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® These findings add new information on tDCS spatial and temporal dynamics.
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Transcranial direct current stimulation (tDCS) has proved to be valuable in improving many language
processes. However, its influence on verbal fluency still needs to be fully proved. In the present study,
we explored the effects of different electrode montages on a semantic fluency task, aimed at compar-
ing their effectiveness in affecting language production. Ninety healthy, right-handed volunteers were
randomly assigned to receive one of the following stimulation protocols: (1) anode over the left frontal
cortex/cathode over the right supraorbital (rSO) area, (2) anode over the left fronto-temporal (IFT) cor-

g{;vords; tex/cathode over the rSO area, (3) anode over the IFT cortex/cathode over the right FT cortex, (4) anode
Language over the IFT cortex/big-size cathode over the rSO area, (5) sham. In the active stimulation conditions,

2mA current was delivered for 20 min. Participants performed the semantic fluency task before the
stimulation, immediately after it, and 15 min after the first post-stimulation task. Although none of the
different protocols improved language production immediately after the stimulation, anodal stimulation
over the left frontal cortex (standard-size cathode over the rSO area) improved fluency at the second
post-stimulation task. This proved that small differences in either active electrode positioning, or ref-
erence positioning/size can impact tDCS behavioral effects also in the cognitive domain. These findings,
which can be sometimes missed when tested immediately after the stimulation only, add new informa-
tion on tDCS spatial and temporal features, thus providing new indications to increase the effectiveness
of stimulation protocols.
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widely investigated (e.g., picture naming), other tasks, like verbal
production driven by phonemic or semantic cues, have received

1. Introduction

Transcranial direct current stimulation (tDCS) has been shown
to facilitate linguistic processing in a growing number of stud-
ies on both healthy individuals and patients with some kind of
language deficit [8,21]. However, whereas some tasks have been
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little attention, despite their relevance for both basic and clinical
research. In this regard, the few studies addressing tDCS effects
on either phonemic or semantic fluency (typically assessed by
requiring to produce exemplars beginning with a given letter or
belonging to a given semantic category, respectively) showed par-
tially incongruent results. Specifically, a significant increase of
healthy individuals’ phonemic fluency was first reported by lyer
et al. [13]. This effect resulted from 20 min of 2 mA anodic stim-
ulation over the left prefrontal cortex (in correspondence of F3
electrode of 10-20 International EEG System), with cathode over
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the contralateral supraorbital area. Remarkably, neither a stimu-
lation of 1 mA with the same electrode set-up, nor the reverse
electrode positioning, with a stimulation of 2mA, was found to
facilitate phonemic fluency. A subsequent study [12] tested the
effects of an identical tDCS protocol (except for a stimulation
duration of 40 min) on a sample of patients with fronto-temporal
dementia and reported no phonemic fluency improvement imme-
diately after the stimulation. More recently, Cattaneo et al. [5]
investigated the effects of tDCS on both phonemic and semantic
fluency. They used the same duration and intensity parameters
used by lyer et al. [13], but moved the active electrode from pre-
frontal to frontal cortex (i.e., intersection between T3-Fz and F7-Cz,
which the authors identified with the inferior frontal gyrus, IFG).
Using this protocol, they found an improvement of both seman-
tic and phonemic fluency when anode was over the left cortex,
but not when it was over the right cortex (control condition). In a
subsequent study, Vannorsdal et al. [31] found no improvement of
phonemic fluency and only a marginally significant improvement
of semantic fluency following anodal stimulation of left dorsolat-
eral prefrontal cortex (active electrode in F3). As this last study
differed in many tDCS parameters with respect to those illustrated
above (i.e., 30 min of stimulation, 1 mA of current intensity, refer-
ence electrode in Cz), incongruent findings may depend just from
one or more of these parameters. Finally, two other studies tested
tDCS effects on verbal fluency using functional magnetic resonance
imaging (fMRI) to explore the neural underpinning of stimulation
[19,26].Indetail, Pereiraetal.[26] found an improvement of phone-
mic, but not semantic, fluency, in patients with Parkinson’s disease,
after 20 min of 2 mA anodic stimulation in F3. Instead, Meinzer et al.
[19] found an improvement of semantic fluency (phonemic fluency
was not assessed) in healthy volunteers, during 1 mA anodic stimu-
lation of a part of frontal cortex approximately corresponding to the
crossing point between T3-F3 and F7-C3, which also these authors
identified with the IFG.

In light of the reviewed results, it is clear that findings in lit-
erature are somewhat inconsistent, and the possibility that tDCS
can improve verbal fluency is still not fully proved. Nonetheless,
in those cases in which stimulation successfully enhanced fluency,
improvements have been found with anodal stimulation over the
left pre-frontal [13,26], or inferior frontal [5,19] areas, whereas
other relevant stimulation control-conditions (i.e. left pre-frontal
cathodal [13], right inferior frontal anodal [5], left temporo-parietal
anodal [26] stimulations) appeared to produce no effects. More
specifically, pre-frontal stimulations seem to improve (although
not in all cases) phonological fluency [13,26], but not semantic flu-
ency[26,31], whereas inferior frontal stimulations seem to improve
both kinds of fluency [5,19]. In this regard, however, it has to
be mentioned that the only two studies [5,19] reporting positive
tDCS effects on fluency, by stimulating what they both identi-
fied with the IFG, placed the active electrode sponges in largely
overlapping, though not perfectly equivalent, areas (the area stim-
ulated by Meinzer et al. [19], being slightly shifted down with
respect to that stimulated by Cattaneo et al. [5], included also
a little portion of temporal lobe). Such little differences in elec-
trode positioning could be relevant especially for semantic fluency,
given that neuropsychological and neuroimaging evidence attested
an involvement of left frontal cortex in both fluency tasks, but a
stronger involvement of left temporal cortex in semantic than in
phonemic fluency [1,9]. Hence, specifically for semantic fluency,
a stimulation involving both frontal and temporal areas [19] could
be, in principle, more effective than a stimulation involving only the
frontal areas [5] (starting from the hypothesis that the activation
of a greater portion of a neural network subserving a given process
could facilitate that process more than the activation of a smaller
portion of the same network). In this regard, a direct compari-
son (i.e., within the same study) between the effects of these two

montages on semantic fluency is still missing. Further, the quali-
tative comparison between the available data [5,19] is limited by
the fact that Meinzer at al. [19] considerably modified the struc-
ture of their semantic fluency task due to the requirements of
fMRI research protocols. Therefore, we addressed this issue in the
present study, which directly compared the use of two slightly dif-
ferent stimulation placements in correspondence of the left IFG
[5,19], aimed at testing whether they can modulate semantic flu-
ency to a different extent. The outcomes could potentially enrich
the knowledge on both neural networks involved in standard
semantic fluency tasks, and the spatial resolution feature of tDCS.
Remarkably, this kind of methodological investigations are still
needed, because, at least in the cognitive domain, the behavioral
effects of little variations in electrode positioning have not yet been
fully investigated for the more standard tDCS protocols (i.e., those
using 16-35cm? electrodes). Therefore, we cannot rule out that
such small differences play a relevant role in determining varia-
tions of results across different studies. As regards our fluency task,
on the basis of the above described tDCS studies [5,19] we expected
a facilitation of production for both stimulation sites; however,
based on neuropsychological and neuroimaging evidence [1,9] the
montage in which the active electrode covered also a little portion
of temporal cortex [19] (hereafter referred as “fronto-temporal”)
should induce a bigger facilitation compared with that covering
only the frontal cortex [5] (hereafter referred as “frontal”). Starting
from this hypothesis we compared the fronto-temporal montage to
other two montages, each differing in only one feature. Specifically
these differences were related to the reference electrode, whose
position and size can affect the current path through the brain from
the active electrode [3].

We compared the fronto-temporal montage, with a less used
montage (hereafter referred as “bilateral”), only different in the
position of the reference electrode: whereas in the former the
reference electrode was placed over the supraorbital region con-
tralateral to the active electrode, in the latter the reference was
placed over the homologue contralateral area (i.e., the right fronto-
temporal cortex). Bilateral (or bi-hemispheric) stimulations of
homologue areas simultaneously modulate such areas in oppo-
site directions (i.e., enhancing excitability under the anode and, at
the same time, diminishing excitability under the cathode), and
therefore could potentially be used to improve tDCS efficacy [23].
Further, since bilateral montages enhance hemispheric lateraliza-
tion (i.e., by greatly facilitating the anodally stimulated hemisphere,
at the expense of the other), they can be particularly useful to
assess the specific contribution of each hemisphere to the processes
under investigation. Recent data showed the selective influence
of bilateral modulation not only in motor [32], but also in var-
ious cognitive [16,25,27] and linguistic [28,30,33] domains. As
regard the last research field, although most linguistic processes
are highly left-lateralized, we cannot ignore the right hemisphere
involvement in lexical and semantic processing [4,14,17]. However,
the relevance of the right hemisphere contribution to these pro-
cesses has not been fully clarified yet. In this view, we tested the
effects of the bilateral montage to determine whether increasing
cortical excitability in the left hemisphere, while simultaneously
decreasing excitability in the right hemisphere, could improve
semantic fluency.

Furthermore, we also tested a montage identical to the fronto-
temporal one, except for having a big-size cathode. Given that an
increase of electrode size reduces its efficacy (via a reduction of its
current density), using a big-size electrode as reference can help
to increase the focality of stimulation, by minimizing unwanted
effects of reference on the underlying cortex (for this reason we
called this montage as “unilateral”). This has been shown in the
motor domain [22], where increasing the size of the reference
electrode threefold in relation to the active electrode made its
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Table 1

Absolute values of performance in the fluency and simple reaction time tasks as a function of stimulation condition and session.

Stimulation condition Sample features Fluency task

SRT task

Gender Age (yrs) Pre-stim (word

Post-stim 1

Post-stim 2 Pre-stim (RT) Post-stim 1 (RT)

numb.) (word numb.) (word numb.)

Frontal 11f,7m 20.83 + 1.40 21.28 + 1.44 24.61 + 1.48 290.73 + 6.64 290.78 + 8.02
23.2+0.2

Fronto-temporal 11f,7m 2553 + 144 2524 + 148 2512 £ 1.52 296.50 + 6.56 278.82 +4.27
20.7+£0.5

Bilateral 11f,7m 23.72 + 1.40 24.94 + 1.44 24.44 + 1.48 290.73 + 6.63 277.60 + 6.15
21.7+0.6

Unilateral 11f,7m 21.17 +£ 1.40 21.06 + 1.44 2244 + 148 283.25 + 4.79 283.58 + 5.86
21.4+05

Sham 11f,7m 22.78 + 1.40 22.67 + 1.44 2217 + 1.48 286.48 + 8.81 268.25 + 3.68
21.0+£05

Notes: SRT: simple reaction time; yrs: years; RT: reaction times; f: females; m: males; values represent mean = SE of the variables indicated in brackets in the second table

row.

stimulation functionally inefficient without compromising the
effects under the active electrode. Among the reported tDCS studies
onverbal fluency, only one used a big-size cathode as reference [19],
but the effects of this montage were not directly compared with
those achievable with an identical montage except for a standard-
size reference electrode. We investigated this issue in the present
study, in which we hypothesized that reference electrode size could
be relevant in affecting neuro-modulation under the active elec-
trode, and therefore we expected different behavioral effects for
the two montages differing in this feature only.

Finally, a further strength of the present study was the admin-
istration of the fluency task not only immediately after the
stimulation, but also after a short interval from the stimulation end
(~18 min, that is 15 min after the first assessment). Follow-up tests
are quite common in the clinical domain to evaluate potential long-
term effects of repeated sessions of stimulation. However, very few
studies on healthy individuals have planned a re-administration of
the same tasks following the first one. A recent review on tDCS
application in the linguistic domain [21] confirmed that only two
out of ten studies on healthy volunteers included some kind of
follow-up measure [18,29], and none of the quoted tDCS studies
on linguistic fluency included such a form of delayed retests. Given
that little is still known about the time-extension of the effects
induced by single-tDCS sessions on healthy individuals’ cognitive
processing, in the present research we included both an immediate
and a delayed assessment of stimulation effects.

In summary, to the best of our knowledge, the present study
investigated for the first time the immediate and short-term
behavioral effects induced on semantic fluency by different tDCS
protocols (some of which already tested in previous studies, some
others not yet tested for semantic fluency). Their relative effective-
ness was compared with a critical focus on both methodological
and applicative implications. From a methodological perspective,
we were interested in collecting new information on the spatial
and temporal features of this technique of brain modulation. This
aim is particularly relevant when considering that tDCS potential
and limitations still need to be fully estimated, and relatively “sim-
ple” tasks (like the one we used) can be particularly suitable for
this kind of methodological research. From an applicative point of
view, detecting the montage more effective in ameliorating seman-
tic fluency pursued the clinical goal of improving this function in
patients with deficits in language production.

2. Methods and materials
2.1. Participants
Ninety healthy university students (55 females, 35 males, mean +SE age:

21.59+£0.23 years, see Table 1 for the demographic features of each experimen-
tal group) participated in the study. All volunteers were right-handed [24] native

Italian-speakers, naive as to the purpose of the study. They reported no history of
neurologic/psychiatric disorder, seizure, head trauma, and declared the absence of
metal in the head and implanted electrical devices. Participants gave their writ-
ten informed consent to take part in the study in accordance with the principles of
the Declaration of Helsinki. The local ethical committee approved the study, which
followed the safety procedures of non-invasive brain stimulation [2].

2.2. Tasks and procedure

A single-blind, sham-controlled, between-groups design was used: participants
were randomly assigned to one of five stimulation conditions (one consisting of the
sham protocol), without being informed about the kind of stimulation they received.
Therefore, the participants (18 in each stimulation group: 11 females) underwent a
single experimental session lasting about one hour (see Fig. 1A for the experimental
procedure timeline).

The participants were asked to perform a semantic fluency task (i.e. to produce as
many exemplars as possible belonging to a given category within one minute) three
times: before the stimulation (pre-stimulation test, considered as a baseline mea-
sure), immediately after the stimulation (1st post-stimulation test), and 15 min after
the end of the first post-stimulation test (2nd post-stimulation test, i.e. approximately
18 min after the end of stimulation). Given the scarcity in literature on short-
term retest sessions (also referred to as “follow-ups”), our 2nd post-stimulation
test was aimed to better understand the time-course of stimulation-dependent
effects.

In each test session, the participants were required to perform the fluency
task for two different categories. In order to avoid uncontrolled effects due to the

1% POST-STIMUL. POST-STIMUL 2%4 POST-STIMUL.
BASELINE CONTROL | BASELINE TARGET )\ & TARGET CONTROL TARGET
MEASURES: MEASURE: &e MEASURE: MEASURES: MEASURE:
Questionnaires Semantic Fluency Semantic Fluency SRTtask Semantic Fluency
SRTtask task task Questionnaires task
1
TIME !
[ ~15min ~2min ~20min  ~2min ~15 min ~2 min
Frontal Fronto-Temporal Bilateral Unilateral
45y

A (7x5cmy Detween
T3-FzandF7-Cz
C (x5cmy - 18O

A x5y - Detween
T3-F3 and F7-C3
C(7x5cm) :1SO

A xsemy - between A xsemy * between
T3-F3 and F7-C3 T3-F3 and F7-C3
C (7xsemy : contralateral  C g 100 1SO

Fig. 1. (A) Timeline of experimental procedure, (B) Stimulation conditions corre-
sponding to the different electrode montages. Notes: montages are schematically
represented (active electrode in gray, reference electrode transparent) in the
extended EEG system, where T3/4 electrodes are renamed in T7/8; A=anode,
C=cathode, rSO =right supraorbital area.
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semantic categories, those we used were selected, from a total of 15 categories,
through a preliminary study on 57 volunteers not participating in the tDCS study.
The category selection procedure was aimed to obtain triplets of categories matched
for the mean number of produced exemplars in one minute and free from gen-
der biases. In this way, we identified two triplets having the described features:
“tools”-“furniture”-“vegetables”, and “clothes”-“musical instruments”-“vehicles”.
Each category of a triplet was associated to a category of the other triplet to form cat-
egory pairs. These pairs were randomly assigned in a counterbalanced order across
participants, so that each participant performed the task using each of the six cat-
egories, and each category pair was used the same number of times in the three
test sessions (pre-stimulation, 1st post-stimulation, 2nd post-stimulation) and in
the five stimulation groups.

Besides the target fluency task, we included a simple reaction time (SRT) task,
in which participants were required to press a button, with the left hand, as quickly
as possible, when a single stimulus (an “X”) appeared, in the center of a computer
screen, at different delays from the previous response (delay range: 250-2500 ms).
The SRT task was used as a control task in order to evaluate the presence of unspecific
effects of stimulation on the level of general alertness. This task, which consisted of
100 trials, lasted approximately five minutes, and, as shown in Fig. 1A, was admin-
istered before (baseline measure) and after the stimulation. Given that the SRT task
had the only purpose of controlling for alternative interpretations of results, we
did not administer it a second time after the stimulation. For the same reason, the
administration order of target and control tasks was kept fixed in both pre- and
post-stimulation tests.

As a further control to rule out alternative accounts of tDCS effects, a self-report
questionnaire measuring mood and arousal, through few items rated on a 10-point-
scale, was administered both before and after the stimulation.

Finally, in order to detect possible differences in the sensations experienced
during the different stimulation conditions, participants were asked to complete a
questionnaire assessing the intensity with which participants felt several sensations
(i.e. itching, pain, burning, heat, pinching, iron taste, fatigue, effect on performance)
through a 5-point-scale [7].

2.3. Transcranial direct current stimulation

Transcranial direct current was delivered through a battery-driven constant cur-
rent stimulator (Eldith DC-Stimulator, NeuroConn GmbH, Germany), using a pair of
surface saline-soaked sponge electrodes. A constant current of 2 mA was applied
for 20 min (including 1 min at the beginning and 1 min at the end of treatment in
which current was ramped up and down, respectively)in all of the active stimulation
conditions. These were as follows (see Fig. 1B):

— “Frontal” montage: anode over the crossing point between T3-Fz and F7-Cz sen-
sors of 10-20 EEG system (i.e., centered on a region of left frontal cortex previously
stimulated in other language studies [5,6,20], and cathode over the right supraor-
bital (rSO) area.

— “Fronto-temporal” montage: anode over the crossing point between T3-F3 and
F7-C3, (i.e., centered on a region of left frontal cortex previously stimulated in
other studies [10,19]), and cathode over the rSO area. Notably, in this condi-
tion, electrode positioning was largely overlapping to that of the Frontal montage,
although, being shifted down, it also included a portion of temporal lobe.

- “Bilateral” montage: anode as in fronto-temporal montage and cathode over the
right homologue area.

- “Unilateral” montage: anode as in fronto-temporal montage and cathode of big
size (100cm?) over the rSO area. Unlike our former montages, in which only
35cm? electrodes were used, in the present one we used a 100cm? electrode
for cathode. To note, this montage was exactly the same (i.e., same electrode
positioning, and also same size of the reference electrode) successfully used by
Meinzer et al. [19] in their fMRI study.

In addition, a sham condition was also included, in which a 2 mA current was
applied for 30 s by means of electrodes (of both 35 and 100 cm?) placed to cover the
same positions of the previous described active stimulation montages.

2.4. Data analyses

Statistical analyses of the fluency task were performed by using the mean
number of words produced by participants as a function of both test session and
stimulation condition, as the dependent variable. Given the high variability in the
fluency task performance even in the pre-stimulation condition (see the abso-
lute values in Table 1), we used normalized values. Namely, for each participant
we calculated the difference between the number of words produced in a given
post-stimulation session and the number of words produced in the pre-stimulation
session, then we divided this difference by the number of words produced in the
pre-stimulation session. When multiplied by 100, such normalized value indicates
the percentages of increase (positive values), or decrease (negative values), of a
given post-stimulation session with respect to the baseline performance. To note,
whereas many of the produced words were easily categorized as correct exemplars
(orincorrect intrusions) of a given category, few other words left doubts about their
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Fig. 2. Stimulation condition x time session interaction in the semantic fluency task
for the normalized number of produced words using (A) more or (B) less stringent
item inclusion criteria for the scoring. Notes: F=frontal, FT = fronto-temporal, bars
denote SE, asterisks denote significant post hoc tests.

categorization, since they could be judged as a member of a category or not depend-
ing on the strictness of inclusion criteria (for example, “paraglider” or “skates” for
the category “vehicles”; “oven” or “vase” for “furniture”, etc.). Therefore, we per-
formed analyses by using both more stringent (i.e., on the items unambiguously
rated as members of a given category) and less stringent (i.e., on the items unam-
biguously rated as members of a given category plus items rated as more peripheral
members) inclusion criteria. For these scorings, performed by three independent
raters blind to the stimulation condition, an analysis of variance (ANOVA) was per-
formed with test session as a within-group factor (2 levels: 1st post-stimulation vs.
2nd post-stimulation) and stimulation condition as a between-group factor (5 lev-
els: frontal vs. fronto-temporal vs. bilateral vs. unilateral vs. sham). For significant
ANOVA results, Fisher’s least significant difference method was used as post hoc
test.

For the SRT task a one-way ANOVA with stimulation condition as a between
group factor was performed only on normalized values (i.e., (post-stimulation-pre-
stimulation)/pre-stimulation) of reaction times (RTs), because accuracy rate reached
the ceiling level for all stimulation conditions (see Table 1 for RT absolute values).
Analog one-way ANOVAs were performed for the items included in the self-report
questionnaires assessing mood/arousal and tDCS-induced sensations.

3. Results

Visual inspection of the graphs related to the Semantic Fluency
task (Fig. 2) suggests that performance in the frontal montage con-
dition was better than performance in all the other montages in the
second post-stimulation test. In addition, always on a qualitative
level, it can be seen that bilateral condition seemed the most effec-
tive at the first post-stimulation test, and also the only condition
whose effects extended to the second post-stimulation test. Sta-
tistical analyses gave only a partial confirmation of such remarks.
The first ANOVA performed using highly stringent inclusion crite-
ria to score the produced items did not reveal any main effect of
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Fig. 3. Stimulation condition effect for the normalized RT of the simple reaction
time task. Notes: F=frontal, FT = fronto-temporal, bars denote SE, asterisks denote
significant post hoc tests.

the factors test session (F(j g4)=2.72, 7712, = 0.03, n.s.) and stimula-
tion condition (Fi4g4y=0.88, 7712; = 0.04, n.s.). Remarkably, the test
session x stimulation condition interaction turned out to be sig-
nificant (F484)=2.69, 1;12, =0.11, p=0.036). As shown in Fig. 2A,
the condition that clearly appeared to facilitate the verbal produc-
tion, although only in the second post-stimulation test, was the
frontal stimulation. Post hoc tests confirmed that this stimulation
condition produced an increase, with respect to the baseline, sig-
nificantly higher than that it produced in the first post-stimulation
test (p<0.001) and, more crucial, significantly higher than that
produced by the sham condition in the second post-stimulation test
(p<0.05). In the second test session, frontal stimulation seemed
to be superior to the fronto-temporal stimulation, although this
difference only approached statistical significance (p = 0.06).

The second ANOVA performed using less stringent inclusion
criteria for item scoring did not disclose any effect of the fac-
tors test session (Fg4)=2.80, ng =0.03, n.s.), and Stimulation
Condition (F(484)=0.07, nf, =0.02, n.s.). Notably, the test ses-
sion x stimulation condition interaction, which was significant in
the previous ANOVA, only approached significance (F484)=2.12,
Ylﬁ = 0.09, n.s., Fig. 2B), although the pattern of results was compa-
rable to that of the previous analyses.

As regards the SRT task, which controlled for possible unspe-
cific tDCS effects on general alertness, the ANOVA performed on
normalized RTs disclosed a significant effect of Stimulation Con-
dition (Fi484)=2.77, 03 = 0.12, p=0.032). As shown in Fig. 3, in
the control sham condition (like in the fronto-temporal and bilat-
eral conditions) RTs decreased immediately after the stimulation
with respect to the baseline. In contrast, responses in both frontal
and unilateral conditions did not show an analog response facilita-
tion after the stimulation (p < 0.05 with respect to sham condition).
Since the sham condition (which must always be considered as a
baseline measure of performance) showed a RT decrease at the
second test, likely for a mere effect of practice, the fact that this
effect is missing for frontal and unilateral conditions suggests they
somehow interfered with RT improvements.

Analyses of the self-report questionnaire measuring mood and
arousal revealed no significant differences among stimulation con-
ditions for any of the items (all ps>0.05).

With regard to the self-report questionnaire assessing the sen-
sations experienced during the stimulation, participants generally
reported having tolerated the stimulation without discomfort.
Sensations induced by sham and active protocols were hardly dis-
cernible as confirmed by the fact that we only found a significant
difference among stimulation conditions for the “itching” sensa-
tion (F(485)=4.10, 771% = 0.16, p=0.004), sham protocol showing, on
this item, a rating significantly lower than ratings of all the other
conditions (p <0.05).

4. Discussion

In the present study we tested the effect of different tDCS
electrode montages on a semantic fluency task. Although none of
these montages increased language production immediately after
the stimulation, the left frontal anodal stimulation significantly
improved fluency at the second post-stimulation test.

The first unexpected result, in contrast with some previous
reports [5,19], was the absence of significant effects on verbal
production immediately after the stimulation. Indeed, despite the
bilateral montage improved the fluency (~10%) compared to base-
line, such enhancement was not statistically different from that of
the sham condition. The inconsistency of the findings concerning
the effects immediately following the stimulation could depend
on the unsuitability of the tDCS parameters tested up to now to
improve verbal fluency. However, the present study suggests an
alternative explanation: against similar result patterns, the sta-
tistical significance can change as a function of item scoring (as
proved by the two analyses we performed using more or less strin-
gent criteria in defining item membership for a given category).
Therefore, when considering tasks like the one implemented in the
present experiment, whose scoring involves not completely objec-
tive criteria, the result discrepancy in literature may depend on
the criteria used, rather than on task insensitivity to experimental
manipulations.

Remarkably, tDCS was found to significantly facilitate seman-
tic fluency in the test session performed at about 18 min after the
end of stimulation. Specifically, the frontal stimulation improved
the fluency compared to baseline (~25%) significantly more than
the sham condition. Crucially, since the results of the control task
suggested that frontal stimulation did not improve alertness levels
(if anything, the effects were in the opposite direction), we can rea-
sonably rule out the possibility that the positive effects of anodal
left frontal stimulation on verbal production were mediated by
unspecific tDCS effects on general alertness. Similarly, given that
this stimulation condition did not change the self-report levels of
mood and arousal, we can exclude that changes in such dimensions
could mediate linguistic improvements.

This finding provides new information on both the spatial and
temporal features of tDCS, thus giving notable cues for planning
future tDCS protocols.

As regard the spatial issue, based on neuro-imaging studies
attesting an involvement of both frontal and temporal areas in
semantic fluency [1,9], we hypothesized a stronger verbal facil-
itation following left fronto-temporal stimulation than following
left frontal stimulation. The present results, however, showed an
effect in the opposite direction. This pattern seems to suggest that,
despite temporal lobe being strictly involved in word retrieval con-
strained by semantic cues [1,9], category fluency has more benefit
from a stimulation involving a larger portion of the frontal cor-
tex compared to a stimulation involving both frontal and temporal
areas. From the present study we are not able to establish whether
this result was due to a general superiority of frontal stimula-
tions on temporal stimulations in facilitating semantic fluency,
or rather to a superiority of our frontal montage with respect to
our fronto-temporal montage. Indeed, it may well be that stim-
ulation of other portions of temporal lobe (like Wernicke’s area)
do improve semantic fluency more than frontal or fronto-temporal
stimulations. However, the noteworthy point is that, despite our
frontal and fronto-temporal montages were considerably overlap-
ping, they induced quite different effects. Although this sounds
trivial, it is a detail often underestimated when comparing stud-
ies which, despite stimulating the same cortical area, do not place
the electrodes exactly in correspondence of the same sites. There-
fore, as highlighted by our findings, these little variations in active
electrodes positioning could play a major role in determining the
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somewhat inconsistent results reported in the literature. Turning
to the qualitative comparisons between the various other tested
montages, some effects are worth discussing, although they were
not statistically significant. First, we found that bilateral stimu-
lation was the only montage to show a constant improvement
across the two testing sessions, being the only condition to show
fluency facilitation immediately after the stimulation. Since bilat-
eral montage differed from fronto-temporal montage only for
the reference electrode positioning (in the former being over the
contralateral cortex with respect to the active electrode, in the
latter being over the contralateral supraorbital area), this result
seems to suggest that the bilateral montage results in a more
effective stimulation than the corresponding more traditional non-
bilateral montages [15]. With regard to the contribution of the
two hemispheres to the investigated process, this finding may
indicate an interfering effect of the right fronto-temporal cortex
in performing semantic fluency (given that driving the lateral-
ization to the left hemisphere, through the bilateral stimulation,
seems to improve the performance). Second, always on a qualita-
tive level, ~18 min after stimulation end, unilateral montage was
the second most effective condition. To note, unilateral stimula-
tion differed from fronto-temporal stimulation only for the larger
size of the reference electrode (corresponding to a lower cur-
rent density), nevertheless, it induced quite different behavioral
effects, not only in the fluency task, but also in the control SRT
task. Indeed, by reducing the influence of the reference electrode
under the supraorbital area we observed an improvement of lan-
guage production and a reduction of alertness levels. Although
the nature of such effects remains unclear, and deserves fur-
ther investigations, it is relevant to remark that, in line with
findings reported for the motor domain [3], our results further
confirm that the reference electrode can exert an influence on
the underlying area (and on the current path), which needs
to be carefully considered, especially when this area can affect
fundamental functions, like attention, arousal, and executive pro-
cesses.

As regards tDCS temporal features, the considerable effect of
stimulation, found ~18 min after its cessation, but not imme-
diately after it, suggests that there might be variations in the
time the stimulation needs to produce effects detectable at the
behavioral level. Although direct comparisons between different
brain stimulation techniques should be made with caution, some
reports using repetitive transcranial magnetic stimulation are in
line with this hypothesis, showing that short theta burst stimu-
lation over the motor cortex can affect response RT at different
intervals from the stimulation (i.e., 30 min, but not 10, after the
stimulation, or vice versa), depending on the response hand [11].
We speculate that these variations in the time the stimulation
needs to produce detectable effects could likely depend on the
type of processes underlying the observed behavioral measures,
more high-level processes presumably requiring a longer inter-
val to make the stimulation effects noticeable. In this regard,
we are incline to believe that the lack of data on delayed tDCS
effects can reflect biases in the literature more than the lack of
the effects themselves. Indeed, a recent review on tDCS applica-
tion in linguistic domain [21] confirmed that only two out of ten
studies on healthy volunteers included some kind of follow-up
measure [18,29]. Therefore we cannot a priori exclude the pres-
ence of delayed tDCS effects in those studies (the majority) in which
their assessment was not performed. For this reason, our findings
suggest that it is highly advisable to include one or more short-
term retests also following single-session stimulations, in order
to avoid losing important information on the time-course of tDCS
effects.

To conclude, although the present study had some limita-
tions (i.e., it is a single-blind, between-groups design) and some

results need further investigations, our findings attest that differ-
ences in either the active electrode positioning (even if small), or
the positioning/size of reference electrode can impact the behav-
ioral effects also in the cognitive domain. In addition, such effects
can be sometimes detected after a short time-interval from the
stimulation end. These cues on spatial and temporal features of
tDCS can give notable advices for planning increasingly effec-
tive stimulation paradigms, not exclusively within the linguistic
domain.
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