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A B S T R A C T   

Although the use of transcranial electrical stimulation (tES) techniques on healthy population has been linked to 
facilitating language learning, studies on their effects on foreign language learning processes are scarce and 
results remain unclear. The objective of this study was to analyze whether tES enhances foreign language 
learning processes. Sixty-four healthy native Spanish-speaking participants were randomly assigned to four 
groups (transcranial direct current, transcranial random noise, tDCS-tRNS stimulation, or sham). They completed 
two intervention sessions with a two-week gap in between. During the first session the participants received 
stimulation (1.5 mA) while learning new English words and then performed recall and recognition tasks. 
Learning was assessed at follow-up, two weeks later. No differences in learning between groups were observed in 
the first session (F(1,61)= .86; p = .36). At follow-up, significantly higher learning accuracy was observed after 
tRNS compared to sham (p = .037). These results suggest that tRNS could be helpful in improving the processes 
involved in foreign language vocabulary learning.   

1. Introduction 

Spoken language is one of the main forms of communication used by 
human beings to interact with each other. Nowadays, fluency in one or 
more foreign languages has become commonplace in many parts of the 
world, with an increasing number of people being bilingual or multi
lingual. In addition, proficiency in another language can bring many 
benefits and advantages. It helps people to overcome the language 
barrier traveling to other countries; it also provides greater opportu
nities for promotion or improvement at work [32]. Several studies have 
shown that learning other languages also has health benefits, such as 
improvement in different cognitive areas [50], or the delay of the onset 
of dementia symptoms [9]. In addition, neuroimaging studies have re
ported an increase in the volume and thickness of certain parts of the 
brain (hippocampus and cerebral cortex), as well as strengthened neural 
connections while learning a foreign language [12,51]. In contrast, there 
is also evidence that bilingualism may have some disadvantages or 
downsides. The most prominent disadvantages of being bilingual or 
multilingual are primarily that (1) it apparently delays language 
acquisition; (2) it aggravates language difficulties in children with lan
guage problems; (3) it may affect language skills such as verbal fluency, 

phonological ability, and grammar; and (4) it may decrease vocabulary 
in acquired languages [4]. It is also important to note that factors such as 
the age of acquisition of the second or third language and the frequency 
of use or exposure to these languages also influence the learning and 
maintenance of proficiency in the other languages [15]. 

Learning or improving a different language can be a challenging task. 
Thus, different tools and/or methods are continually being developed 
with the aim of facilitating or fostering the learning process [23,31,85]. 
This is the case of non-invasive transcranial electrical stimulation (tES) 
techniques. 

Transcranial electrical stimulation techniques allow neural processes 
to be modulated in a non-invasive and safe way, both in people with a 
healthy brain and in those with neurological or neuropsychiatric dis
orders [66]. There are different types of tES methods: transcranial direct 
current stimulation (tDCS), transcranial random noise stimulation 
(tRNS), and transcranial alternating current stimulation (tACS). The 
main difference between them is the way that the weak electrical current 
is delivered to the scalp [62]. tDCS modulates neuronal activity by using 
a weak direct current (usually between 1 and 2 mA) which induces 
lengthy functional after-effects in the brain [58,86]. tRNS modulates 
neural activity by applying a low-intensity current with randomized 
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current intensity and frequency, while tACS allows intrinsic cortical 
oscillations to be manipulated with externally applied electrical fre
quencies [2,62,78]. 

In recent years, several studies have investigated the effects of tES on 
language among non-clinical samples (healthy population) [44]. Many 
of them have demonstrated positive effects on the improvement of 
different language abilities [48], such as naming [25,76]; verbal fluency 
[14,13,56]; and vocabulary [29,37]. However, according to recent sci
entific literature [6], not many studies have focused on the effects of 
these techniques on foreign language learning processes. 

Specifically, tDCS has been frequently applied in different native 
language (L1) improvement studies. This can be seen in a meta-analysis 
conducted by Klaus and Schutter [44], who reviewed studies that used 
non-invasive brain stimulation techniques (transcranial magnetic stim
ulation, TMS; and tES) for improving first language production (e.g., 
picture naming, verbal fluency, semantic blocking) in healthy partici
pants. From the 45 effect sizes included in their article, more than half 
(57.77%) used tDCS, while the rest used TMS. They observed small but 
reliable overall effects of the stimulation, with the TMS studies showing 
a higher significant effect (g =.22) compared to the tDCS studies (g =.38) 
[44]. Furthermore, recent studies have also used tDCS in healthy par
ticipants for enhancing language skills. Fiori et al. [26] analyzed 
verb-learning processes applying tDCS on healthy volunteers and using 
neuroimaging simultaneously. They found behavioral improvements 
with anodal tDCS and observed a significant decrease in task-related 
activity in the left inferior frontal gyrus (IFG) and its right counterpart 
[26]. Perceval et al. [64] applied tDCS on young and older adults in a 
randomized double-blind study, in which they observed positive effects 
on verbal learning and memory after multiple stimulation sessions [64]. 
Also, Owusu and Burianová [60] applied tDCS on healthy adults to study 
new word recall improvement, and obtained significant positive effects 
compared to the sham (placebo) group [60]. As far as the authors are 
aware, few studies have used other tES techniques to foster language 
acquisition in healthy participants. For example, Pasqualotto et al. [61] 
used tRNS in frontal and temporal regions for foreign language (FL) 
vocabulary learning (specifically, in the Swahili language). They 
observed that the stimulation on the posterior parietal area had positive 
long-term effects [61]. In another study conducted by Antonenko et al. 
[3], improvements in implicit learning after applying tACS were 
observed, especially in a group of older adults. 

Certain montages tend to be repeatedly used in language studies. The 
most common ones are those that place the electrodes bilaterally, with 
the anodal current electrode being located over the left hemisphere 
frontotemporo-parietal areas (e.g., Wernickés area, Brocás area, dorso
lateral prefrontal cortex (DLPFC), etc.) [71]. The cathode electrode is 
usually placed over the brain areas of interest in the right hemisphere (e. 
g., right supraorbital area, right orbitofrontal cortex, etc.) [71]. The 
main argument for bilateral montage, according to different authors, is 
based on current knowledge about the strong association of different 
language functions (e.g., comprehension, production, verbal fluency, 
etc.) with different brain areas. Another well-founded reason for the 
high frequency of use of bilateral set-ups may be due to the data ob
tained by the commonly used measure of dichotic listening (DL), which 
allows the assessment of language lateralisation and auditory attention 
[38,5]. Several studies have found a significant association of DL with 
different language skills, such as language comprehension [5] or speech 
perception [36,80]. Among the observations of the results made in the 
DL studies, the phenomenon of the Right Ear Advantage (REA) stands 
out. The Right Ear Advantage occurs when, during the speech stimulus 
of the DL paradigm, participants tend to hit more of the stimuli pre
sented in the right ear. One of the most widespread explanations for the 
REA is that it occurs due to the specialization of language processing in 
the left hemisphere and contralateral dominance of the auditory path
ways [41,42,77]. In this regard, different tES studies that aimed to 
modify REA, found significant effects when using a bilateral set-up, but 
no effects when applying a unilateral montage [19,67]. 

Despite this, in recent years, Klaus and Schutter [43] suggested a 
completely new approach to noninvasive brain stimulation studies on 
language enhancement. They studied conventional montages (IFG, and 
posterior superior frontal gyrus, pSTG, with the reference electrode over 
the right supraorbital region), and proposed alternative electrode setups 
(IFG and pSTG with the reference electrode also on the left hemisphere), 
which could improve the focus on the brain area of interest for tDCS and 
provide more unequivocal results [43]. Different studies that have 
investigated the electric fields emitted by tDCS have observed that 
depending on where the electrode is placed (and with what intensity, it 
can affect the brain area under study to a lesser or greater extent [46, 
68]. Moreover, it seems that in the bilateral set-up, the maximum effect 
of the electric field emitted by the electrode is diffused to other areas 
[68]. Furthermore, depending on the area stimulated and the targets, a 
bilateral or unilateral montage may cause different effects [72]. How
ever, since then, few studies have used different setups in language 
studies [27] beyond the conventional bilateral setup described above. 

The main objective of this study was to investigate the effectiveness 
of different tES techniques on healthy participants for improving foreign 
vocabulary learning. Following Klaus and Schutter’s suggestion, we 
applied three different types of tES (tDCS, tRNS and a combination of 
tDCS and tRNS) using a unilateral electrode montage over the left 
hemisphere (IFG and superior temporal gyrus, STG; area of stimulation 
influence over Wernicke’s region) while participants were learning new 
foreign language vocabulary. This took place both during and immedi
ately after the stimulation in a single session. Additionally, a two-week 
follow-up was conducted to assess the long-term effects of a single 
stimulation session on learning. We included a control-placebo group 
(sham condition). 

Based on previous studies using tES to enhance language learning 
[61,73], we expected to find that tES would improve foreign vocabulary 
learning when compared to sham stimulation. Additionally, we ex
pected that active tES stimulation would lead better performance than 
sham at the follow-up assessment. It was also our expectation that years 
of education could influence their overall performance when receiving 
tES, since different studies [16,30,8,10] have pointed out the influence 
of educational level on cognitive function (e.g., working memory). 

2. Materials and methods 

2.1. Participants 

Sixty-four volunteers (49 females and 15 males, mean age 28.50 ±
10.76) participated in the study. The participants were divided into four 
groups, with 16 participants per group. All of them were adults and 
native Spanish speakers (L1) from the Basque Country, Spain. None of 
them reported any psychiatric or neurological disorders and they were 
right-handed according to the Edinburgh Handedness Inventory (tDCS 
group: 12.25 ± 2.60; tRNS group: 16.00 ± 9.28; tDCS-tRNS group: 
14.00 ± 7.44; sham group: 13.56 ± 3.16) [59]. The majority of the 
participants were university students (42.2%were undergraduates or 
had completed a university degree; 23.4% were postgraduate students 
or had completed a postgraduate degree), of whom 9.4% had completed 
their PhD or were doctoral students, and 25.1% had completed a Cer
tificate of Higher Education. Out of the total number of participants, 
89.1% had Basque (the co-official language in the Basque Country) as 
their second language (L2), with a mean age of 1.98 (SD =.68) years of 
acquisition and different levels of proficiency (low, medium or high) 
compared to L1. All participants confirmed that they had been exposed 
to the English language at school at 7 years of age. They all had either 
normal or corrected-to-normal vision. 

Exclusion criteria included: (1) suffering from frequent or severe 
headaches or migraines; (2) a history of brain surgery; (3) being preg
nant; (4) a history of neurological disorder or injury (brain stroke, severe 
brain injury, epilepsy or convulsive seizures), and (5) having a metal 
brain implant. 
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The study was approved by the Ethics Committee of the University of 
Deusto (Ref: ETK-40/18–19) and was conducted in accordance with the 
ethical principles for medical research involving human subjects of the 
Declaration of Helsinki [87]. Participants did not receive any monetary 
compensation for taking part in the study. 

2.2. Stimulus selection 

2.2.1. Vocabulary 
We selected 110 words, fifty-five in Spanish and their equivalent in 

English. The words were retrieved from the study by Moreno-Martinez 
and Montoro (2012). In their article, they proposed an ecological 
alternative to Snodgrass & Vanderwart [74], and provided 360 words 
with their corresponding color images for experimental and clinical use. 
They analyzed seven relevant psycholinguistic variables for each word 
(age of acquisition, familiarity, manipulability, name agreement, typi
cality, visual complexity and lexical frequency). The words used in the 
present study belonged to 17 different semantic categories (see Supple
mentary material, Table S1), and were selected according to frequency 
of use by native Spanish speakers: high frequency (common use, 
considered easy), medium frequency (considered moderately difficult), 
and low frequency (considered difficult) [57]. Therefore, from the 
fifty-five words of the paradigm, three had high frequency (5.45%), 
twenty-nine had medium frequency (52.72%), and twenty-three could 
be classified as having low frequency (41.81%). Fifty-five other words 
were added for the recognition part of the paradigm. These words were 
selected randomly from other nonstandardized sources. 

2.2.2. Object pictures 
Fifty-five pictures were selected from the 360 images in the article by 

Moreno-Martinez and Montoro (2012), which were paired with the 
previously chosen vocabulary. They were all high-quality color images 
ad (size: 615 ×458 pixels). 

2.3. Experimental learning paradigm 

The stimuli were presented using the SuperLab software (4.5 
version), which also recorded participants responses. The learning 
paradigm used was based on the learning paradigm created and applied 
by Meinzer et al. (2014). This paradigm was divided into three parts: (1) 
learning phase, (2) recall phase and (3) recognition phase. During the 
learning or acquisition phase, words and images were presented 
simultaneously, first in Spanish (picture + Spanish word) for four sec
onds and then the same word and image in English (picture + English 
word) for another four seconds. In addition, when the English word 
appeared, the participant heard a recording of the word’s correct pro
nunciation and were asked to repeat it. For each word (first shown in 
Spanish and then in English), two questions were employed to assess the 
participant’s level of knowledge about the selected terms in English 
(Spanish word (4 s) → questions (4 s) → English word translation (4 s) +
sound of the word). The questions were: “Do you know the English word? 
Y/N”; “Do you remember the English word? Y/N” (written originally in 
Spanish). The participants were instructed to answer honestly whether 
they knew that particular word in English (i.e., whether it was within the 
vocabulary previously learned in English), and if so, whether they could 
say it out loud, or on the contrary, despite knowing it, could not say it to 
the evaluator at that very moment (tip-of-the-tongue phenomenon, 
TOT) [1]. In the recall phase, the pictures were presented on their own, 
with a blank space below where the participant had to write the words 
learned in the previous phase correctly in English. The participant had 
ten seconds to type each word. Grammatically correct words were 
considered correct, regardless of whether they were written in upper or 
lower case. Finally, in the third phase, the pictures appeared with two 
words in English simultaneously, and participants had to choose the 
correct one by clicking the left or right mouse button. They had five 
seconds to choose the correct answer. All the responses were randomised 

each time a participant carried out the task. An example of each phase of 
the paradigm is shown in Fig. 1. 

2.4. Measures 

2.4.1. Adverse effects questionnaire 
At the end of the first evaluation, participants completed a ques

tionnaire to assess any perceived side effects, which consisted of 12 
items (including headache, sore throat, scalp pain, skin tingling, skin 
itching, skin burning sensation, redness of the skin, numbness, dizziness, 
concentration problems, mood change and phosphenes). 

2.4.2. The Edinburgh Handedness Inventory 
Handedness was evaluated by the Edinburgh Handedness Inventory 

[59]. Participants were asked to indicate their preference of hand use for 
10 everyday activities. Scores ranged from 100 (perfectly right-handed) 
to − 100 (perfectly left-handed). 

2.5. Electrical stimulation protocol 

Stimulation was administered using a light battery-driven current 
stimulator device (Neuroelectrics Inc., Barcelona) attached to the back 
of a neoprene cap. The electrical current was delivered for 20 min, with 
additional 30 s ramp-up and ramp-down phases. In the sham condition, 
current was applied using a 30 s ramp-up followed 20 min after by a 30 s 
ramp-down of activity. Electrode impedance was assessed before and 
during the stimulation application to ensure that it was under 10 kΩ. 
Electrodes were placed following the International 10–20 System [81]. 
The stimulated electric field for each electrode placement can be seen in  
Fig. 2. 

2.5.1. Transcranial direct current stimulation (tDCS) 
In the tDCS stimulation group, the anode was placed over the IFG 

region (equivalent to FC5 in the International Electrode Placement 
System 10/20) and the cathode was placed over the STG region (P5 
according to the EEG 10/20). The participants received 1.5 mA via two 
saline-soaked (5 ml approximately per sponge), 8 cm2 circular sponges. 

2.5.2. Transcranial random noise stimulation (tRNS) 
In the tRNS group the electrodes were placed over the same areas (P5 

and FC5), with 1.5 mA current (100–500 Hz). It was applied via two 
saline-soaked (5 ml approximately per sponge), 8 cm2 circular sponges. 

2.5.3. Combined tDCS-tRNS stimulation 
In this type of stimulation 1 mA tDCS with 0.5 mA of tRNS (high- 

frequency: 100–500 Hz) was applied simultaneously and stimulation 
setup was the same as in the other sessions. 

2.5.4. Sham/placebo condition 
Despite not receiving real stimulation, as the study design was 

double blind, the same electrode placement was used as in the other 
groups, with circular saline-soaked sponges. Therefore, the current was 
applied using a 30-s ramp-up at the beginning, and 20 min later a 30-s 
ramp-down of activity. 

2.6. Procedure 

The study had a randomized, sham-controlled, parallel group, 
double-blind design. The volunteers were randomly allocated to the 
different condition groups (either tDCS, tRNS, tDCS/tRNS or sham) 
using Research Randomizer online software [82]. 

All participants were tested individually in two different sessions. In 
the single-session (first session), subjects had to complete the three 
phases of the experimental vocabulary-learning paradigm. They were 
seated in front of a tablet screen in a quiet room, and they received either 
active or sham stimulation during the learning phase for 20 min, to 
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Fig. 1. An example of each phase of the foreign vocabulary-learning paradigm. Note: The participants completed the three phases in the first session; but the last two 
phases (recall and recognition) were implemented two weeks later, with no stimulation. 

Fig. 2. Electrode placement for stimulation (tDCS, tRNS, combined tDCS-tRNS stimulation). Note: Electrode montage influence map provided by the Stim Weaver 
software (Neuroelectrics Inc., Barcelona) based on a realistic head model [55]. A.: tDCS; B.: tRNS; C.: combined tDCS-tRNS. 
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maximize stimulation effects [73]. The stimulation cap was then 
removed, and they performed the recall and recognition phases without 
receiving any stimulation (offline). 

In the second session, about two weeks later (14.67 ± 1.61 days, 
range 9 [min 11, max 19 days]), the participants performed the recall 
and recognition tasks of the vocabulary-learning paradigm, without 
stimulation. Two of the 64 participants were not able to attend the 
follow-up assessment because they contracted the COVID-19 virus. 
Therefore, 64 participants were assessed in a single stimulation session, 
but only 62 were present at the follow-up session. Thus, in the second 
session the groups remained with the same sample (N = 16), with the 
exception of the tRNS group, which was left with a sample of 14 par
ticipants. Fig. 3. 

3. Statistical analysis 

The statistical analyses were carried out using SPSS version 27 for 
Windows (IBM [18]). The normality of the data was assessed using the 
Kolmogorov-Smirnov test. Descriptive analyses were performed to show 
the baseline characteristics of the participants in more detail. Analysis of 
variance (ANOVA) and chi-squared tests (χ2) were also used to analyze 
between-group differences by age, years of education, handedness, 
number of sleep hours, and stimulants consumed (e.g., coffee, tea, en
ergy drinks, etc.). 

Analyses of covariance (ANCOVA) were performed, with the single- 
session (offline outcome) stimulation scores for recall, and follow-up 
session scores as dependent variables (for offline and follow-up stimu
lation effects comparison, recall phase scores were used), and the 
baseline English language knowledge scores as a covariate (baseline 
knowledge of the English vocabulary). 

Finally, moderation analyses were conducted using PROCESS macro 
(V4.0) for SPSS [33], in order to test whether years of education could 
influence the relationship between the effects of stimulation and 
learning performance. The significance level was set at 0.05. The Bon
ferroni method was used for correction of multiple comparisons. 

Partial eta-squared (ηp
2) was used to measure effect size in ANCOVA. 

For the intervals of interpretation of ηp
2, 0.01 was considered a small 

effect size, 0.06 was considered a medium effect size, and 0.14 was 
considered a large effect size [17]. 

4. Results 

4.1. Sociodemographic characteristics of the groups 

Baseline variables of the groups are shown in Table 1. No significant 
differences were found among the groups in terms of age, sex, years of 
education, and handedness (Edinburgh Handedness Inventory). Before 
the assessment, participants were also asked whether they had slept 
fewer or more hours than usual, or whether they had drunk fewer or 
more stimulant beverages than usual. No statistically significant differ
ences were found between groups in the consumption of stimulant 

drinks (e.g., tea, coffee, energy drinks) or number of sleep hours before 
the evaluation. 

4.2. Overall effects of tES on foreign vocabulary learning 

All the results obtained by the participants are displayed in Table 2. 
In the offline session, there were no statistically significant differences in 
learning between the experimental conditions (F(3, 59) = 1.33; p = .27; 
ηp

2 = .06). 
In the follow-up session, two weeks later, there were significant 

differences between the four groups (F(3, 57) = 3.10; p = .034; ηp
2 = .14). 

Post hoc analyses indicated that after two weeks, the tRNS group 
remembered more words (M= 18.59, SE= 1.74) compared to the sham 
group (M = 11.68; SE = 1.67). However, no statistically significant 
differences were found between tDCS or tDCS/tRNS and sham. 

4.3. Effects of other variables on learning performance 

We analyzed whether years of education could influence the lan
guage learning performance of the participants performing moderator 
analyses. 

There was no statistically significant moderation of the years of ed
ucation variable that could explain the relationship between condition 
received and language learning achievement (β = − .47 [− 2.31 to 1.36], 
SE=.92, t = − .52, p = .60). 

4.4. Adverse effects 

Participants did not report any serious discomfort or unusual sen
sations in their scalp. None of the volunteers reported experiencing se
vere or significant adverse effects. Likewise, no statistically significant 
differences were observed between the groups in terms of adverse effects 
(see Table 3). In general, participants reported not being able to 
distinguish whether they had received active or sham stimulation. 

5. Discussion 

This study aimed to compare and test the effect that different tES 
techniques have on improving foreign vocabulary learning in healthy 
adults. The overall results showed benefits of tES in learning two weeks 
later, notably enhancing the recall of the new foreign words learned by 
the participants who had received tRNS. No immediate differences were 
observed in the learning performance of the participants immediately 
after the stimulation (first experimental session). Finally, there was no 
evidence that years of education moderated the effects of stimulation on 
learning performance. Overall, these results suggest possible long-term 
benefits of tES (in particular, tRNS) on the processes involved in 
foreign language learning by healthy individuals. 

Despite finding positive effects of the stimulation two weeks later, no 
significant differences were observed between the active and sham 
stimulation groups in the first experimental session. The results reported 

Fig. 3. Procedure.  
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in this study contrast with results obtained by other similar studies that 
applied a tDCS bilateral setup, with the anode over Wernicke’s area and 
the cathodal electrode over the contralateral supraorbital region or right 
frontopolar cortex, for 20 or 24 min with an intensity of 1 mA or 1.5 mA 
[28,26,29,60]. They employed nonword learning tasks [28,29,60], and 

verbs in a foreign language [26]. Another study obtained the same im
mediate positive results in a single session by applying bilateral tACS 
(6 Hz) on the same brain areas mentioned above, with an intensity of 
1 mA [3]. Nevertheless, while scientific evidence was found of the im
mediate beneficial effects of stimulation (especially tDCS) [28,26,29,3, 
60,73], other similar studies can also be found that observed no bene
ficial effects of stimulation in a single experimental session [21,27,61, 
63,84,83], and therefore, were in line with this study’s results. These 
studies applied a bilateral montage with anodal tDCS over the left 
hemisphere, specifically over Broca’s [21] or Wernicke’s area [27,63] 
for 20 min with an intensity of 1 mA [21,63], or 2 mA [27]. They used 
artificial grammar [21], foreign vocabulary [61,63] and nonword 
learning tasks [27]. 

The variability of the results among the different studies may be due 
to several factors. This issue has been studied by several authors who 
reported the lack of standardized stimulation protocols (e.g. online vs. 
offline stimulation, electrode placement, current intensity, etc.) [22,54], 
small study samples commonly used [53,54], different experiment 
conditions or sample characteristics (e.g., healthy participants) [35,34], 
among others. In our case, this lack of "immediate" improvement of tES 
in learning new FL words may be due to the characteristics either of the 
experiment itself, or to the participant variables (e.g., level of fatigue, 
ability to concentrate, time of evaluation, ability to learn, different 
levels of proficiency in L2 and L3, etc.). Regarding the protocol char
acteristics, a major influencing factor could be the electrode setup 
employed in the study. Our results are based on a unihemispheric setup, 
specifically on the proposal previously made by Klaus and Schutter [43]. 
As it is a less common setup used for language learning studies, com
parison of its effects could be complicated, since the most widespread 
and frequently used is the bilateral setup applied with tDCS. Likewise, 

Table 1 
Baseline demographic characteristics of participants according to the assigned group condition.   

tDCS group 
(n = 16) 

tRNS group 
(n = 16) 

tDCS-tRNS group 
(n = 16) 

Sham group 
(n = 16)    

M (SD) M (SD) M (SD) M (SD) Statistic p 

Age 28.00(10.11) 32.25(13.54) 25.68 (7.31) 28.06 (11.12) F= 1.03 .38 
Years of education 15.81(3.06) 17.06 (3.02) 16.25 (2.64) 16.62 (1.96) F= .62 .60 
Sex: n (%)     X2 =.96 .81 
Female 12 (75) 13 (81.25) 11 (68.75) 13 (81.25)   
Male 4 (25) 3 (18.75) 5 (31.25) 3 (18.75)   
Edinburgh Handedness 12.25(2.60) 16.00(9.28) 14.00(7.44) 13.56(3.16) F= .97 .41 
Number of slept hours 6.77(1.18) 6.95(0.68) 7.34(1.18) 6.96(1.26) F= 1.07 .37 
Number of stimulants 0.81 (1.16) 0.96(1.19) 0.69(0.87) 0.81(0.98) F= .20 .90 

Note. SD = Standard Deviation. 

Table 2 
Differences in the number of correct English words (marginal means) remembered and learned by the participants in the single-session (offline outcome) and at follow- 
up (two weeks later). And results of pairwise comparisons of all the groups on the follow-up.   

tDCS tRNS tRNS-tDCS Sham ANCOVA  

M SE M SE M SE M SE df F p η p2 Comparison group Post hocp-value 

Single session 18.66 1.87 19.44 1.87 15.06 1.86 15.69 1.89 3 1.33 .27 .06 Placebo tDCS .28               
tRNS .20               
tDCS & tRNS .83              

tDCS tRNS .75               
tDCS & tRNS .14              

tRNS tDCS & tRNS .95 
Follow-up 16.70 1.67 18.59 1.74 13.95 1.73 11.74 1.70 3 3.09 .034 * .14 Placebo tDCS .23               

tRNS .037 *               
tDCS & tRNS 1.00              

tDCS tRNS 1.00               
tDCS & tRNS 1.00              

tRNS tDCS & tRNS .39 

Note: M= Mean; SE = Standard Error; tDCS = transcranial direct current stimulation; tRNS= transcranial random noise stimulation; tRNS-tDCS= Combined tDCS-tRNS 
stimulation; Sham=placebo condition; ANCOVA= Analyses of covariance, M = mean; SE = Standard Error; df = degrees of freedom;* p < 0.05, LL = lower limit; 
UL= upper limit. 

Table 3 
Side effects experienced and reported by participants from active and sham 
stimulation groups.  

Adverse effects tDCS 
N (%) 

tRNS 
N (%) 

tDCS-tRNS 
stimulation 
N (%) 

Placebo 
N (%) 

X2 p 

Headache 2 
(12.50) 

4 (25) 2 (12.50) 1 (6.25) 2.37 .50 

Throat sore 0 (0) 0 (0) 1 (6.25) 0 (0) 3.05 .40 
Scalp pain 0 (0) 2 

(12.50) 
0 (0) 0 (0) 6.19 .10 

Skin tingling 5 
(31.25) 

8 (50) 4 (25) 5 
(31.25) 

7.76 .61 

Skin itching 6 
(37.50) 

8 (50) 3 (18.75) 4 (25) 5.39 .36 

Skin burning 
sensation 

1 
(6.25) 

2 
(12.50) 

0 (0) 1 (6.25) 3.95 .68 

Redness of the 
skin 

0 (0) 1 
(6.25) 

0 (0) 0 (0) 3.05 .40 

Numbness 1 
(6.25) 

2 
(12.50) 

0 (0) 2 
(12.50) 

5.54 .43 

Concentration 
problems 

1 
(6.25) 

2 
(12.50) 

3 (18.75) 2 
(12.50) 

2.69 .67 

Mood change 0 (0) 1 
(6.25) 

0 (0) 1 (6.25) 2.02 .58 

Phosphenes 0 (0) 1 
(6.25) 

0 (0) 1 (6.25) 2.02 .58  

Y. Balboa-Bandeira et al.                                                                                                                                                                                                                     



Behavioural Brain Research 438 (2023) 114165

7

previous authors have indicated the influence of a wide range of other 
factors on the results of stimulation, from the recruitment process to the 
biological characteristics of the participants [79]. These factors may also 
have affected the results obtained in the present study. 

Regarding the sample, it should be highlighted that participants 
came from a multilingual environment. In the Basque Country there are 
two official languages (Basque and Spanish), and people are taught a 
third language from childhood (from the age of seven, basic English is 
taught at schools). In addition, from the age of 12, some high schools 
offer students the option of learning a fourth language, usually French or 
German. Therefore, the participants were familiar with language 
learning, despite having different levels of proficiency in L2 and L3 
(unbalanced bilinguals), which can either favor or interfere with the 
immediate benefits of stimulation when it comes to improving foreign 
language learning [39,45,49,65,7,88]. In addition, the target population 
is a healthy sample. This may cause the immediate beneficial effects of a 
single stimulation session to be less noticeable as they might be in 
clinical samples, specifically those in which the baseline for certain 
cognitive abilities is usually lower than the average baseline (ceiling 
effect) [34]. 

To meet one of the further aims of the present study, a follow-up 
assessment was carried out two weeks later. It was observed that the 
participants who had previously received stimulation performed 
significantly better compared to the sham stimulation group. Specif
ically, it was found that only those individuals who received tRNS ob
tained significantly better results than the other participants. All 
participants remembered fewer words, but those who received tDCS, 
tRNS or tDCS/tRNS, especially tRNS, were able to retain more foreign 
words in the long term. These results are consistent with the observa
tions made by previous studies. For example, in a study conducted by 
Pasqualotto and colleagues (2015), they applied bilateral high- 
frequency (100–500 Hz) tRNS in healthy adults (monolingual, with no 
previous exposure to the target language) over the DLPFC and posterior 
parietal cortex (separately) for 20 min with the aim of investigating its 
effects on foreign vocabulary learning (English-Swahili). They found no 
differences between groups in overall learning; however, one week later, 
at follow-up; they observed improvement in those who had received 
stimulation, which highlighted the role of the DLPFC in language 
learning processes [61]. Also, in a recently published study in which 
they applied bilateral tDCS for 20 min with an intensity of 1–1.5 mA 
over the DLPFC in healthy adults for foreign language learning while 
using mental imagery [11], the beneficial effects of stimulation were 
observed after one week, at the follow-up assessment. Therefore, their 
findings also suggest a long-term effect of anodal tDCS stimulation over 
the DLPFC (F3 according to the international 10–20 system). 

The long-term effects observed as a result of a single stimulation 
session may be due to several reasons. One of them may be associated 
with the mechanism of how tRNS works on neuronal activity [20,2,78]. 
Although the function of tRNS is not entirely clear, evidence from 
several studies has suggested that the tRNS mechanism seems to have 
more gradual beneficial effects over time, which are not observed 
immediately (as is more often the case with tDCS), but in the long term 
[20,69,75]. It may also be due to the effect of tES on the consolidation 
processes of new information. Stimulation could facilitate the consoli
dation of new information over time or ease neuronal reactivation 
during sleep [11,61,62,70,75]. Another possibility may be the applied 
foreign vocabulary-learning task in this study. As in other similar 
studies, the paradigm employed is based on learning by association (in 
this case, word-picture association), a widely used and effective lan
guage learning technique [52]. According to scientific literature, the 
combination of an appropriate training task and an adequate stimulation 
protocol may be key to enhancing the target cognitive ability [75]. 

Finally, in this study investigated whether years of education could 
influence the effects of stimulation and task performance, as it is 
considered a relevant variable in learning processes [24,40,47]. How
ever, it was not found to influence the learning performance of the 

participants. These results are not consistent with previous similar 
studies. Berryhill & Jones [8] conducted a study in which tDCS was 
applied on the prefrontal cortex of a sample of healthy older adults to 
improve working memory; they observed that the stimulation benefits 
were greater in those older adults with higher levels of education. 
However, the characteristics of the sample could be one of the main 
reasons why years of education did not seem to have had an effect on the 
results in our study. The participants were mostly young adults with 
high education levels, resulting in a very homogeneous sample con
cerning educational level. This could potentially limit the influence of 
the variable reported by other studies. 

5.1. Limitations and future directions 

There are a number of limitations in this study that need to be 
considered when interpreting the results obtained. Firstly, despite hav
ing used a similar sample size to other related studies, we believe that it 
would have been preferable to increase the number of participants per 
group due to the number of comparison groups. Secondly, the compar
ison design in the present study was between subjects. Although this is 
an appropriate design for the investigation of the hypotheses proposed 
here, within-subjects analyses should also be carried out in future 
similar studies in order to obtain more information on the effect of tES. 
Thirdly, due to time constraints, it was not possible to carry out an 
extensive assessment of the basic foreign language level of each partic
ipant or evaluate their learning styles. It is true that the paradigm itself 
incorporates a brief foreign language vocabulary assessment of each 
participant’s baseline level. However, it would have been interesting to 
obtain more detailed information and thus analyze whether the effects 
of the stimulation might have been more noticeable depending on lan
guage proficiency (e.g., the lower the proficiency level in L3, the greater 
the sensitivity of the individual to the effects of tES). Therefore, we 
propose that future studies should make an additional extended 
assessment of the baseline level of the foreign language of each partic
ipant. Such data could provide additional details or possible explana
tions for the results obtained in this study, in addition to the extent of the 
enhancing effects of tES. 

6. Conclusions 

In summary, the study described here has contributed some new, 
relevant data to the existing evidence on the beneficial effects of tES on 
foreign language learning processes. It suggests that noninvasive brain 
stimulation could be a useful tool to enhance the healthy brain and learn 
more about it. It is also an accessible instrument that can be easily 
applied to scenarios other than research. However, the scarcity of 
studies on the subject and the heterogeneity of stimulation protocols 
indicates that there is still a long way to go until robust scientific evi
dence on this particular topic can be provided. This study has shown that 
tRNS can reinforce foreign language learning in the long term, fostering 
the recall of new words previously learned with the help of stimulation. 
Furthermore, this study reinforces the idea that it would be interesting 
to encourage the use of other types of tES and other types of setups, in 
addition to tDCS and bilateral electrode placement. However, we are 
aware that numerous issues (e.g., methodology, stimulation protocols, 
etc.) need to be addressed before normalizing the use of such tools in 
other contexts outside the research setting, such as academic contexts. 
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