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Transcranial direct current stimulation (tDCS).
An effective tool for improving episodic memory in young people?
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Titulo: Estimulacién transcraneal por cortiente eléctrica directa (tDCS).
¢Una herramienta efectiva para mejorar la memoria episédica en jévenes?
Resumen: El objetivo principal del presente estudio fue determinar los
efectos de la tDCS anddica vs placebo, administrada sobre F3 (CPFDL),
durante la fase de codificacién de una tarea de memoria episodica, sobre la
tasa de aciertos (TA) y el tiempo de reaccién (TR) medidos en las fases de
recuerdo inmediato y demorado de la tarea, en un grupo de 23 participan-
tes jovenes sanos.

Se realiz6 un estudio doble ciego aleatorizado. Los resultados evidenciaron
efectos principales significativos para los factores Bloque, Sesién y Demora
enla TA y en el TR, pero no para el factor del Grupo. Se encontraron efec-
tos robustos de aprendizaje intrasesion e intersesiones, pero ningin efecto
Grupo (tDCS andédica vs placebo) en el rendimiento de la memoria epis6-
dica o en los tests neuropsicolégicos pre-post intervencién. Sin embargo,
los participantes que recibieron tDCS anédica mostraron un TR acortado
en el intervalo de demora de 24 horas que mantuvieron una semana mas
tarde, mientras que los que recibieron tDCS placebo no mostraron acorta-
miento del TR a las 24 horas, pero si un aumento del TR una semana des-
pués. Estos resultados podrian indicar un sutil efecto modulador de la
tDCS anddica en el decaimiento de la memoria en los intervalos de demo-
ra.

El protocolo experimental mostr6 su utilidad potencial para ser utilizado
en muestras de participantes mayores sanos o con deterioro cognitivo leve.
Palabras clave: Estimulacién transcraneal por corriente eléctrica directa
(tDCS). Memoria episédica. Personas jovenes. Mejora de la memoria.

Abstract: The main aim of the present study was to determine the effects
of anodal vs sham tDCS administered on F3 (DLPFC) during the encod-
ing phase of an episodic memory task, on the accuracy rate (AR) and reac-
tion time (RT) measured in the immediate and delayed recall phases of the
task, in a group of 23 healthy young participants.

A randomized double-blind sham-controlled study of tDCS was carried
out. The results evidenced significant main effects for factors Block, Ses-
sion, and Delay on the AR and on RT, but not for the Group factor. Ro-
bust intra-session and inter-session learning effects but no Group (anodal
vs sham tDCS) effect in episodic memory performance or in pre-post in-
tervention neuropsychological tests were found. However, participants
who received anodal tDCS showed shorter RT in the 24 hours delay inter-
val and maintained it one week later, while those who received sham tDCS
did not show the 24 hours RT shortening and even showed a RT increase
one week later. These results could indicate a subtle modulatory effect of
anodal tDCS on memory decay along delay intervals.

The experimental protocol showed its potential utility to be used in sam-
ples of healthy elderly or mild cognitive impairment participants.
Keywords: Transcranial direct current stimulation (tDCS). Episodic
memory. Young people. Memory enhancement.

Introduction

tDCS is a non-invasive brain stimulation (NIBS) technique
able to modulate neural excitability using a weak electric cur-
rent (usually ranging from 1 to 2 mA) between two (or
more) electrodes of different polarity on the scalp (Utz et al.,
2010). Its neuromodulatory effect is related to changes in
neuronal polarization, changing spontaneous fire rates (Pur-
pura & McMurty, 1965). Generally speaking, anodal stimula-
tion induces membrane depolarization resulting in an in-
crease of neural excitability, while cathodal stimulation in-
duces membrane hyperpolarization resulting in decreases of
neural excitability (Nitsche & Paulus, 2000; Paulus, 2011).
However, cortical modulation does not depend on stimula-
tion polarity alone, but also on neuronal type and orientation
and on the intensity of stimulation (Purpura & McMurty,
1965). Besides, electric stimulation can also produce changes
in the excitability of neural populations distant from the lo-
cus of stimulation that are functionally related to the stimu-
lated areas (Bortoletto et al., 2015).
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The effects induced by tDCS can last for some time after
the end of the stimulation (Nitsche et al.,, 2003). These af-
ter-effects depend on the duration and intensity of the ap-
plied electric current (Utz et al., 2010), may have a duration
on the order of hours and days (see Pasow et al., 2017), and
seem to be related to plastic changes in the synapses (similar
to long-term potentiation -L'TP- and depression

-LTD-) dependent of NMDA receptors (Liebetanz et al.,
2002; Nitsche et al., 2003; Nitsche et al., 2004). However,
it should be noted that it is still not clear how putative
LTP/LTD-like effects induced by NIBS cortespond to the
changes in brain activity or connectivity observed using
functional neuroimaging techniques (Bartrés-Faz & Vidal-
Pifieiro, 2016).

Long-term memory refers to information stored for a
significant time period, from minutes to years. Usually, it can
be divided in two main categories: declarative memory and
procedural memory (Smith & Kosslyn, 2008), depending on
whether the access to stored information is conscious ot not,
respectively. Within declarative memory, Tulving (1972) dis-
tinguished between episodic and semantic memory, defining
the former as the conscious knowledge of temporally dated
events and of the spatiotemporal relations among those
events. This type of memory seems to be quite vulnerable to
information transformation and loss due to neural disfunc-
tion than other memory systems (Tulving, 1972, 1983), in-
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cluding normal aging and Alzheimer’s Disease (see Tromp et
al., 2015 for a review).

Prefrontal cortex (PFC) is an essential structure for in-
formation integration and executive control, with an im-
portant role in brain networks that control the different
types of memory (Reynolds et al., 2006), including both
long-term and short-term memory processes (Gazzaniga et
al, 2009). The long-term memory functional system in-
cludes three processes: information encoding, consolidation
and retrieval (Breedlove et al.,, 2010), and PFC would be in-
volved in all the three processes along with other cortical
and subcortical structures (Smith & Kosslyn, 2008; Gazzani-
ga et al., 2009). In particular, PFC seems to be involved in a
brain network for episodic memory that also includes medial
temporal lobe and parietal cortex (Rugg & Wilding, 2000).

According to the HERA model (Hemispheric encod-
ing/retrieval asymmetry) there is a hemispheric asymmetry in
frontal lobe activation: left prefrontal regions would be more
active during the encoding of new verbal information in epi-
sodic memory, while right prefrontal regions would be more
active during the information retrieval (Habib et al., 2003).

In the last fifteen years, several studies about the possible
applications of the tDCS to improve cognitive function in
healthy population as well as with cognitive decline have
been conducted, especially regarding memory. For example,
it has been consistently proven that anodal stimulation on
F3, over the left dorsolateral PFC (DLPFC), improves pet-
formance in verbal working memory tasks, with more cor-
rect responses (Andrews et al., 2011; Berryhill & Jones, 2012;
Fregni et al, 2005) and/ot reduced reaction times (Hoy et
al., 2013; Mulquiney et al., 2011).

Most of the studies about the potential efficacy of tDCS
in healthy population to improve episodic memory have tar-
geted frontal locations (see Galli et al.,, 2019 for a compre-
hensive review and meta-analysis). In general, those studies
that applied anodal tDCS over the DLPFC found a facilita-
tion effect on episodic memory in verbal (Floel et al., 2008;
Gaynor & Chua, 2017; Habich et al., 2017; Hammer et al.,
2011; Javadi et al, 2012; Javadi & Walsh, 2012; Javadi
& Cheng, 2013; Lafontaine et al., 2013; Manenti et al., 2013;
Nikolin et al., 2015; Sandrini et al., 2016) and non verbal
(Balzarotti & Colombo, 2016; Morgan et al., 2014) tasks, or
in tasks that included verbal and non verbal items (Gray et
al., 2015; Leach et al,, 2018). On the other hand, it seems
that cathodal stimulation on the DLPFC leads to a deteriora-
tion in short-term learning (Elmer et al., 2009).

Despite this, there are also some contradictory results in
previous studies: some of those that used anodal stimulation
over the DLPFC failed to find any effects (de Lara et al.,
2017; Leshikar et al., 2017; Smirni et al., 2015) or found
poorer accuracy than in the sham condition (Manuel &
Schnider., 2016; Marian et al.,, 2018; Zwissler et al., 2014);
and improvements in episodic memory were found using ca-
thodal DLPFC stimulation (Smitni et al., 2015).

The mentioned studies applied different stimulation pro-
tocols (i. e. intensity, duration, electrode dimensions...) and

memory tasks, which may explain the heterogeneity in the
results. Besides, the stimulation was not always applied dur-
ing the same memory process: while most of the previous
studies stimulated participants’ DLPFC during the encoding
process (e. g. Zwissler et al., 2014), others applied the stimu-
lation during the consolidation period (e. g. Javadi & Cheng,
2013; Smirni et al., 2015), others during the retrieval stage (e.
g. Javadi & Walsh, 2012), while others applied the tDCS “of-
fline” (before the memory task) (e.g. Lafontaine et al., 2013;
Lu etal, 2015).

The main aim of this study was to evaluate the effects of
anodal tDCS on episodic memory in a group of healthy
young participants. For this purpose, the effects of anodal
tDCS (applied over the left DLPFC during the encoding
phase of an episodic memory task) on the accuracy rate and
reaction time of immediate and delayed recall phases of the
task were studied. Our working hypothesis was that 2 mA
anodal tDCS applied over the left DLPFC during 18 minutes
per session in two consecutive days would enhance immedi-
ate and delayed memory recall in healthy young participants.

A second aim of this study was to evaluate the effects of
this type of stimulation on the scores obtained in the neuro-
psychological evaluation that the participants underwent one
month before and one week after the stimulation sessions.

Finally, we also aimed to validate the experimental pro-
tocol (stimulation with anodal tDCS over the left DLPFC
during the encoding phase of an episodic memory task) of
the present study, with intent to use it to improve episodic
memory in samples of healthy elderly or with mild cognitive
impairment participants.

Method

Participants

Thirty participants (7 men and 23 women; mean age 21.7
years) from an initial sample of 35 college students were se-
lected. Participants were healthy, with normal or corrected
vision, right handed (assessed with Edinburgh Handedness
Inventory, Oldfield 1971), and between 18 and 28 years old.
Exclusion criteria were: obtaining a score out of * 1 stand-
ard deviation range from the group average in two tests of
the pre-intervention neuropsychological battery, having a
family history of epileptic attacks, suffering from any neuro-
logic or psychiatric disorder, consume of psychiatric drugs or
any psychoactive substance, pregnancy, and metallic im-
plants in the head.

The 30 participants were assigned to the experimental or
control group using random pairing attending gender, age,
and neuropsychological test scores. Both groups showed no
significant differences in those variables. Throughout the
study, 7 subjects missed sessions or refused to continue, thus
the final sample was 23 subjects (12 in the experimental
group, 11 in the control group), these groups also showed no
significant differences between them in gender, age or neu-
ropsychological test scores.
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All participants gave written informed consent prior to
the experiment and were reimbursed with 25 euros (in
school supplies), for their participation. The study was ap-
proved by the Galician Clinical Research Ethical Committee,
and complies with the Helsinki Declaration.

Experimental procedure

Participants attended 5 experimental sessions. On two of
them (second and third) they received real or sham tDCS
(Figure 1).

In the first session, participants received the information
needed about the study and signed an informed consent
form. After that, the pre-intervention neuropsychological as-
sessment battery was applied. Based on its results we pro-
ceeded to select the participants that would be part of the
study. This session lasted for one hour and took place a
month before the intervention sessions.

The two intervention sessions (second and third experi-
mental sessions) took place in consecutive days and lasted
for 80 minutes. Participants were asked at the beginning and
end of each session to fill a Visual Analogue Scale (VAS) to
assess any possible discomfort during the stimulation. After
placing the anodal and cathodal electrodes at F3 and Fp2 re-
spectively, participants were seated in front of a computer

Figure 1.

screen, placed at 60 cm from them, where they were
prompted to read about the structure of the session and the
task’s instructions. Stimulation (real vs sham tDCS) was ad-
ministered beginning 2 minutes before the study phase of
the memory task until 1 minute after its end, for a total of 6
minutes of stimulation per task block, resulting in a total of
18 minutes of stimulation per session (Figure 2).

After the stimulation finished, the instructions to the
immediate recognition/recall tasks (old — new recognition
and place recall) were presented, and the participants were
asked to complete them. This procedure was identical for
each of the 3 blocks. Once the participants had finished the
3 blocks of the task, the stimulation electrodes were re-
moved and asked them to fill another VAS. Twenty minutes
after finalizing the third block, participants were asked to
petform the delayed recognition/recall tasks.

The fourth experimental session took place one day after
the third session and lasted for 10 minutes. In this session
participants were asked to complete the delayed recogni-
tion/recall tasks.

Finally, the fifth and last session took place a week after
the third session and lasted for one hour. In this session par-
ticipants were asked to complete again the delayed recogni-
don/recall tasks and following that, the post- intervention
neuropsychological assessment was carried out.

Time sequence of sessions. First session: Information and pre-intervention neurgpsychological assessment; second and third: tDCS intervention and memory tasks;
SJonrth: 24-hours delayed memory recall task; fifth: One-week delayed memory recall fask and post-intervention neuropsychological assessment.

2nd session

1 month -Intervention- | 24 hours

1st session
(1 hour)

(80 minutes)

3rd session
-Intervention-

(80 minutes)

24 hours |4th session |1 week [5th session

(10 minutes) ” (1 hour)

Figure 2.
Intervention sessions design.
Electrode Block 1 Block 2 Block 3

placement + Immediate Immediate Immediate | Electrode |Delayed recog-

VAS +  IStudy phase recogni- Rest |Study phase recogni- Rest [Study phase recogni- removal + | nition/recall
Instructions tion/recall tion/recall tion/recall [VAS + Rest tasks

tasks tasks tasks
15 min 3 min 6 min 3 min 3 min 6 min 3 min 3 min 6 min 20 min 7 min
tDCS/Sham tDCS/Sham tDCS/Sham
6 min 6 min 6 min

Neuropsychological assessment battery pre- and
post-intervention

A neuropsychological battery was administered in the
first session. The battery was composed by standardized
neuropsychological tests in order to select the sample and
compate the effects of intervention (compartison pre/post
intervention). The tests were administered in the following
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order: Rey auditory verbal learning test (RAVLT); trail mak-
ing test (B); WAIS IV subtests: digit span, arithmetic, symbol
search and coding; and, lastly, a word fluency test (p/m/).

These tests were selected in order to systematically assess
the participants’ long- and short-term memory, learning and
attention. We deemed this necessary due to those cognitive
processes being involved in the task that the participants had
to perform during the intervention.
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Transcranial direct current stimulation (tDCS)

Stimulation was applied in two different sessions (second
and third), with a 24-hour interval between them. In our
double-blind procedure, participants were randomly assigned
to receive active or sham stimulation, administered by a re-
searcher who did not know which subjects were receiving
real or sham stimulation.

Stimulation was administered with BrainStim (EMS) de-
vices, with two rubber electrodes inside cellulose saline
soaked sponges. We used a 35 cm? sponge as the anode and
a 70 cm? sponge as the cathode. The anodal electrode was
sited over the left dorsolateral prefrontal cortex (F3 position,
following the 10/20 IS) and the cathode over the right ot-
bitofrontal cortex (Fp2 position).

The experimental group received a direct cutrent of 2
mA (cutrent density at the anode: .057 mA/cm?) in three
blocks of 6 minutes each, for a total of 18 minutes per ses-
sion. Stimulation was ramped up at the beginning of each
block for 30 seconds until reaching 2 mA, and ramped down
at the end of each block for 30 seconds. Sham stimulation
was ramped up and down for 25 seconds until reaching 1.5
mA at the beginning and at the end of each block, and then
stimulation ceased.

Memory tasks

In each of the two stimulation sessions, we used a de-
clarative memory task comprising three consecutive blocks
each one comprising a study phase followed 1 minute later
by an immediate recognition/recall task. In addition, 20
minutes after the third block, a delayed recognition/recall
test was presented (Figures 1, 2). Reaction times and accura-

cy rate (quantified by percentage of correct responses) in the
immediate and delayed recall tests were measured.

In the study phase a sequence of 30 word pairs was pre-
sented. Each word pair was presented for 3 seconds and the
inter-stimulus interval was randomized to 2.5 - 3 seconds.
Participants had to decide whether the words in a given
word pair were semantically related or not and press one of
two keyboard keys accordingly; 50% of the word pairs were
semantically related and 50% had no semantic relation.
These word pairs could appear at the top or bottom of the
screen

The immediate and delayed recognition/recall tasks
comprised two different tasks: an old-new recognition task
followed by a place recall task. In the old-new recognition
task a series of 60 word pairs was randomly presented in the
center of the screen, and the participant had to decide by
pressing one of two keys in a keyboard whether a given pair
is “old” (was previously presented in the study phase) or
“new”. 50% of pairs were old and 50% were new. In the
place recognition task, the 30 word pairs of the study phase
were randomly presented two times in the series, either at
the top or bottom of the screen, and the participant had to
decide if a word pair was in the same position as in the study
phase or not, and press a key accordingly. In both tasks pat-
ticipants had a time limit of 1.5 seconds to give the response,
and the inter-stimulus interval was randomized between 1.2
— 1.7 seconds (Figure 3).

One day and one week after the second intervention ses-
sion, the participants had to complete the delayed recogni-
tion/recall tasks again. In the last session, the post- interven-
tion neuropsychological assessment was carried out.

Figure 3.
Episodic memory task and stimuli (word pairs are in Spanish).
Study Phase Inmediate Recognition/Recall
Old/New Recognition Place Recall
mesa silla . mesa silla
mesa silla
3s + 1.5s + 15s +
25-3s | 12-175 | pera lpiz 12-77s| arbol  grapa
arbol grapa
3s 15s 15s

Data analysis

In order to evaluate the effects of experimental manipu-
lation on the dependent variables (reaction time —RT- and
accuracy rate (percentage of hits) -AR-) in the word pair
place recall task, several repeated measures analysis of vari-
ance (ANOVA) were performed, including in all of them

Group, with two levels (experimental an control), as be-
tween- subjects factor.

Firstly, the group differences in the immediate place re-
call task for each intervention session were analyzed. Thus,
repeated measures ANOVA with factors Group and Block
(3 levels) were conducted comparing the AR and RT be-
tween the 3 blocks of the immediate recall task for each in-
tervention session.
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Following this, the differences between groups in intra-
session and inter-session learning were analyzed, comparing
the AR and RT for immediate recall between the first and
last block of each session and the first block of the first ses-
sion with the last block of the second session. To this end a
repeated measures ANOVA with factors Group and Session
(2 levels) was conducted.

Regarding the delayed recall tasks, the differences be-
tween groups in delayed intersession learning were analyzed,
comparing the AR and RT for delayed recall tasks using fac-
tors Group and Delay (4 levels). Complementarily, we com-
pared the data of the third block of the first intervention ses-
sion with the data of the intra-session delayed task, as well as
the third block of the second intervention session with the
other 3 delayed tasks (intra-session, 24 hour and 1 week de-
lay). To this end, repeated measures ANOVAs with factors
Group and Task (2 levels for each ANOVA) were conduct-
ed.

Finally, #tests for dependent samples were used to com-
pare the scores of the pre- and post- intervention neuropsy-
chological tests, for each group; followed by a t-test for in-
dependent samples to compare post-intervention scores in
both groups.

The Greenhouse—Geisser correction for the degrees of
freedom was performed when the condition of sphericity
was not met. In these cases, the corresponding degrees of
freedom were provided. When the ANOVAs revealed signif-
icant effects due to the main factors and/or their interac-
tions, post hoc comparisons were performed applying the
Bonferroni correction. For all statistical analyses we consid-
ered a significance alpha level of < .05.

Statistical analyses were carried out with SPSS (Version
21). Researchers did not know which group received real or
sham stimulation when conducting the analysis.

Results

Data analysis showed a significant main effect for within —
session learning, between — session learning, and delayed
learning in both AR and RT. Two significant Group x Task
interactions for delayed learning were found. However, a
significant Group main effect was not obtained in any of the
dependent variables.

Immediate recall task

The repeated-measures ANOVA (Block x Group)
showed a significant main effect for the factor Block, with
an improvement of AR from the first to the third block,
both in the first [[(2, 30) = 63.10; p < .001] and second [F(2,
32) = 13.88; p < 0.001] intervention sessions, and a shorten-
ing of RT in both the first [F(2, 42) = 15.57; p < .001] and
second [F(1,3 0) = 6.24; p < .001] sessions (Table 1 & Figure
4A).

Post-hoc analysis showed both groups significantly in-
creased their AR from the first to the third block in the first
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session (p < .001). For the second intervention session, the
experimental group significantly increased their AR between
blocks 1 and 3 (p = .013) and blocks 2 and 3 (p = .010),
while the control group showed a progressive increase from
block 1 to 3 (p = .020). Regarding RT, both groups also ex-
hibit a significant shortening of RT in the first session from
block 1 to 3 (p = .007 for the experimental group, and p =
.044 for the control group) and between block 1 and 2 for
the experimental group (p = .001). In the second interven-
tion session both groups showed again a significant decrease
of RT from block 1 to 3 (p = .031).

In order to determine the global effect of immediate
learning, repeated measures ANOVA (Session x Group)
were conducted to compare the AR and RT scores between
the first block of the first intervention session and the third
block of the second intervention session. A significant main
effect for the Block factor in both AR [F(1, 21) = 299.06; p
< .001], and RT [F(1, 21) = 98.75; p < .001] was observed.
Post-hoc analysis showed a significant shortening of RT (p <
.001) and increase of AR (p < .001) between the two blocks
for both groups. The ANOVA did not show significant
Group effect or interactions between factors.

Delayed recall task

Repeated measures ANOVA (Delay x Group) were con-
ducted to compare the AR and RT obtained in each one of
the four delayed place recall tasks (first intervention session
delayed task, second intervention session delayed task, 24-
hours delayed task and 1 week delayed task). The ANOVAs
showed a significant main effect of the Delay factor for both
AR [F(2, 37) = 15.89; p < .001] and RT [F(2, 44) = 13.19; p
<.001], but not of the Group factor (Table 1).

Post-hoc analysis showed a significant increase in AR for
both groups between the delayed recall task of the first and
second intervention sessions (p = .001), and between the de-
layed task of the first intervention session and the delayed
task 24 hours after the second intervention session (p <
.001). Furthermore, both groups exhibited a significant de-
crease in AR between the delayed tasks 24 hours and 1 week
after (p = .025). The opposite pattern is observed for RT,
with a significant decrease between the delayed tasks of the
first and second intervention sessions (p = .003) and the de-
layed task of the second intervention session and the delayed
task 24 hours after (p = .001); and an increase in RT between
the delayed tasks 24 hours and 1 week after (p = .011).

The experimental group displayed a significant decrease
of RT between the delayed tasks of the intervention sessions
(p = .009), and between the delayed task of the first interven-
tion session and the delayed tasks 24 hours (p = .001) and 1
week after (p = .010); meanwhile, the control group showed
a significant increase in RT from the delayed task 24 hours
after to the delayed task 1 week after (p = .030).

To assess the effect of consolidation and learning decay
due to the delay period between the immediate and delayed
tasks, four repeated-measures ANOVA (Delay x Group)
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were conducted analyzing the last immediate (third block)
place recall task of each intervention session and their corre-
sponding 20 minutes delayed recall task. Moreover, we also
used the second session last immediate recall task to com-
pare with the delayed 24 hours and 1 week after recall tasks.

The first ANOVA (Delay x Group) compared the be-
havioral scores (AR and RT) between the third block of the
immediate place recall task and the delayed recall task, in the
first intervention session, for both groups. It revealed a sig-
nificant main effect of the Delay factor both for AR [F(1,
21) = 7.19; p = .014], with a significant decrease of AR for
the control group (p = .027); and a significant main effect
of Delay for RT [F(1, 21) = 18.63; p < .001] with a signifi-
cant decrease of RT in both groups (experimental: p = .004;
control: p = .009). Again, significant Delay x Group interac-
tions or differences between groups were not found.

The second ANOVA (Delay x Group) compared AR
and RT between the third block of the immediate place re-
call task and the delayed recall task, in the second interven-

Figure 4.

tion session, for both groups. This ANOVA did not yield
any significant effect or interaction.

The third ANOVA (Delay x Group) compared AR and
TR between the third block of the immediate place recall
task in the second intervention session and in the delayed
place recall task 24 hours after, for both groups. The analysis
revealed a significant interaction Delay x Group for RT [F(1,
21) = 4.32; p = .05]. Post-hoc analysis showed a decrease of
RT between these two tasks, only for the experimental group
(p = .01) (Figure 4B).

Finally, the fourth ANOVA (Delay x Group) analyzed
AR and RT between the third block of the immediate place
recall task in the second intervention session and the delayed
place recall task one week after. In this analysis we also
found a significant interaction Delay x Group for RT [F (1,
21) = 5.07; p = .035] between these tasks. Post- hoc analyses
showed that only the control group exhibited a significant
increase of RT between these two tasks (p = .018) (Figure
4B).

A) Mean values and standard error in the immediate and delayed place recall tasks during the intervention sessions for both groups. B) Mean values and standard
error for the last immediate place recall task and delayed place recall tasks 1 day and 1 week after. IR = immediate recall, DR = delayed recall.

A) Accuracy rate (% hits) Reaction time (seconds)
100 17
95 I 16
90 I )
8 i } A |
80 | 14
75 = 13 I I
70 I 12 T I
65 l I 1
2 I 11 I I
60
55 i 1
50 09
R1 R2 R3 DR 1 R1 R2 R DR 2 IR1 IR2 IR3 DR1 IR1 IR2 IR3 DR 2
Session 1 Session 2 Session 1 Session 2
m Experimental group Control group m Experimental group Controlgroup
) Accuracy rate (% hits) Reaction time (seconds)
100 1.25
95
I 12
% I I I
85 I 1.15
80 11
75 I
70 1.05
65 1
60
Q
55 0.95
50 09
Immediate recall 3 Delayed recall2  Delayed recall3  Delayed recall 4 Immediate recall 3 Delayed recall2  Delayed recall3  Delayed recall 4
(Session 2) (Session 2) (24 hours) (1week) (Session 2) (Session 2) (24 hours) (1week)
m Experimental group Control group B Experimental group Control group
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Table 1.

Mean values and standard deviation for Accuracy rate (percentage of hits) and Reaction time (in ms) for both groups in the immediate and delayed recall tasks of each session.

Acurracy rate

Reaction time

Experimental (z = 12)

Control (7 =11)  Experimental (» = 12) Control (» = 11)

Immediate recall 1 57.22 £ 11.11 59.55 £ 7.53 1598 * .295 1473 £ 215
Intervention Immediate recall 2 71.53 = 14.17 69.24 = 11.58 1358 *+ .286 1337 = .195
session 1 Immediate recall 3 82.22 = 11.04 83.48 + 8.83 1339 + .273 1266 = .166
Delayed recall 1 80.00 = 12.04 79.55 = 10.80 1248 = .277 1182 = .127
Immediate recall 1 83.61 £ 13.50 83.79 £ 7.38 1183 = .234 1226 £ .175
Intervention Immediate recall 2 87.50 + 8.78 88.79 + 5.33 1161 £ .266 1140 = 126
session 2 Immediate recall 3 93.33 + 5.50 93.33 + 5.33 1135 £ .255 1085 *+ .108
Delayed recall 2 90.83 + 9.03 92,42 + 6.72 1071 £ .230 1072 =+ .074
24 hours after  Delayed recall 3 93.47 £ 6.33 92.58 = 8.14 1060 % .210 1090 £ .065
1 week after Delayed recall 4 87.92 £ 10.37 87.27 £ 10.17 1115 £ .187 1178 £ .094

Neuropsychological assessment battery

To compare the performance of each group before and
after the intervention, t-test for dependent samples for each
group were conducted. The results showed a significant im-
provement in the post-intervention scores compared with
the pre-intervention scores in both groups.

The experimental group showed a significant enhance-
ment in RAVLT, in WAIS IV digit span (total: #= - 3.23, p =
.008) and processing speed index (# = -4.25, p = .001) (Table
3). The control group showed a significant enhancement in
RAVLT (recognition: # = -6.4, p < .001; total: 7 = -6.34, p <

Table 2.

.001), trail making test (# = 3.77, p = .004), WAIS IV digit
span (total: # = -5.12, p < .001; direct: # = -2.32, p = .042; and
backwards: # = -3.63, p = .005), working memory index (¢ = -
3.39, p = .007), symbol search (# = -3.53, p = .005), and pro-
cessing speed index (# = -3.59, p = .005) (Table 2).

To compare the post-intervention scores of the neuro-
psychological tests between groups, t—test for independent
samples were conducted. The results did not show signifi-
cant differences in any of the tests of verbal memory &
learning, working memory, processing speed, nor in the Trail
Making Test (B). Only a significantly higher score was ob-
served for the control group than for the experimental group
in the Word Fluency Test (# = 2.942; p = .008).

Mean values and standard deviation in the pre- and post- intervention nenropsychological tests for each group.

Experimental Group

Control Group

Pre-intervention

Post-intervention

Pre-intervention Post-intervention

Verbal memory & Learning

RAVLT - recognition 8.50 £ 2.32
RAVLT - delayed recall 14.08 £ 1.08
RAVLT - total 61.08 + 7.84
Working memory

Digit span (forward) 6.25 + 1.06
Digit span (backwards) 5.50 £ 1.17
Digit span (sequencing) 7.08 = 1.08
Digit span (total) 30.17 + 4.69
Arithmetic 14.50 + 2.58

Working memory index 106.83 = 10.89
Executive functions & Attention
Trail making test (B)

Word fluency

Processing speed

Symbol search

Coding

Processing speed index

48.92 £ 11.24
45.25 = 10.26

42.08 = 13.33
85.58 £ 16.16
111.33 £14.94

11.50 £ 2.02 7.45 £ 1.57 11.55 £ 1.63
14.75 £ 0.45 12.70 £ 2.05 13.80 £ 1.48
70.67 = 2.96 57.55 + 6.17 68.09 £ 5.09
6.42 £ 1.16 6.00 £ 0.77 6.82+1.33
5.83 £ 1.27 473+ 1.19 5.64 £ 1.12
7.83 £ 1.34 6.45 + 1.81 7.00 £ 1.00
33.00 = 5.38 26.18 + 4.77 31.27 + 4.38
15.83 £ 3.33 15.36 £ 3.41 16.45 £ 1.63
113.33 + 14.25 103.09 £ 12.55 113.73 £ 7.94
47.08 = 13.30 56.45 = 17.88 45.55 + 16.45
46.83 £ 9.42 52.55 + 6.77 54.45 £ 7.00
44.92 + 8.99 36.18 = 9.92 42,36 £ 7.15
92.58 = 4.90 84.55 = 13.94 88.91 £ 11.57

119.17 £ 1591

105.27 £ 15.56

114.55 £ 13.25

Discussion

The main aim of the present study was to determine the ef-
fects of anodal tDCS, administered over the DLPFC during
the encoding phase of an episodic memory task, on the accu-
racy rate (AR; percentage of hits) and reaction time (RT)
measured in the immediate and delayed recall phases of the
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episodic memory task, in a group of healthy young partici-
pants.

Regarding performance in the episodic memory task, the
results evidenced significant main effects for factors Block,
Session, and Delay on the accuracy rate and on reaction
time, but not for the Group factor. Consequently, the results
did not support the initial hypothesis, since experimental
(anodal tDCS) and control (sham tDCS) groups did not
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show significant differences in AR or RT scores of the im-
mediate or delayed recall tasks. These results suggest that
the anodal tDCS over the left DLPFC did not affect the en-
coding and consolidation of information in long-term
memory of the young adult sample.

Even if there are several studies that found tDCS effects
on episodic memory when stimulating the DLPFC in young
participants (as reviewed in the introduction section), our re-
sults are in line with other studies that also failed to find
tDCS effects in episodic memory paradigms (de Lara et al.,
2017; Leshikar et al.,, 2017; Smirni et al., 2015). More im-
portantly, our results are in line with the main finding of a
recent metaanalysis, that observed that although most of the
studies included showed tDCS effects on episodic memory,
the metaanalysis only showed non-significant close-to-zero
effects (Galli et al., 2019).

Our results showed a ceiling effect due to learning in the
immediate and the second and third delayed recognition
tasks in both groups (reaching around 95% of hits), so this
may have made impossible to observe any further improve-
ment due to tDCS. Besides, we used a complex paradigm
that required the stimulation to be administered in blocks.
Hence, the experimental procedure complexity may also
have had a role in the lack of significant differences between
real and sham stimulation. However, there are studies fo-
cused on tDCS effects on episodic memory in healthy indi-
viduals administering stimulation in blocks, finding im-
provements in the stimulated groups (Javadi & Walsh, 2012;
Marshall et al., 2004), while other that applied tDCS contin-
uously also failed to find any group differences in young par-
ticipants (Cespon et al., 2017; de Lara et al., 2017; Leshikar et
al., 2017; Smirni et al., 2015). Variability in the experimental
protocols is so large that is really difficult to compare their
results and guess which variables may be responsible for the
contradictory outcomes.

In general, studies should use a large number of partici-
pants that guarantee sufficient power, and ensure that partic-
ipants are sufficiently engaged and motivated (Berryhill et al.,
2014). Galli et al. (2019) found that stimulating for 20
minutes or more was more effective that stimulating less
than 20 minutes, and that the type of the task used to probe
memory moderated the effectiveness of anodal tDCS in
young participants, being recall tasks more effective than
recognition tasks. The state of the stimulated brain region at
the time of tDCS application, the difficulty of the task and
the dosage of the stimulation are also known to influence the
results (Miniussi et al., 2013; Fertonani & Miniussi, 2017).

In future tDCS studies with young populations, these
variables should also be assessed, and they should include
well-reasoned hypothesis (vs. exploratory studies) in order to
establish more effective stimulation protocols in this type of
population (Galli et al., 2019). On the other hand, despite
studies regarding elderly participants are not as many as
those with young participants, it seems that tDCS effects
may be stronger for the former (Berryhill et al, 2014;
Cespén et al., 2017), and even stronger for clinical popula-

tions (Brunoni & Vanderhasselt, 2014). This is encouraging
for future studies focusing in clinical intervention.

Although the present results did not show Group effects,
a significant Delay x Group interaction on RT showed that
both groups presented a different evolution along the differ-
ent delayed recall sessions. Hence, while the experimental
group significantly decreased their RT from the third imme-
diate recall task of the second stimulation session to the 24-
hour delayed task, and kept that scores one week later; the
control group did not show significant changes in RT be-
tween the third immediate recall task and the 24-hour de-
layed recall task and, moreover, significantly increased RT
from the 24-hour delayed task to the 1-week delayed task.

However, it is necessary to point out that when compar-
ing the reaction times between groups in each delay task, the
differences did not reach significance. These tesults might
indicate a subtle effect of anodal tDCS on memory decay
due to the delay intervals, as participants who received anod-
al tDCS showed shorter RT 24 hours later, and maintained it
one week later, while those who received sham tDCS did not
show the 24-hour RT shortening and even showed a RT in-
crease one week later. This possible modulatory effect of an-
odal tDCS in memory decay along time should be replicated
in future studies.

The results evidenced significant main effects for factors
Block, Session, and Delay on the accuracy rate and on reac-
tion time, which reveals an improvement of performance in
subjects’ learning throughout the different tasks and sessions
both for the immediate and delayed recognition tasks.

Regarding the immediate recall tasks we found a signifi-
cant improvement in both accuracy rate (increase of the per-
centage of hits) and reaction time (shortening of RT) within
the tasks in each session, as well as between sessions; special-
ly from the first block of the first intervention session to the
third block of the second intervention session, in which a
ceiling effect for AR was achieved. For the delayed recall
tasks, a progressive improvement was observed until the
1-day-later tasks (RT achieved the shortest scores in the
20-minutes delayed recall task of the second intervention
session, maintaining them until the 1-day-later tasks), while
in the 1-week-later task the AR decreased and the RT in-
creased when compared to the 1-day-later task. These results
support that young subjects benefited from additional prac-
tice in the tasks, as indicated by improved performance in-
dependently of anodal or sham tDCS, and constitute a learn-
ing curve of the experimental protocol.

With regard to the possible effects of intervention on the
neuropsychological tests scores, significant differences be-
tween the pre- and post- intervention comparisons were ob-
tained within each group in working memory and processing
speed indexes, among other variables. These results can be
attributed to the use and training of these processes
throughout the study, as well as the learning of the neuro-
psychological tests, rather than a result of the administered
stimulation. Furthermore, the comparison of post-
intervention neuropsychological tests scores between groups
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did not show significant differences caused by anodal vs
sham tDCS, except for the word fluency test, in which the
control group showed better performance than the experi-
mental group. We cannot rule out the presence of outliers in
the control group that might explain this result since a non-
significant trend mirroring this result was present in the pre-
intervention scores.

In conclusion, robust intra-session and inter-session
learning effects but no anodal tDCS effect in episodic
memory performance or in pre-post neuropsychological as-
sessment tests were found in a healthy young group. How-
ever, a subtle modulatory effect of tDCS on memory decay
along delay intervals was observed, as participants who re-
ceived anodal tDCS showed shorter RT 24 hours later, and
maintained it one week later, while those who received sham
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