyn et al., 2019; Hussey et al., 2020; Ikeda et al.,
2019; Luque-Casado et al., 2019) and TMS (Bakulin et al., 2020; Wu et al., 2021), it has been
shown to improve several aspects of cognitive and executive function. This study, conducted by
Sanguinetti and colleagues, used tUS to target the RPFC and demonstrated that the intervention
could improve mood and positively alter functional neural networks related to emotional
regulation (Sanguinetti et al., 2020), which is proof of concept that there is potential for tUS to
provide positive mental enhancement. However, to date, no studies utilizing tUS have assessed
its potential for cognitive performance enhancement and future research should explore this
avenue.

Finally, one aspect that should be included in future studies and/or reviews is the
interaction effects of pairing tES with commonly used medications and stimulants that can have
positive or negative neuromodulation effects (i.e., caffeine and other stimulants) by themselves.
With long duty hours and poor sleep habits, Soldiers commonly use a host of over the counter
(OTC) products that could have a significant effect on the efficacy of tES in operational
environments. In addition to the OTC products, medical conditions and prescribed medication
can interact and either potentiate or dilute the desired effects. Beyond the obvious safety
concerns, ecological validity can only be achieved if the research is conducted to account for the
current operational environment.
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Conclusion

The findings from the updated literature review are in-line with those from the previous
review. Although both reviews analyzed literature which claims transcranial stimulation can
improve cognitive performance, the underlying mechanisms as to how this is achieved, and
under which experimental conditions (i.e., location, duration, frequency, etc.) remain to fully
reach a consensus. In both the 2019 report and the current review, tDCS was the focus of most
studies. tDCS outcomes in both reviews revealed mixed results depending on the stimulation
parameters and the outcome measure. For example, in the 2019 review, one study indicated that
executive function was enhanced when tDCS (1 mA for 20 minutes) was applied to the
dorsolateral prefrontal cortex compared to motor cortex (Gbadeyan et al., 2016) yet the same
parameters and stimulation location did not improve learning outcomes in several studies
(Luculano & Kadosh, 2013; Devries et al., 2009). In addition, Kelley and colleagues (2019)
concluded that mixed effects were observed for creativity/object naming tasks, attention,
decision-making, and working memory. These conflicting outcomes make it extremely difficult
to interpret the data and make valid recommendations for future studies. In concert with our
previous publication, we arrived at similar conclusions. Several of the combination studies found
mixed results within their own experiments (Brem et al., 2018; Lang et al., 2019; Lema et al.,
2021). Also, several studies within our tDCS category for working memory (Wang et al., 2018
and Ikeda et al., 2021), as well as one study within the memory and learning category (Bystad et
al., 2020) yielded nonsignificant results for their reported outcomes. Interestingly, the
explanations from the studies in our report that yielded nonsignificant findings varied. Ikeda and
colleagues (2019) simply stated that it is unclear as to why the tDCS gamma oscillation did not
enhance working memory capacity (Ikeda et al., 2019). Wang and colleagues (2018) suggested
that their non-significant findings could be due to the fact that their participants were young and
were high-level baseline performers (Wang et al., 2018). As these explanations are plausible, it is
unknown whether mixed results are attributable to tES effectiveness or to limitations in study
methodology. This report did not include literature on transcranial ultrasound as limited research
is available for use of this modality on a healthy, non-clinical population. Although most studies
reported statistically significant effects of transcranial stimulation on task performance, there are
many limitations when it comes to summarizing the research and answering fundamental
questions such as:

e Which stimulation type is most effective for each type of task (e.g., attention, memory,
executive function)?

e Where is the best location to place each type of device to elicit neuromodulation effects?

e What is the minimum stimulation duration needed to improve task performance for each
type of task?

In spite of the variation in studies, there are several generalizations that can be made. For
example, the majority of studies reported improvements in performance, although some reported
improvements only for subpopulations (e.g., responders, low baseline performance, younger
participants). Also, the vast majority of studies included in this review had large effect sizes
(np2 > .14), a case may be made for any of the techniques as a feasible option in future studies
for cognitive performance enhancement. Arguably, the main limitation to all of the studies cited
are that none of the studies included utilized applied, real-world tasks. Rather, all studies focused
on discrete cognitive tasks, such as n-back tasks. In terms of transcranial stimulation timing,
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most of the studies only found strong effects while stimulation was co-occurring with completion
of the task. This might impose a significant challenge for integration into military training and
operations, especially in the deployed environment, as the environment is dynamic, constantly
changing, and fast-paced, which are all completely opposite conditions from those used in the
reviewed literature.

Looking at the transcranial stimulation devices and usage, except for tUS, the
neuromodulation equipment is small and light enough to be readily and easily transportable,
although there is still the need for trained operators, time constraints to properly equip the
devices, and extreme mobility limitations. Related to timing of stimulation, if a Solider was able
to receive a neuromodulation intervention prior to performing a mission and improve their
cognitive performance on military relevant operational tasks for a sufficient time allowing task
completion, then the use of the technology may receive buy-in from higher echelons rather than
if the stimulation would need to be active while performing the task. The end goal of this line of
research should be to create a minimally invasive, significant neuroenhancement effect, without
compromising operational integrity or creating any additional burden to the Soldier. Further
research using applied tasks is needed before recommendations for the use of neuromodulation
techniques in operational settings can be made as many unknowns remain.

58



References

Abd-Elfattah, H. M., Abdelazeim, F. H., & Elshennawy, S. (2015). Physical and cognitive
consequences of fatigue: A review. Journal of Advanced Research, 6(3), 351-358.
doi:10.1016/j.jare.2015.01.011

Alvarez-Alvarado, S., Boutzoukas, E. M., Kraft, J. N., O'Shea, A., Indahlastari, A., Albizu, A.,
Nissim, N. R., Evangelista, N. D., Cohen, R., Porges, E. C., & Woods, A. J. (2021).
Impact of transcranial direct current stimulation and cognitive training on frontal lobe

neurotransmitter concentrations. Frontiers in Aging Neuroscience, 13, 761348.
doi:10.3389/fnagi.2021.761348

Angius, L., Santarnecchi, E., Pascual-Leone, A., & Marcora, S. M. (2019). Transcranial direct
current stimulation over the left dorsolateral prefrontal cortex improves inhibitory control
and endurance performance in healthy individuals. Neuroscience, 419, 34—45.
doi:10.1016/j.neuroscience.2019.08.052

Assecondi, S., Hu, R., Eskes, G., Pan, X., Zhou, J., & Shapiro, K. (2021). Impact of tDCS on
working memory training is enhanced by strategy instructions in individuals with low
working memory capacity. Scientific Reports, 11(1), 5531. doi:10.1038/s41598-021-
84298-3

Au, J., Katz, B., Moon, A., Talati, S., Abagis, T. R., Jonides, J., & Jaeggi, S. M. (2021). Post-
training stimulation of the right dorsolateral prefrontal cortex impairs working memory
training performance. Journal of Neuroscience Research, 99(10), 2351-2363.
doi:10.1002/jnr.24784

Austin, K. G., McLellan, T. M., Farina, E. K., McGraw, S. M., & Lieberman, H. R. (2016).
Soldier use of dietary supplements, including protein and body building supplements, in a
combat zone is different than use in garrison. Applied physiology, nutrition, and
metabolism, 41(1), 88-95. https://doi.org/10.1139/apnm-2015-0387

Bagherzadeh, Y., Khorrami, A., Zarrindast, M. R., Shariat, S. V., & Pantazis, D. (2016).
Repetitive transcranial magnetic stimulation of the dorsolateral prefrontal cortex
enhances working memory. Experimental Brain Research, 234(7), 1807-1818.
doi:10.1007/s00221-016-4580-1

Bakulin, 1., Zabirova, A., Lagoda, D., Poydasheva, A., Cherkasova, A., Pavlov, N., Kopnin, P.,
Sinitsyn, D., Kremneva, E., Fedorov, M., Gnedovskaya, E., Suponeva, N., & Piradov, M.
(2020). Combining HF rTMS over the left DLPFC with concurrent cognitive activity for
the offline modulation of working memory in healthy volunteers: A proof-of-concept
tudy. Brain Science, 10(2). doi:10.3390/brainscil 0020083

Bashir, S., Bamugaddam, A., Alasheikh, M., Alhassan, T., Alhaidar, S., Almutairi, A. K.,
Alfaleh, M., Al-Regaiey, K., Al Zahrani, S., Ali Albaiji, B., & Abualait, T. (2022).
Anodal transcranial direct current stimulation (tDCS) over the primary motor cortex (M1)
enhances motor response inhibition and visual recognition memory. Medical Science
Monitor Basic Research, 28, €934180.

59



Battaglini, L., Contemori, G., Fertonani, A., Miniussi, C., Coccaro, A., & Casco, C. (2019).
Excitatory and inhibitory lateral interactions effects on contrast detection are modulated
by tRNS. Scientific Reports, 9(1), 19274. doi:10.1038/s41598-019-55602-z

Battaglini, L., Contemori, G., Penzo, S., & Maniglia, M. (2020). tRNS effects on visual contrast
detection. Neuroscience Letters, 717, 134696. doi:10.1016/j.neulet.2019.134696

Battaglini, L., Ghiani, A., Casco, C., & Ronconi, L. (2020). Parietal tACS at beta frequency
improves vision in a crowding regime. Neuroimage, 208, 116451.
doi:10.1016/j.neuroimage.2019.116451

Bestmann, S., Swayne, O., Blankenburg, F., Ruff, C. C., Haggard, P., Weiskopf, N., Josephs, O.,
Driver, J., Rothwell, J. C., & Ward, N. S. (2008). Dorsal premotor cortex exerts state-

dependent causal influences on activity in contralateral primary motor and dorsal
premotor cortex. Cerebral Cortex, 18(6), 1281-1291. doi:10.1093/cercor/bhm159

Bjekic, J., Colic, M. V., Zivanovic, M., Milanovic, S. D., & Filipovic, S. R. (2019). Transcranial
direct current stimulation (tDCS) over parietal cortex improves associative memory.
Neurobiology of Learning and Memory, 157, 114—120. doi:10.1016/7.nlm.2018.12.007

Boggio, P. S., Ferrucci, R., Mameli, F., Martins, D., Martins, O., Vergari, M., Tadini, L.,
Scarpini, E., Fregni, F., &Priori, A. (2012). Prolonged visual memory enhancement after

direct current stimulation in Alzheimer's disease. Brain Stimulation, 5(3), 223-230.
doi:10.1016/j.brs.2011.06.006

Boudewyn, M., Roberts, B. M., Mizrak, E., Ranganath, C., & Carter, C. S. (2019). Prefrontal
transcranial direct current stimulation (tDCS) enhances behavioral and EEG markers of

proactive control. Cognitive Neuroscience, 10(2), 57-65.
doi:10.1080/17588928.2018.1551869

Bower, E. A., & Phelan, J. R. (2003). Use of amphetamines in the military environment. Lancet,
362 Suppl, s18—19. doi:10.1016/s0140-6736(03)15060-x

Brem, A. K., Almquist, J. N., Mansfield, K., Plessow, F., Sella, F., Santarnecchi, E., Orhan, U.,
McKanna, J., Pavel, M., Mathan, S., Yeung, N., Pascaul-Leone, A., Kadosh, R.C., &
Honeywell, S. T. (2018). Modulating fluid intelligence performance through combined
cognitive training and brain stimulation. Neuropsychologia, 118(Pt A), 107-114.
doi:10.1016/j.neuropsychologia.2018.04.008

Brunyé¢, T., Brou, R., Doty, T., Gregory, F., Hussey, E., Lieberman, H., Loverro, K. L.,
Mezzacappa, E. S., Neumeier, W. H., Patton, D. J., Soares, J. W., Thomas, T. P., & Yu,
A. (2020). A review of U.S. Army research contributing to cognitive enhancement in
military contexts. Journal of Cognitive Enhancement, 4. d0i:10.1007/s41465-020-00167—
3

60



Bystad, M., Storo, B., Gundersen, N., Wiik, L. L., Nordvang, L., Gronli, O., Daee Rasmussen, 1.,
& Aslaksen, P. M. (2020). Can accelerated transcranial direct current stimulation
improve memory functions? An experimental, placebo-controlled study. Heliyon, 6(10),

€05132. doi:10.1016/j.heliyon.2020.e05132

Cellini, N., Shimizu, R. E., Connolly, P. M., Armstrong, D. M., Hernandez, L. T., Polakiewicz,
A. G., Estrada, R., Aguilar-Simon, M., Weisand, M. P., Mednick, S. C., & Simons, S. B.
(2019). Short duration repetitive transcranial electrical stimulation during sleep enhances

declarative memory of facts. Frontiers in Human Neuroscience, 13, 123.
d0i:10.3389/fnhum.2019.00123

Chase, H. W., Boudewyn, M. A., Carter, C. S., & Phillips, M. L. (2020). Transcranial direct
current stimulation: A roadmap for research, from mechanism of action to clinical
implementation. Molecular Psychiatry, 25(2), 397-407. doi:10.1038/s41380-019-0499-9

Cohen Kadosh, R., Levy, N., O'Shea, J., Shea, N., & Savulescu, J. (2012). The neuroethics of
non-invasive brain stimulation. Current Biology, 22(4), R108—111.
doi:10.1016/j.cub.2012.01.013

Contemori, G., Trotter, Y., Cottereau, B. R., & Maniglia, M. (2019). tRNS boosts perceptual
learning in peripheral vision. Neuropsychologia, 125, 129-136.
doi:10.1016/j.neuropsychologia.2019.02.001

Conto, F., Edwards, G., Tyler, S., Parrott, D., Grossman, E., & Battelli, L. (2021). Attention
network modulation via tRNS correlates with attention gain. Elife, 10.
doi:10.7554/eLife.63782

Cools, R., & Armsten, A. F. T. (2022). Neuromodulation of prefrontal cortex cognitive function
in primates: the powerful roles of monoamines and acetylcholine.
Neuropsychopharmacology, 47(1), 309—328. doi:10.1038/s41386-021-01100-8

Curtin, A., Ayaz, H., Tang, Y., Sun, J., Wang, J., & Tong, S. (2019). Enhancing neural efficiency
of cognitive processing speed via training and neurostimulation: An fNIRS and TMS
study. Neuroimage, 198, 73—82. doi:10.1016/j.neuroimage.2019.05.020

Cuypers, K., & Marsman, A. (2021). Transcranial magnetic stimulation and magnetic resonance
spectroscopy: Opportunities for a bimodal approach in human neuroscience. Neuroimage,
224,117394. doi:10.1016/j.neuroimage.2020.117394

De vries, M., Barth, A., Maiworm, S., Knecht, S., Switserlood, P., & Floel, A. (2009).
Electrical stimulation of the Broca’s Area enhances implicit learning of an artificial
grammar. Journal of Cognitive Neuroscience, 22(11), 2427-2436.

Dousset, C., Ingels, A., Schroder, E., Angioletti, L., Balconi, M., Kornreich, C., & Campanella,
S. (2021). Transcranial direct current stimulation combined with cognitive training
induces response inhibition facilitation through distinct neural responses according to the
stimulation site: A follow-up event-related potentials study. Clinical EEG and
Neuroscience, 52(3), 181-192. doi:10.1177/1550059420958967

61



Dubreuil-Vall, L., Chau, P., Ruffini, G., Widge, A. S., & Camprodon, J. A. (2019). tDCS to the
left DLPFC modulates cognitive and physiological correlates of executive function in a
state-dependent manner. Brain Stimulation, 12(6), 1456—1463.
doi:10.1016/j.brs.2019.06.006

Edgcumbe, D. R., Thoma, V., Rivolta, D., Nitsche, M. A., & Fu, C. H. Y. (2019). Anodal
transcranial direct current stimulation over the right dorsolateral prefrontal cortex
enhances reflective judgment and decision-making. Brain Stimulation, 12(3), 652—658.
do0i:10.1016/j.brs.2018.12.003

Elyamany, O., Leicht, G., Herrmann, C. S., & Mulert, C. (2021). Transcranial alternating current
stimulation (tACS): From basic mechanisms towards first applications in psychiatry.
European Archives of Psychiatry and Clinical Neuroscience, 271(1), 135-156.
doi:10.1007/s00406-020-01209-9

Ferrucci, R., Mameli, F., Guidi, 1., Mrakic-Sposta, S., Vergari, M., Marceglia, S., Cogiamanian,
F., Barbieri, S., Scarpini, E., & Priori, A. (2008). Transcranial direct current stimulation
improves recognition memory in Alzheimer disease. Neurology, 71(7), 493—498.
doi:10.1212/01.wnl.0000317060.43722.a3

Fertonani, A., & Miniussi, C. (2017). Transcranial electrical stimulation: what we know and do
not know about mechanisms. Neuroscientist, 23(2), 109—123.
doi:10.1177/1073858416631966

Fini, M., & Tyler, W. J. (2017). Transcranial focused ultrasound: a new tool for non-invasive
neuromodulation. /nternational Review of Psychiatry, 29(2), 168—177.
doi:10.1080/09540261.2017.1302924

Frank, B., Harty, S., Kluge, A., & Cohen Kadosh, R. (2018). Learning while multitasking: Short
and long-term benefits of brain stimulation. Ergonomics, 61(11), 1454—1463.
doi:10.1080/00140139.2018.1563722

Friedman, N. P., & Robbins, T. W. (2022). The role of prefrontal cortex in cognitive control and
executive function. Neuropsychopharmacology, 47(1), 72—89. doi:10.1038/s41386-021-
01132-0

Friehs, M. A., & Frings, C. (2018). Pimping inhibition: Anodal tDCS enhances stop-signal
reaction time. Jounral of Experimental Psychology Human Perception and Performance,
44(12), 1933—-1945. doi:10.1037/xhp0000579

Gbadeyan, O., McMahon, K., Steinhauser, M., & Meinzer, M. (2016). Stimulation of
dorsolateral prefrontal cortex enhances adaptive cognitive control: A high-definition

transcranial direct current stimulation study. The Journal of Neuroscience, 36(50),
12530-12536. https://doi.org/10.1523/INEUROSCI.2450-16.2016

Gebodh, N., Esmaeilpour, Z., Datta, A., & Bikson, M. (2021). Dataset of concurrent EEG, ECG,
and behavior with multiple doses of transcranial electrical stimulation. Scientific Data,
8(1), 274. doi:10.1038/s41597-021-01046-y

62



Grosbras, M. H., & Paus, T. (2003). Transcranial magnetic stimulation of the human frontal eye
field facilitates visual awareness. European Journal of Neuroscience, 18(11), 3121-3126.
doi:10.1111/j.1460-9568.2003.03055.x

Grover, S., Wen, W., Viswanathan, V., Gill, C. T., & Reinhart, R. M. G. (2022). Long-lasting,
dissociable improvements in working memory and long-term memory in older adults
with repetitive neuromodulation. Nature Neuroscience, 25(9), 1237-1246.
doi:10.1038/s41593-022-01132-3

Hallett, M. (2007). Transcranial magnetic stimulation: A primer. Neuron, 55(2), 187-199.
doi:10.1016/j.neuron.2007.06.026

Hanenberg, C., Getzmann, S., & Lewald, J. (2019). Transcranial direct current stimulation of
posterior temporal cortex modulates electrophysiological correlates of auditory selective
spatial attention in posterior parietal cortex. Neuropsychologia, 131, 160—170.
doi:10.1016/j.neuropsychologia.2019.05.023

Heimrath, K., Brechmann, A., Blobel-Luer, R., Stadler, J., Budinger, E., & Zaehle, T. (2020).
Transcranial direct current stimulation (tDCS) over the auditory cortex modulates GABA
and glutamate: a 7 T MR-spectroscopy study. Scientific Reports, 10(1), 20111.
doi:10.1038/s41598-020-77111-0

Hussey, E. K., Fontes, E. B., Ward, N., Westfall, D. R., Kao, S. C., Kramer, A. F., & Hillman, C.
H. (2020). Combined and isolated effects of acute exercise and brain stimulation on

executive function in healthy young adults. Journal of Clinical Medicine, 9(5).
d0i:10.3390/jcm9051410

Ikeda, T., Takahashi, T., Hiraishi, H., Saito, D. N., & Kikuchi, M. (2019). Anodal transcranial
direct current stimulation induces high gamma-band activity in the left dorsolateral
prefrontal cortex during a working memory task: A double-blind, randomized, crossover
study. Frontiers in Human Neuroscience, 13, 136. doi:10.3389/fnhum.2019.00136

Jung, J., & Lambon Ralph, M. A. (2021). Enhancing vs. inhibiting semantic performance with
transcranial magnetic stimulation over the anterior temporal lobe: Frequency- and task-
specific effects. Neuroimage, 234, 117959. doi:10.1016/j.neuroimage.2021.117959

Karthikeyan, R., Smoot, M. R., & Mehta, R. K. (2021). Anodal tDCS augments and preserves
working memory beyond time-on-task deficits. Scientific Reports, 11(1), 19134.
doi:10.1038/s41598-021-98636-y

Kelley, A., Feltman, F., Nwala, E., Bernhardt, K., Hayes, A., Basso, J., & Mathews, C., (2019).
A systematic review of cognitive enhancement interventions for use in military operations
(Technical Report 2019-11). U.S. Army Aeromedical Research Laboratory.

Klimesch, W., Sauseng, P., & Gerloff, C. (2003). Enhancing cognitive performance with
repetitive transcranial magnetic stimulation at human individual alpha frequency.
European Journal of Neuroscience, 17(5), 1129-1133. doi:10.1046/;.1460-
9568.2003.02517.x

63



Klomjai, W., Katz, R., & Lackmy-Vallee, A. (2015). Basic principles of transcranial magnetic
stimulation (TMS) and repetitive TMS (rTMS). Annals of Physical and Rehabilitation
Medicine, 58(4), 208-213. doi:10.1016/j.rehab.2015.05.005

Koo, P. C., Molle, M., & Marshall, L. (2018). Efficacy of slow oscillatory-transcranial direct
current stimulation on EEG and memory - contribution of an inter-individual factor.
European Journal of Neuroscience, 47(7), 812—823. doi:10.1111/ejn.13877

Kubanek, J. (2018). Neuromodulation with transcranial focused ultrasound. Neurosurgical
Focus, 44(2), E14. d0i:10.3171/2017.11.FOCUS17621

Lang, S., Gan, L. S., Alrazi, T., & Monchi, O. (2019). Theta band high definition transcranial
alternating current stimulation, but not transcranial direct current stimulation, improves

associative memory performance. Scientific Reports, 9(1), 8562. doi:10.1038/s41598-
019-44680-8

Lee, W., Chung, Y. A., Jung, Y., Song, I. U., & Yoo, S. S. (2016). Simultaneous acoustic
stimulation of human primary and secondary somatosensory cortices using transcranial
focused ultrasound. BMC Neuroscience, 17(1), 68. doi:10.1186/s12868-016-0303-6

Legon, W., Ai, L., Bansal, P., & Mueller, J. K. (2018). Neuromodulation with single-element
transcranial focused ultrasound in human thalamus. Human Brain Mapping, 39(5), 1995—
2006. doi:10.1002/hbm.23981

Lema, A., Carvalho, S., Fregni, F., Goncalves, O. F., & Leite, J. (2021). The effects of direct
current stimulation and random noise stimulation on attention networks. Scientific
Reports, 11(1), 6201. doi:10.1038/s41598-021-85749-7

Levy, F. (1993). Side effects of stimulant use. Journal of Paediatric Child Health, 29(4), 250—
254. doi:10.1111/j.1440-1754.1993.tb00504.x

Lewald, J. (2019). Bihemispheric anodal transcranial direct-current stimulation over temporal
cortex enhances auditory selective spatial attention. Experimental Brain Research,
237(6), 1539-1549. doi:10.1007/s00221-019-05525-y

Li, L. M., Violante, I. R., Leech, R., Hampshire, A., Opitz, A., McArthur, D., Carmichael, D.W.,
& Sharp, D. J. (2019). Cognitive enhancement with Salience Network electrical

stimulation is influenced by network structural connectivity. Neuroimage, 185, 425-433.
doi:10.1016/j.neuroimage.2018.10.069

Littell, J. H., Corcoran, J., & Pillai, V. (2008). Systematic reviews and meta-analysis. Oxtord
University Press.

Liu, A., Voroslakos, M., Kronberg, G., Henin, S., Krause, M. R., Huang, Y., Optiz, A., Mehta,
A., Pack, C.C., Krekelberg, B., Berenyi, A., Parra, L.C., Melloni, L., Devinsky, O., &
Buzsaki, G. (2018). Immediate neurophysiological effects of transcranial electrical
stimulation. Nature Communications, 9(1), 5092. doi:10.1038/s41467-018-07233-7

64



Lo, O. Y., van Donkelaar, P., & Chou, L. S. (2019). Effects of transcranial direct current
stimulation over right posterior parietal cortex on attention function in healthy young
adults. European Journal of Neuroscience, 49(12), 1623—1631. doi:10.1111/ejn.14349

Loffler, B. S., Stecher, H. 1., Fudickar, S., de Sordi, D., Otto-Sobotka, F., Hein, A., & Herrmann,
C. S. (2018). Counteracting the slowdown of reaction times in a vigilance experiment
with 40-Hz transcranial alternating current stimulation. /EEE Transactions on Neural
Systems and Rehabilitation Engineering, 26(10), 2053-2061.
doi:10.1109/TNSRE.2018.2869471

Lu, H., Gong, Y., Huang, P., Zhang, Y., Guo, Z., Zhu, X., & You, X. (2020). Effect of repeated
anodal HD-tDCS on executive functions: evidence from a pilot and single-blinded fNIRS
study. Frontiers in Human Neuroscience, 14, 583730. doi:10.3389/fnhum.2020.583730

Lu, H., Liu, Q., Guo, Z., Zhou, G., Zhang, Y., Zhu, X., & Wu, S. (2020). Modulation of repeated
anodal HD-tDCS on attention in healthy young adults. Frontiers in Psychology, 11,
564447. doi:10.3389/fpsyg.2020.564447

Luber, B., & Lisanby, S. H. (2014). Enhancement of human cognitive performance using
transcranial magnetic stimulation (TMS). Neuroimage, 85 Pt 3(0 3), 961-970.
doi:10.1016/j.neuroimage.2013.06.007

Luculano, T., & Kadosh, R. (2013). The mental cost of cognitive enhancement. The
Journal of Neuroscience, 33(10), 4482—-4486.

Luque-Casado, A., Fogelson, N., Iglesias-Soler, E., & Fernandez-Del-Olmo, M. (2019).
Exploring the effects of transcranial direct current stimulation over the prefrontal cortex

on working memory: A cluster analysis approach. Behavioural Brain Research, 375,
112144. doi:10.1016/5.bbr.2019.112144

Malpetti, M., Kievit, R. A., Passamonti, L., Jones, P. S., Tsvetanov, K. A., Rittman, T., Mak, E.,
Nicastro, N., Bevan-Jones, W. R., Su, L., Hong, Y. T., Fryer, T. D., Aigbirhio, F. L.,
O'Brien, J. T., & Rowe, J. B. (2020). Microglial activation and tau burden predict
cognitive decline in Alzheimer's disease. Brain, 143(5), 1588—-1602.
https://doi.org/10.1093/brain/awaa088

Manenti, R., Brambilla, M., Petesi, M., Ferrari, C., Cotelli, M., 2013. Enhancing verbal
episodic memory in older and young subjects after non-invasive brain stimulation.
Frontiers in Aging Neuroscience, 35, 49.

Marko, M., & Riecansky, 1. (2021). The left prefrontal cortex supports inhibitory processing
during semantic memory retrieval. Cortex, 134, 296-306.
doi:10.1016/j.cortex.2020.11.001

Mattavelli, G., Lo Presti, S., Tornaghi, D., & Canessa, N. (2022). High-definition transcranial
direct current stimulation of the dorsal anterior cingulate cortex modulates decision-

making and executive control. Brain Structure and Function, 227(5), 1565-1576.
doi:10.1007/s00429-022-02456-3

65



Mehrsafar, A. H., Rosa, M. A. S., Zadeh, A. M., & Gazerani, P. (2020). A feasibility study of
application and potential effects of a single session transcranial direct current stimulation
(tDCS) on competitive anxiety, mood state, salivary levels of cortisol and alpha amylase
in elite athletes under a real-world competition. Physiology & Behavior, 227, 113173.
doi:10.1016/j.physbeh.2020.113173

Momi, D., Neri, F., Coiro, G., Smeralda, C., Veniero, D., Sprugnoli, G., Rossi, A., Pascual-
Leone, A., Rossi, S., & Santarnecchi, E. (2020). Corrigendum to: Cognitive enhancement
via network-targeted cortico-cortical associative brain stimulation. Cerebral Cortex,
30(8), 4726. doi:10.1093/cercor/bhaal 31

Mosbacher, J. A., Halverscheid, S., Pustelnik, K., Danner, M., Prassl, C., Brunner, C., Vogel, S.
E., Nitsche, M. A., & Grabner, R. H. (2021). Theta band transcranial alternating current
stimulation enhances arithmetic learning: A systematic comparison of different direct and

alternating current stimulations. Neuroscience, 477, 89—-105.
doi:10.1016/j.neuroscience.2021.10.006

Murphy, O. W., Hoy, K. E., Wong, D., Bailey, N. W., Fitzgerald, P. B., & Segrave, R. A. (2020).
Transcranial random noise stimulation is more effective than transcranial direct current
stimulation for enhancing working memory in healthy individuals: Behavioural and
electrophysiological evidence. Brain Stimulation, 13(5), 1370-1380.
doi:10.1016/j.brs.2020.07.001

Naish, K. R., Vedelago, L., MacKillop, J., & Amlung, M. (2018). Effects of neuromodulation on
cognitive performance in individuals exhibiting addictive behaviors: A systematic
review. Drug and Alcohol Dependence, 192, 338-351.
doi:10.1016/j.drugalcdep.2018.08.018

Nikolin, S., Alonzo, A., Martin, D., Galvez, V., Buten, S., Taylor, R., Goldstein, J., Oxley, C.,
Hadzi-Pavlovic, D., & Loo, C. K. (2020). Transcranial random noise stimulation for the

acute treatment of depression: A randomized controlled trial. International Journal of
Neuropsychopharmacology, 23(3), 146—156. doi:10.1093/ijnp/pyz072

Paulus, W. (2011). Transcranial electrical stimulation (tES - tDCS; tRNS, tACS) methods.
Neuropsychol Rehabil, 21(5), 602—617. doi:10.1080/09602011.2011.557292

Pilly, P. K., Skorheim, S. W., Hubbard, R. J., Ketz, N. A., Roach, S. M., Lerner, I., Jones, A. P.,
Robert, B., Bryant, N. B., Hartholt, A., Mullins, T. S., Choe, J., Clark, V. P., & Howard,
M. D. (2019). One-shot tagging during wake and cueing during sleep with spatiotemporal
patterns of transcranial electrical stimulation can boost long-term metamemory of

individual episodes in humans. Frontiers in Neuroscience, 13, 1416.
doi:10.3389/fnins.2019.01416

Premoli, I., Castellanos, N., Rivolta, D., Belardinelli, P., Bajo, R., Zipser, C., Espenhahn, S.,
Heidegger, T., Muller-Dahlhaus, F., & Ziemann, U. (2014). TMS-EEG signatures of
GABAergic neurotransmission in the human cortex. Journal of Neuroscience, 34(16),
5603-5612. doi:10.1523/INEUROSCI.5089-13.2014

66



Ridding, M. C., & Rothwell, J. C. (2007). Is there a future for therapeutic use of transcranial
magnetic stimulation? Nature Reviews. Neuroscience, 8(7), 559-567.
doi:10.1038/nrn2169

Rodrigues, B., Barboza, C. A., Moura, E. G., Ministro, G., Ferreira-Melo, S. E., Castano, J. B.,
Ruberti, O. M., De Amorim, R. F. B., & Moreno, H. J. (2021). Transcranial direct current
stimulation modulates autonomic nervous system and reduces ambulatory blood pressure
in hypertensives. Clinical and Experimental Hypertension, 43(4), 320-327.
doi:10.1080/10641963.2021.1871916

Rohner, F., Breitling, C., Rufener, K. S., Heinze, H. J., Hinrichs, H., Krauel, K., & Sweeney-
Reed, C. M. (2018). Modulation of working memory using transcranial electrical

stimulation: A direct comparison between tACS and tDCS. Frontiers in Neuroscience,
12,761. doi:10.3389/thins.2018.00761

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmoller, J., . . . (2021). Safety
and recommendations for TMS use in healthy subjects and patient populations, with

updates on training, ethical and regulatory issues: Expert guidelines. Clinical
Neurophysiology, 132(1), 269-306. doi:10.1016/j.clinph.2020.10.003

Sack, A. T., Kohler, A., Bestmann, S., Linden, D. E., Dechent, P., Goebel, R., & Baudewig, J.
(2007). Imaging the brain activity changes underlying impaired visuospatial judgments:
simultaneous FMRI, TMS, and behavioral studies. Cerebral Cortex, 17(12), 2841-2852.
doi:10.1093/cercor/bhm013

Sandrini, M., Brambilla, M., Manenti, R., Rosini, S., Cohen, L.G., Cotelli, M., 2014.
Noninvasive stimulation of prefrontal cortex strengthens existing episodic memories
and reduces forgetting in the old. Frontiers in Aging Neuroscience. 6, 289.

Sanguinetti, J. L., Hameroff, S., Smith, E. E., Sato, T., Daft, C. M. W., Tyler, W. J., & Allen, J.
J. B. (2020). Transcranial focused ultrasound to the right prefrontal cortex improves

mood and alters functional connectivity in humans. Frontiers in Human Neuroscience,
14, 52. doi:10.3389/fnhum.2020.00052

Santarnecchi, E., Muller, T., Rossi, S., Sarkar, A., Polizzotto, N. R., Rossi, A., & Cohen Kadosh,
R. (2016). Individual differences and specificity of prefrontal gamma frequency-tACS on
fluid intelligence capabilities. Cortex, 75, 33—43. doi:10.1016/j.cortex.2015.11.003

Schestatsky, P., Simis, M., Freeman, R., Pascual-Leone, A., & Fregni, F. (2013). Non-invasive
brain stimulation and the autonomic nervous system. Clinical Neurophysiology, 124(9),
1716-1728. doi:10.1016/j.clinph.2013.03.020

Silvanto, J., & Pascual-Leone, A. (2008). State-dependency of transcranial magnetic stimulation.
Brain Topogr, 21(1), 1-10. doi:10.1007/s10548-008-0067-0

Smucny, J. (2021). What transcranial direct current stimulation intensity is best for cognitive
enhancement? Journal of Neurophysiology, 125(2), 606—608. doi:10.1152/jn.00652.2020

67



Sprugnoli, G., Rossi, S., Liew, S. L., Bricolo, E., Costantini, G., Salvi, C., Golby, A.J., Musaeus,
C.S., Pascual-Leone, A., Rossi, A., & Santarnecchi, E. (2021). Enhancement of semantic

integration reasoning by tRNS. Cognitive, Affective, and Behavioral Neuroscience, 21(4),
736-746. doi:10.3758/513415-021-00885-x

Stagg, C. J., Antal, A., & Nitsche, M. A. (2018). Physiology of transcranial direct current
stimulation. The Journal of ECT, 34(3), 144—152. doi:10.1097/YCT.0000000000000510

Tambini, A., Nee, D. E., & D'Esposito, M. (2018). Hippocampal-targeted theta-burst Stimulation
enhances associative memory formation. Journal of Cognitive Neuroscience, 30(10),
1452-1472. doi:10.1162/jocn_a 01300

Thair, H., Holloway, A. L., Newport, R., & Smith, A. D. (2017). Transcranial direct current
stimulation (tDCS): A beginner's guide for design and implementation. Frontiers in
Neuroscience, 11, 641. doi:10.3389/thins.2017.00641

Thomas, F., Steinberg, F., Pixa, N. H., Berger, A., Cheng, M. Y., & Doppelmayr, M. (2021).
Prefrontal high definition cathodal tDCS modulates executive functions only when
coupled with moderate aerobic exercise in healthy persons. Scientific Reports, 11(1),

8457. doi:10.1038/s41598-021-87914-4

Tseng, P., Hsu, T. Y., Chang, C. F., Tzeng, O. J., Hung, D. L., Muggleton, N. G., Walsh, V.,
Liang, W., Cheng, S., & Juan, C. H. (2012). Unleashing potential: Transcranial direct
current stimulation over the right posterior parietal cortex improves change detection in
low-performing individuals. Journal of Neuroscience, 32(31), 10554—10561.
doi:10.1523/JINEUROSCI.0362-12.2012

Tyler, S. C., Conto, F., & Battelli, L. (2018). Rapid Improvement on a temporal attention task
within a single session of high-frequency transcranial random noise stimulation. Journal
of Cognitive Neuroscience, 30(5), 656—666. doi:10.1162/jocn_a 01235

Valero-Cabre, A., Payne, B. R., & Pascual-Leone, A. (2007). Opposite impact on 14C-2-
deoxyglucose brain metabolism following patterns of high and low frequency repetitive

transcranial magnetic stimulation in the posterior parietal cortex. Experimental Brain
Research, 176(4), 603—615. doi:10.1007/s00221-006-0639-8

Valero-Cabre, A., Payne, B. R., Rushmore, J., Lomber, S. G., & Pascual-Leone, A. (2005).
Impact of repetitive transcranial magnetic stimulation of the parietal cortex on metabolic

brain activity: A 14C-2DG tracing study in the cat. Experimental Brain Research, 163(1),
1-12. doi:10.1007/s00221-004-2140-6

Vulic, K., Bjekic, J., Paunovic, D., Jovanovic, M., Milanovic, S., & Filipovic, S. R. (2021).
Theta-modulated oscillatory transcranial direct current stimulation over posterior parietal

cortex improves associative memory. Scientific Reports, 11(1), 3013.
doi:10.1038/s41598-021-82577-7

68



Wang, J., Wen, J. B., & Li, X. L. (2018). No effect of transcranial direct current stimulation of
the dorsolateral prefrontal cortex on short-term memory. CNS Neuroscience
Therapeutics, 24(1), 58—63. doi:10.1111/cns. 12779

Wang, Y., Shi, L., Dong, G., Zhang, Z., & Chen, R. (2020). Effects of transcranial electrical
stimulation on human auditory processing and behavior-A review. Brain Science, 10(8).
doi:10.3390/brainsci1 0080531

Weller, S., Nitsche, M. A., & Plewnia, C. (2020). Enhancing cognitive control training with

transcranial direct current stimulation: a systematic parameter study. Brain Stimulation,
13(5), 1358-1369. doi:10.1016/j.brs.2020.07.006

Wertheim, J., Colzato, L. S., Nitsche, M. A., & Ragni, M. (2020). Enhancing spatial reasoning
by anodal transcranial direct current stimulation over the right posterior parietal cortex.
Experimental Brain Research, 238(1), 181-192. doi:10.1007/s00221-019-05699-5

Wu, X., Wang, L., Geng, Z., Wei, L., Yan, Y., Xie, C., Chen, X., Ji, G, Tian, Y., & Wang, K.
(2021). Improved cognitive promotion through accelerated magnetic stimulation. eNeuro,
8(1). doi:10.1523/ENEURO.0392-20.2020

Yaple, Z., & Vakhrushev, R. (2018). Modulation of the frontal-parietal network by low intensity
anti-phase 20 Hz transcranial electrical stimulation boosts performance in the attentional
blink task. International Journal of Psychophysiology, 127, 11-16.
doi:10.1016/].ijpsycho.2018.02.014

Zhu, R., Luo, Y., Wang, Z., & You, X. (2020). Modality effects in verbal working memory
updating: Transcranial direct current stimulation over human inferior frontal gyrus and

posterior parietal cortex. Brain Cognition, 145, 105630.
d0i:10.1016/j.bandc.2020.105630

Zink, N., Kang, K., Li, S. C., & Beste, C. (2020). Anodal transcranial direct current stimulation
enhances the efficiency of functional brain network communication during auditory
attentional control. Journal of Neurophysiology, 124(1), 207-217.
doi:10.1152/jn.00074.2020

Zivanovic, M., Paunovic, D., Konstantinovic, U., Vulic, K., Bjekic, J., & Filipovic, S. R. (2021).
The effects of offline and online prefrontal vs parietal transcranial direct current
stimulation (tDCS) on verbal and spatial working memory. Neurobiology of Learning
and Memory, 179, 107398. d0i:10.1016/j.nlm.2021.107398

69



Appendix A. Acronyms and Abbreviations

Abbreviation Meaning
ATL Anterior Temporal Lobe
cc-PAS Cortico-cortical Paired Associative Stimulation
CPD Cycle Per Degree of Visual Angle
cTBS Continuous Theta Burst
dACC Dorsal Anterior Cingulate Cortex
exp Experiments
FAST Face and Scene Task
HD-tDCS High-Definition Transcranial Direct Current Stimulation
HF-rTMS High-Frequency Repetitive Transcranial Magnetic Stimulation
hMT Human Middle Temporal Area
Hz Hertz
iTBS Intermittent Transcranial Brain Stimulation
IDLPFC Left Dorsolateral Prefrontal Cortex
1IFG Left Inferior Frontal Gyrus
11IPL Left Inferior Parietal Lobule
IMFG Left Middle Frontal Gyrus
LNG Left No-Go Task
IPPC Left Parietal Prefrontal Cortex
1IPPC Left Posterior Parietal Cortex
mA Milli-Amp
mftACS Multifocal Alternating Current Stimulation
mftDCS Multifocal Direct Current Stimulation
N/A Not Applicable
OTC Over The Counter
Ot-tDCS Theta Oscillating Transcranial Direct Current Stimulation
PASAT Paced Auditory Serial Addition Task
PFC Prefrontal Cortex
pIPC Posterior Inferior Parietal Cortex
PPC Posterior Parietal Cortex
rDLPFC Right Dorsolateral Prefrontal Cortex
rIFG Right Inferior Frontal Gyrus
RMT Resting Motor Threshold
rPPC Right Posterior Parietal Cortex
rTMS Repetitive Transcranial Magnetic Stimulation
RTs Reaction Times
SAT Shifting Attention Task
SD Standard Deviation
SDR Short Duration Repetitive
SST Stop Signal Test
tACS Transcranial Alternating Current Stimulation
tDCS Transcranial Direct Current Stimulation
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tES Transcranial Electrical Stimulation
TMS Transcranial Magnetic Stimulation

TPC Temporal Parietal Cortex

tRNS Transcranial Random Noise Stimulation
tUS Transcranial Ultrasound

U.S. United States

uA Microampere

VS Visual Search

WM Working Memory

Yrs. Years
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