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Abstract  Verbal fluency is a core measure of lan-
guage and executive function often used in cogni-
tive research. Transcranial direct current stimula-
tion (tDCS) has been investigated for its potential to 
enhance verbal fluency; however, the results are vari-
able. Discrepancies may indicate variations in elec-
trode montage,  stimulation site, measured  fluency 
type, and individual cognitive profiles. In this pre-
registered, double-blind, sham-controlled study, 72 
younger and 72 older adults received anodal tDCS to 
either the left inferior frontal gyrus (left IFG) or the 
left temporoparietal junction (left TPJ) while com-
pleting phonemic and semantic fluency tasks. Anodal 
stimulation of the left TPJ significantly improved 
phonemic fluency compared to sham (F(1,71) = 4.49, 
p = .038), with no effects observed for semantic flu-
ency or left IFG stimulation. Additionally, stimula-
tion response in the TPJ group was predicted by fluid 
intelligence, with lower scores associated with greater 
benefit (F(1,70) = 7.80, p = .007). Finally, stimula-
tion to the left IFG improved response initiation but 

impaired sustained energization over the entire min-
ute. These results suggest that the efficacy of focal 
tDCS for enhancing verbal fluency depends on both 
stimulation site and task demands, with the left TPJ 
showing selective benefits for phonemic fluency. 
Importantly, individual differences in fluid intelli-
gence, but not age, moderated stimulation response, 
highlighting the role of cognitive capacity in neuro-
modulation outcomes. Together, these findings dem-
onstrate a nuanced relationship between targeted 
excitation of the language network and verbal fluency, 
emphasizing the need for individualized approaches 
in cognitive enhancement interventions.

Keywords  Verbal Fluency · Energization · Non-
invasive brain stimulation · Baseline cognition · Left 
temporo-parietal junction

Introduction

Verbal fluency, defined as the capacity to rapidly 
generate words based on designated phonemic or 
semantic criteria, serves as a fundamental aspect of 
language processing and is frequently employed as 
a measure in cognitive and clinical evaluations [66, 
69] due to its sensitivity to decline in healthy and 
pathological ageing. Impairments in lexical access 
and executive control reduce fluency and communi-
cative effectiveness [32, 40]. These impairments gen-
erate interest in interventions designed to enhance 
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fluency throughout the lifespan. One such approach 
is transcranial direct current stimulation (tDCS), a 
non-invasive neuromodulatory technique that alters 
cortical excitability by applying weak, low-intensity 
electrical currents to the scalp. Despite the poten-
tial of tDCS to improve language performance [51], 
results are inconsistent, mainly due to previous stud-
ies focusing on a single brain area or age group [60, 
80]. Moreover, investigation into the role of factors 
such as baseline function, energization effect, and 
direct comparisons of phonemic and semantic fluency 
is lacking. Thus, this study investigates the effect of 
anodal tDCS applied to two key hubs of the left-lat-
eralized language network on phonemic and semantic 
fluency in young and older adults.

Language function, particularly verbal fluency, 
has become a growing interest in tDCS research, 
especially in older adults, due to its reliance on a dis-
tributed fronto-temporo-parietal network and its sus-
ceptibility to age-related cognitive decline [9, 24]. 
Several studies have reported facilitation of picture 
naming and word retrieval following anodal stimu-
lation to the left inferior frontal gyrus (left IFG) in 
both healthy young adults and clinical cohorts [4, 25, 
38, 56, 68, 82]. While these findings suggest some 
promise for tDCS as a language-enhancing tool, the 
majority of investigations have focused exclusively 
on frontal cortical targets, often overlooking poste-
rior language-related regions [79]. One such region is 
the left temporoparietal junction (left TPJ, a key hub 
implicated in lexical integration, semantic retrieval, 
and automatic access to stored verbal representations, 
mechanisms engaged in verbal fluency tasks, requir-
ing people  to rapidly and efficiently produce words 
based on defined criteria. [34, 65, 78]. A more com-
prehensive understanding of how stimulation to these 
different regions affects language performance is nec-
essary to identify specific functional contributions of 
anterior and posterior language regions. Such knowl-
edge could then be used to design and apply targeted 
neuromodulatory interventions, particularly in ageing 
populations.

A notable strength of the present study is the use 
of focal tDCS, which constrains current flow to the 
intended cortical site and thereby achieves greater 
spatial specificity compared to the more traditional 
sponge-electrode montages that produce diffuse cur-
rent spread [20, 39, 52, 53, 70].Verbal fluency itself 
is not a unitary construct but can be divided into 

phonemic fluency requiring word production based 
on initial letters and strongly linked to executive pro-
cesses supported by frontal regions and semantic flu-
ency, which depends on retrieval within a semantic 
category and is more closely associated with tempo-
roparietal regions implicated in semantic memory 
[11, 73].

Neuroimaging and lesion evidence converge on 
the view that both anterior and posterior language 
regions play critical roles in supporting these fluency 
processes [10, 77]. Yet, the majority of tDCS stud-
ies have targeted only a single site, most often the 
left inferior frontal gyrus (IFG) or adjacent prefron-
tal areas [16, 22, 46, 55, 59, 74]. By adopting a focal 
stimulation montage that separately targets both the 
left IFG and the left temporoparietal junction (TPJ), 
the present study moves beyond these limitations, 
providing a more precise test of the relative causal 
contributions of anterior versus posterior language 
regions to phonemic and semantic fluency.

Another critical issue in the existing literature is 
the limited understanding of how age influences the 
effects of tDCS on language-related performance. 
While most of the existing evidence comes from stud-
ies involving young adults [16, 17, 55, 59], it remains 
unclear whether these effects consistent to older 
populations who differ in terms of current cognitive 
capacity and cortical structure. However, ageing is 
associated with structural and neurochemical changes 
that may reduce the brain’s responsiveness to stimula-
tion, including cortical thinning, disrupted functional 
connectivity, and these changes are thought to reduce 
the effectiveness of tDCS by limiting neuroplastic 
potential, particularly in prefrontal regions involved 
in executive aspects of language processing. [29, 44, 
49]. However, other research suggests that tDCS may 
be particularly effective in older adults, potentially 
because stimulation can compensate for age-related 
decline and thus provide greater scope for improve-
ment [7]. By including both younger and older par-
ticipants, the present study is uniquely positioned 
to examine how age influences the efficacy of focal 
tDCS in modulating verbal fluency.

Temporal aspects of task performance represent 
another dimension through which stimulation effects 
may be observed. Verbal fluency tasks typically show 
a characteristic temporal pattern, with most responses 
produced during the first 15  s of the trial, followed 
by a marked reduction in retrieval rate across the 
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remaining 45  s [34, 50, 75]. This decline over time 
has been linked to the cognitive process of ener-
gization, which involves the initiation and sustained 
effort required to maintain performance throughout 
the task [63]. This initial burst is presumed to reflect 
more automatic lexical access, while later responses 
depend increasingly on effortful, controlled search 
processes. Deficits in this early-phase output have 
been observed in populations with frontal dysfunc-
tion [5, 71]), suggesting that frontal regions such as 
the left IFG play a disproportionate role in the initia-
tion of verbal responses. Given that tDCS modulates 
cortical excitability, we hypothesized that stimula-
tion over the left IFG would selectively increase word 
production in the early segment of the task, whereas 
stimulation over the left TPJ, which is associated with 
semantic retrieval, would have more sustained effects 
over time.

Therefore, the current preregistered study (https://​
osf.​io/​67g859) aims to provide a comprehensive 
investigation into the effects of focal tDCS on pho-
nemic and semantic verbal fluency, by targeting two 
key hubs of the left-lateralised language network, 
the left IFG and left TPJ. Importantly, stimulation 
effects are assessed in both healthy younger and 
older adults, allowing for analysis of age-related dif-
ferences in neuromodulatory response. Additionally, 
by separately analyzing early and late phases of flu-
ency output, the study examines whether stimulation 
interacts with different cognitive stages of lexical 
retrieval, namely automatic retrieval versus controlled 
search. This design enables a comprehensive exami-
nation of how focal tDCS affects language produc-
tion as a function of stimulation site, cognitive pro-
cess, and age, and provides implications for targeted 
interventions in healthy ageing and clinical language 
rehabilitation.

Methods

The study design and all analyses were preregistered 
online (https://​osf.​io/​67g859).

Participants

A total of 144 neurologically healthy adults partici-
pated in the study, including 72 younger adults (36 

left IFG and 36 left TPJ stim) and 72 older adults 
((36 left IFG and 36 left TPJ stim). Participants were 
native English speakers and had no prior experience 
with tDCS. All the participants were right-handed. 
The study included two age groups: older adults aged 
55 to 85 (n = 72) and younger adults aged 18 to 30 
(n = 72). Young and older adults were stratified to 
receive stimulation to either the left IFG or the left 
TPJ in a sham-controlled, repeated-measures design. 
The young left IFG group (25 females, 11 males), 
young left TPJ group (28 females, 8 males), older left 
IFG group (21 females, 15 males), and older left TPJ 
group (27 females, 9 males) showed comparable gen-
der distributions (See Table 1 for the detailed demo-
graphic information of the participants). The older 
adults were selected from the University of the Third 
Age (U3A) and the University of Kent Research Hub 
groups. Upon completing the  study, the older adults 
received a £15 compensation for their time and 
efforts. The younger adults were  University of Kent 
students and from the surrounding community and 
were awarded course credits or £15.

Seventy-five potential participants were screened, 
with three excluded from the study. Exclusions during 
screening comprised an older adult with a history of 
epilepsy, a younger adult on antidepressant medica-
tion for major depression, and an older adult with a 
cochlear implant, which restricted the application of 
tDCS.

The study strictly adhered to standard tDCS safety 
criteria for exclusions, such as history of neurologi-
cal disease (e.g., stroke, epilepsy, traumatic brain 
injury), current or past psychiatric diagnosis requiring 
treatment, vascular or metabolic conditions known to 
affect cognition (e.g., uncontrolled hypertension, dia-
betes with complications). None of the participants 

Table 1   Demographic details for younger and older adults at 
both the left IFG and the left TPJ stimulation sites

IFG inferior frontal gyrus, TPJ temporoparietal junction

Gender Age (years)
M (sd)

Education (years)
M (sd)

Younger Adults
Left IFG 25:11 F/M 19.06 (1.37) 13.31 (0.67)
Left TPJ 28:8 F/M 19.03 (1.61) 13.33 (0.56)
Older Adults
Left IFG 21:15 F/M 71.03 (5.51) 15.9 (2.04)
Left TPJ 27:9 F/M 71.36 (7.24) 15.3 (6.10)

https://osf.io/67g859
https://osf.io/67g859
https://osf.io/67g859
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disclosed the use of medications that are known to 
interfere with the effects of tDCS, such as antidepres-
sants and anxiolytics. Each participant provided writ-
ten informed consent, and the project received official 
clearance from the Human Research Ethics Commit-
tee [ID: 202216587800677857] from The School of 
Psychology at the University of Kent.

Verbal fluency task

Participants completed two verbal fluency tasks dur-
ing each stimulation session: semantic and phone-
mic fluency. Each fluency task was administered in 
its own separate 60-s interval. Thus, participants 
completed two sequential 60-s trials per task with 
no switching within a trial. In the semantic fluency 
task, participants were instructed to generate as many 
words as possible within one minute that belonged to 
a specified category. For example, in the "animals" 
category, valid responses might include "dog" and 
"cat." Each session included two semantic catego-
ries (e.g., "animals," "fruits and vegetables," "musi-
cal instruments," or "vehicles"), selected from estab-
lished norms to ensure general familiarity and balance 
across sessions [1], Acevedo et  al., 2000; [42]. Cat-
egories were counterbalanced across stimulation con-
ditions to control for content effects. In the phonemic 
fluency task, participants were instructed to generate 
as many words as possible within one minute that 
began with a specified initial letter. For example, for 
the letter “C,” acceptable responses might include 
“car” and “cold.” Across sessions, participants com-
pleted two letter-based fluency tasks. The letter pairs 
M–T (word-starting frequencies: M = 2048, T = 2031) 
and G–L (G = 1220, L = 1206) were selected from 
Wolfram’s (2015) [81] lexical frequency norms to 
create comparable task versions differing in difficulty 
(M–T = easier; G–L = harder). Each participant com-
pleted one easy and one hard letter-pair task across 
the two sessions, with the order of pair assignment 
counterbalanced across sham and anodal stimulation 
conditions. Repetitions of the same word root (e.g., 
“go,” “going,” “gone”) were not counted as sepa-
rate responses, and proper nouns (e.g., “Germany” 
“Gareth”) were excluded from scoring. Phonemic flu-
ency tasks always followed the semantic fluency tasks 
in each session. For statistical analyses, scores from 
the two versions were combined to provide a single 

measure of verbal fluency performance per session. 
We also measured performance in the first 15 and last 
45 s time windows, to assess response initiation and 
energization (as per [5]).

Matrix reasoning item bank (mars‑IB) task

The Matrix Reasoning Item Bank (MaRs-IB; [18]) 
was used to establish fluid intelligence, to evaluate 
its predictive value for stimulation effects on ver-
bal fluency. Fluid intelligence is thought to at least 
partially underpin many executive processes [21], 
including those relevant to verbal fluency in healthy 
older adults [66]. Three by three matrices were used 
to represent each MaRs-IB pattern. Along with eight 
other cells with abstract shapes, there is one empty 
cell on the lower right-hand side of the matrix. The 
four choice arrays displayed below the matrix’s line 
required participants to complete the pattern by fill-
ing in the missing shape. In order to determine what 
the missing shape was in relation to the other shapes 
in the matrix, participants had to decipher the pattern. 
The MaRs-IB task consisted of 50 patterns and a total 
score was used in the analyses.

Focal transcranial direct current stimulation

A battery-powered, one-channel direct current stimu-
lator (DC-Stimulator Plus, NeuroConn, Ilmenau, Ger-
many) was used to deliver the tDCS. The focal tDCS 
electrode montage consisted of two conductive rub-
ber electrodes: a small disc-shaped centre electrode 
with a diameter of 2.5  cm and a ring-shaped return 
electrode with an inner diameter of 7.5  cm and an 
outer diameter of 10  cm. The temporoparietal junc-
tion (CP5 spot of the 10–20 EEG system) or the left 
inferior frontal gyrus (FC5 spot of the 10–20 EEG 
system) was the position of the centre electrode. In 
both stimulation settings, the current was gradu-
ally increased to 1 mA over a period of 5 s. After a 
20-min anodal transcranial direct current stimula-
tion (tDCS) session or a 40-s sham tDCS session, it 
remained steady until decreasing by over 5 s. Produc-
ing a tactile feeling comparable to active stimulation 
and aiding in blinding participants to the stimulation 
received. Using the DC stimulator’s "study mode," 
we used a predetermined code that activates either 
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active or sham tDCS, ensuring investigator blind-
ing. The codes were allocated by a researcher who 
was not involved in the experiment. Figure  1 pre-
sents the current modelling for both the left inferior 
frontal gyrus and the right temporoparietal junction. 
The simulation of current flow was predicated on a 
reliable 1 mm MNI152 T1 standard brain of a young 
adult. The current modelling was conducted using 
SimNIBS version 4.1 [72]. The normal component of 
the electric field, which is orthogonal to the cortical 
surface, is deemed the most physiologically relevant 
for impacting neuronal activity [61].

Mood, adverse effects, and blinding

The mood was assessed using the Visual Analogue 
Mood Scale (VAMS) before and after each session 
[27]. The VAMS measured present positive and nega-
tive emotional states using visual analogue scales 
from 0 to 100, encompassing the following states: 
afraid, confused, sad, angry, energetic, tired, happy, 
and tense. Higher scores correspond to more inten-
sity. For each mood, the post-stimulation scores are 
subtracted from  the pre-stimulation scores. Mood is 
scored into two categories: positive mood (charac-
terised by energy and happiness) and negative mood 
(fear, confusion, sadness, anger, fatigue, and tension). 
The deducted scores for each mood and the total 

scores for positive and negative moods have been 
obtained for analysis.

Adverse effects were evaluated through the use 
of a self-report questionnaire created by Brunoni 
et  al. [12]. The participants assessed the intensity 
(1 = absent, 2 = mild, 3 = moderate, 4 = severe) and 
occurrence of several possible adverse effects, includ-
ing headache, neck pain, scalp pain, tingling, itching, 
burning sensation, skin redness, sleepiness, trouble 
with concentration, and sudden mood changes. A 
total adverse effects score was calculated and used in 
the analysis. Participant blinding was tested at the end 
of the session, and participants were presented with 
the following questions: “Do you think the active 
stimulation was in the first session or the second 
session?”.

Procedure

A double-blind, sham tDCS-controlled, repeated 
measurs design was used. Research sessions were 
carried out in custom brain stimulation laboratories 
at the University of Kent. Participants, received either 
the active (anodal) or placebo (sham) focal  tDCS in 
two sessions with a minimum 72-h interval between 
sessions  at left IFG or left TPJ regions. Participants 
completed a larger language battery consisting of 
picture naming and verbal fluency tasks during both 

Fig. 1   Surface rendering of the distribution and intensity of the estimated electric field for the two target sites with anodal stimula-
tion. A) Left inferior frontal gyrus, B) Left temporoparietal junction. We present the normal component (adapted from Yucel, 2025)
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sessions while they were getting active or sham stim-
ulation. We analysed and focused on the fluency task 
results within this study as the naming results have 
been published elsewhere [82]. In the first session, 
prior to the stimulation and language battery, all par-
ticipants completed the matrix reasoning task (MaRs-
IB) as a measure of fluid intelligence.

Statistical analyses

We conducted a 2 × 2 × 2 × 2 × 2 repeated-measures 
ANOVA to assess whether sham and anodal stimula-
tion (STIMULATION TYPE) to the left IFG or left 
TPJ (REGION) altered semantic and phonemic fluency 
(FLUENCY TYPE) performance in the first 15 s ver-
sus the final 45 s (TIME) in healthy younger and older 
adults (AGE GROUP). We conducted a follow-up anal-
ysis adding in fluid intelligence as a covariate to assess 
whether general cognitive performance predicted stim-
ulation response. A priori power analysis (G*Power; 
[23]) indicated that a sample size of 144 participants 
(36 per group) would provide 80% power to detect a 
medium effect (η2p = 0.06, f = 0.25) at α = 0.05. This 
informed the recruitment targets for each age × region 
group. Data were screened for outliers using boxplots. 
No data surpassed the standard thresholds (± 3 × IQR), 
hence all cases were preserved. Given the balanced 
design and sample size, the ANOVA assumptions were 
deemed adequately met.

We maintained this preregistered 2 × 2 × 2 × 2 × 2 
repeated-measures ANOVA, as it accurately reflects 
the design’s factorial structure and enables a focused 
examination of stimulation effects across fluency 
type, time, age group, and region. Some main effects, 
such as the ones for Fluency Type and Time, were 
expected due to known methodological differences 
between phonemic and semantic fluency and are 
therefore not interpreted as theoretically meaningful.

To evaluate the effectiveness of blinding, chi-
squared tests were conducted to examine associations 
between participants’ ability to identify the active stim-
ulation session and the factors of age group (younger 
vs. older) and stimulated region (left IFG vs. left TPJ).

For mood outcomes, Visual Analogue Mood Scale 
(VAMS) scores were analysed separately for positive 
and negative mood using a 2 (Stimulation: Anodal vs. 
Sham) × 2 (Age Group: Younger vs. Older) × 2 (Region: 

Left IFG vs. Left TPJ) repeated measures ANOVA, 
with stimulation as the within-subjects factor and age 
group and region as between-subjects factors. Partial eta 
squared (η2p) was reported as a measure of effect size.

Adverse effects were assessed using the same 
2 × 2 × 2 repeated measures ANOVA structure to 
compare anodal and sham sessions across age groups 
and regions.

An alpha level of 0.05 (two-tailed) was used to 
determine statistical significance for all analyses. To 
provide complete transparency and alleviate concerns 
about Type I error, complete ANOVA model results 
are reported in Supplementary Table 1.

Results

Performance on both phonemic and semantic fluency 
across both sham and anodal stimulation sessions at 
the left IFG and left TPJ are presented in Table 2.

Main effects and higher‑order interactions

A significant main effect of fluency type was observed, 
F(1,140) = 301.15, p < 0.001, η2ₚ = 0.683, indicating 
overall differences in performance between phone-
mic and semantic tasks. This effect was qualified by 
a significant Age Group × Fluency Type interaction, 
F(1,140) = 14.30, p < 0.001, η2ₚ = 0.093, suggesting 
differential effects of fluency type across age groups.

A main effect of time was also identified, 
F(1,140) = 335.81, p < 0.001, η2ₚ = 0.706, indicating 
that fluency performance varied over time. This effect 
was qualified by an Age Group × Time interaction, 
F(1,140) = 12.74, p < 0.001, η2ₚ = 0.083, and a Fluency 
Type × Time interaction, F(1,140) = 13.02, p < 0.001, 
η2ₚ = 0.085. These main effects were expected based 
on task structure and are not interpreted further.

Importantly, a Stimulation Type × Flu-
ency Type × Region interaction was identified, 
F(1,140) = 6.77, p = 0.010, η2ₚ = 0.046, as well as 
a Stimulation Type × Time × Region interaction, 
F(1,140) = 4.96, p = 0.028, η2ₚ = 0.034. A four-way 
interaction between Stimulation Type, Fluency 
Type, Time, and Age Group was also significant, 
F(1,140) = 5.63, p = 0.019, η2ₚ = 0.039. No other 
interactions involving stimulation type were signifi-
cant (ps between 0.067 and 0.914).



GeroScience	

Vol.: (0123456789)

Stimulation type × fluency type × region

To investigate the three-way interaction involving flu-
ency type and brain region, separate analyses were 
conducted for phonemic and semantic fluency.

In phonemic fluency, the Stimulation Type × Region 
interaction was significant, F(1,142) = 8.05, p = 0.005, 
η2ₚ = 0.054. In the inferior frontal gyrus (IFG), the 
main effect of stimulation type did not reach signifi-
cance, F(1,71) = 3.61, p = 0.061, η2ₚ = 0.048. However, 
at the temporoparietal junction (TPJ), a significant 
effect of stimulation type was observed, F(1,71) = 4.49, 
p = 0.038, η2ₚ = 0.059, with higher fluency scores fol-
lowing anodal compared to sham stimulation.

In semantic fluency, the Stimulation Type × Region 
interaction was not significant, F(1,142) = 0.77, 
p = 0.381, η2ₚ = 0.005. These findings suggest that the 
regional effects of stimulation were specific to phone-
mic fluency. Figure 2 illustrates the effects of stimula-
tion across regions.

Stimulation type × time × region

To explore the interaction between stimulation, time, 
and region, we conducted separate analyses for the 
IFG and TPJ.

In the IFG, the Stimulation Type × Time interaction 
was significant, F(1,71) = 4.00, p = 0.049, η2ₚ = 0.053. 
However, follow-up comparisons revealed that 

stimulation type did not significantly affect word 
generation in either the initial 15  s, F(1,71) = 2.50, 
p = 0.118, or the final 45 s, F(1,71) = 1.15, p = 0.288.

In the TPJ, the Stimulation Type × Time interaction 
was not significant, F(1,71) = 1.38, p = 0.245, η2ₚ = 0.019. 
These results indicate that stimulation timing effects were 
more prominent in the IFG. Figure 3 depicts fluency per-
formance over time across both regions.

Stimulation type × fluency type × time × age group

To examine the four-way interaction involving flu-
ency type, time, and age group, we analysed semantic 
and phonemic fluency tasks separately.

In semantic fluency, the Stimulation 
Type × Time × Age Group interaction was not signifi-
cant, F(1,142) = 2.52, p = 0.115, η2ₚ = 0.017. In pho-
nemic fluency, however, the interaction was signifi-
cant, F(1,142) = 5.61, p = 0.019, η2ₚ = 0.038.

Follow-up analyses within each age group indi-
cated that the Stimulation Type × Time interac-
tion was not significant in either older adults, 
F(1,71) = 3.50, p = 0.066, η2ₚ = 0.05, or younger 
adults, F(1,71) = 2.11, p = 0.150, η2ₚ = 0.03.

The Age Group x stimulation type interaction 
was not significant in the first 15  s, F(1,142) = 1.48, 
p = 0.226, η2ₚ = 0.01, or the final 45 s, F(1,142) = 3.42, 
p = 0.067, η2ₚ = 0.02.

Table 2   Mean number 
of words produced in 
phonemic and semantic 
fluency tasks (summed 
across easy and hard 
conditions) under sham 
and anodal stimulation 
at the left inferior frontal 
gyrus (IFG) and left 
temporoparietal junction 
(TPJ)

Young Adults Left IFG Left TPJ

sham anodal sham anodal

Phonemic Fluency
1–15 secs 9.69 (3.19) 9.97 (3.17) 9.67 (3.61) 9.08 (3.00)
15–60 secs 14.53 (4.75) 14.03 (5.14) 13.94 (5.72) 15.89 (5.37)
Semantic Fluency
1–15 secs 16.97 (3.46) 17.67 (4.22) 16.19 (2.90) 16.39 (2.82)
15–60 secs 19.78 (7.06) 19.75 (6.06 20.97 (5.64) 20.17 (6.35)
Older Adults Left IFG Left TPJ

sham anodal sham Anodal
Phonemic Fluency
1–15 secs 11.14 (3.05) 11.17 (2.82) 10.00 (2.92) 10.86 (2.66)
15–60 secs 19.42 (7.44) 16.72 (6.70) 17.33 (5.55) 18.19 (4.39)
Semantic Fluency
1–15 secs 15.67 (3.23) 16.47 (3.33) 15.58 (3.24) 15.56 (3.37)
15–60 secs 21.06 (5.36) 22.08 (6.73) 20.19 (5.55) 21.03 (7.03)



	 GeroScience

Vol:. (1234567890)

The Age Group x Time interaction was signifi-
cant during sham stimulation, F(1,142) = 15.18, 
p < 0.001, η2ₚ = 0.10 but not during anodal stimula-
tion, F(1,142) = 1.84, p = 0.18, η2ₚ = 0.01.

These findings suggest that the overall four-way 
interaction was driven by phonemic fluency, where 
the effects of stimulation varied subtly over time and 
differed by age group. Specifically, anodal stimulation 

Fig. 2   Stimulation effects on phonemic fluency at both the left IFG and TPJ.* p < 0.05 

Fig. 3   Stimulation effects 
across the first 15 s and last 
45 s on combined phone-
mic and semantic fluency. 
A significant interaction 
was identified showing that 
anodal-tDCS to the left 
IFG increased the number 
of words produced in the 
first 15 s but decreased the 
number of words produced 
in the final 45 s
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over the left IFG selectively disrupted older adults’ 
ability to sustain phonemic fluency over time, reduc-
ing their later word generation relative to sham.

Moderation by fluid intelligence

We performed an independent-samples t-test on 
MaRs-IB scores to evaluate differences in fluid intel-
ligence across age groups. Young adults showed sig-
nificantly higher scores compared to older adults, 
t(70) = –2.71, p = 0.009. To determine whether fluid 
intelligence moderated stimulation responses, we 
conducted a repeated-measures ANOVA with fluid 
intelligence as a covariate. A significant Stimulation 
Type × Region × fluid intelligence interaction was 
found, F(1,138) = 5.40, p = 0.022, η2ₚ = 0.038, indi-
cating that individual differences in fluid intelligence 
influenced regional effects of stimulation.

No other interactions involving fluid intelli-
gence were significant. Specifically, the Stimulation 
Type × fluid intelligence interaction was not signifi-
cant, F(1,138) = 1.26, p = 0.265, η2ₚ = 0.009, nor was 
the Stimulation Type × Time × fluid intelligence inter-
action, F(1,138) = 0.97, p = 0.326, η2ₚ = 0.007.

Follow-up analyses by region showed that in the 
TPJ, a significant Stimulation Type × fluid intelligence 
interaction emerged (see Fig.  4.), F(1,70) = 7.80, 
p = 0.007, η2ₚ = 0.100, whereas no such interac-
tion was found in the IFG, F(1,70) = 0.82, p = 0.368, 
η2ₚ = 0.012.

Blinding effectiveness

The effectiveness of blinding was demonstrated by 
the use of a chi-squared test to examine the impact 
of participants’ age group and stimulated region on 
their ability to identify the active session accurately. 
The chi-squared test showed a statistically signifi-
cant association between the age group and blinding 
scores (χ^2 = 6.399, df = 1, p = 0.011), indicating that 
age group affected the participants’ ability to main-
tain blinding integrity consistently. Compared to 
older individuals, younger adults had a superior abil-
ity in predicting active sessions. However, no signifi-
cant association was discovered between the stimu-
lated area and blinding scores (χ^2 = 0.256, degrees 
of freedom = 1, p > 0.05).

Fig. 4   Scatterplot displaying the relationship between fluid intelligence and stimulation effect on phonemic and semantic fluency 
combined at the left TPJ
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Positive mood

A 2 × 2  x  2 repeated measures ANOVA was con-
ducted to assess the impact of Anodal and Sham 
sessions on VAMS positive mood scores in older 
and younger individuals for left IFG and left TPJ. 
A stimulation effect was observed, with statisti-
cal significance (F(1, 140) = 4.934, p = 0.028, 
η2p = 0.034). Participants reported a more sub-
stantial reduction in VAMS positive scores fol-
lowing anodal stimulation (M = −10.82) compared 
to the sham stimulation (M = −2.80). The study 
found no significant interaction between STIM-
ULATION X AGE GROUP (F(1,140) = 0.042, 
p = 0.838, η2p = 0.000) and STIMULATION X 
REGION (F(1,140) = 0.035, p = 0.852, η2p = 0.000) 
nor between STIMULATION X AGE GROUP X 
REGION (F(1,140) = 3.224, p = 0.075, η2p = 0.023).

Negative mood

The study found no significant stimulation effect on 
VAMS negative scores, F(1, 140) = 0.702, p = 0.404, 
η2p = 0.005. The impact of stimulation on VAMS 
scores was found to be nonsignificant when consider-
ing the other interactions of STIMULATION X AGE 
GROUP F(1,140) < 0.001, p = 0.993, η2p < 0.001, 
STIMULATION X REGION F(1,140) = 0.068, 
p = 0.795, η2p < 0.001, and STIMULATION X AGE 
GROUP X REGION F(1,140) = 0.171, p = 0.680, 
η2p = 0.001.

Adverse effects

The participants reported significantly higher adverse 
impact scores for the anodal session (M = 1.88) com-
pared to the sham session (M = 1.58). However, the 
stimulation effect was not statistically significant, 
F(1,140) = 3.451, p = 0.065, η2p = 0.024. There were 
no significant interaction effects seen between the 
stimulation type and age group F(1,140) = 0.423, 
p = 0.517, η2p = 0.003, the stimulation type and region 
F(1,140) = 0.009, p = 0.926, η2p < 0.001, and the stimu-
lation type and age group and region, F(1,140) = 0.863, 
p = 0.355, η2p = 0.006.

Discussion

We investigated the effects of focal anodal transcra-
nial direct current stimulation (tDCS) on phonemic 
and semantic verbal fluency in younger and older 
adults, targeting the left inferior frontal gyrus (IFG) 
and the left temporoparietal junction (TPJ). We exam-
ined how stimulation site, fluency type, energization, 
and individual differences in fluid intelligence shaped 
stimulation effects.

A key finding was that stimulation response varied 
with fluid intelligence. Greater gains in total fluency 
scores following left TPJ stimulation were observed 
in individuals with lower baseline fluid intelligence, 
whereas higher ability was associated with smaller or 
even detrimental effects [57]. This baseline-depend-
ent pattern supports the state-dependency framework, 
which holds that neuromodulation efficacy depends 
on the initial functional state of the targeted network 
[67]. tDCS alters cortical excitability by shifting rest-
ing membrane potentials and enhancing synaptic 
efficacy, particularly in underactive or suboptimally 
engaged circuits [70]. For individuals with lower fluid 
intelligence, language-related networks such as the 
TPJ and its connections to frontal cortex may oper-
ate below optimal efficiency [41], leaving greater 
capacity for stimulation to enhance plasticity and 
task-related activation [48]. By contrast, high-func-
tioning individuals may already operate close to their 
optimal range, leaving little room for improvement 
and increasing the risk of overstimulation [64]. These 
findings align with evidence that baseline cognitive 
performance shapes responsiveness to stimulation [6, 
7, 82].

We also found that stimulation of the left TPJ 
significantly enhanced phonemic fluency, whereas 
stimulation of the left IFG did not. This is notewor-
thy, as posterior temporal and temporoparietal regions 
are typically linked with semantic processing and 
comprehension, while phonemic fluency is more 
closely tied to frontal executive control [11, 34]. Yet 
phonemic fluency also depends on access to phono-
logical representations and the temporary storage 
and manipulation of verbal material, processes sup-
ported by the dorsal language stream and the TPJ [8, 
33]. Stimulation here may therefore enhance retrieval 
by strengthening phonological processing and work-
ing memory [14, 37]. This suggests that posterior 
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language regions, although less traditionally associ-
ated with fluency, can play a critical role in support-
ing phoneme-based word generation.

At the IFG, stimulation influenced the timing rather 
than the total amount of fluency output. Participants 
generated slightly more words in the first 15  s under 
anodal stimulation, but fewer in the subsequent 45  s. 
This pattern indicates a transient benefit for verbal 
response initiation, followed by reduced sustained out-
put. The left IFG has been linked to energization—the 
ability to initiate and maintain effortful activity [19, 
71]—and stimulation may have briefly boosted these 
initiation-related processes, consistent with evidence 
that this region supports goal activation and response 
coordination under time pressure (Sharp et  al., 2010 
[31],). Although modest, these results suggest a link 
between IFG stimulation, energization, and early flu-
ency output, but at the cost of sustained responding.

Importantly, older adults showed a decline in pho-
nemic fluency during the final 45 s of anodal stimu-
lation relative to sham, suggesting that stimulation 
interfered with processes that normally help maintain 
word retrieval under increasing task demands. This 
effect was most evident following stimulation of the 
left IFG. Although anodal tDCS is often assumed to 
facilitate performance [39], the present results may 
reflect disruption of compensatory recruitment mech-
anisms in prefrontal cortex that older adults rely on 
during effortful word generation [15, 62]. By contrast, 
semantic fluency was unaffected, consistent with its 
lesser reliance on executive control [32, 66].

Secondary findings provide further context. 
Younger adults were more accurate in identifying 
stimulation conditions, echoing age-related differ-
ences in sensory perception [30]. Stimulation also 
slightly reduced positive affect, in line with prior 
reports of mood modulation by tDCS [13]. Adverse 
effects were mild and consistent with established 
safety guidelines [2].

This study has several strengths, including prereg-
istration and a targeted stimulation design, but limi-
tations should be acknowledged. Effects were gener-
ally modest with notable inter-individual variability, 
consistent with findings in older adults [28, 76]. Our 
single-session design restricts conclusions about 
longer-term effects,future research should test multis-
ession interventions and examine dose–response rela-
tionships, ideally integrating neurocognitive and neu-
roimaging profiles to predict responsiveness [26, 28, 

52, 53]. A significant limitation concerns educational 
disparities across age cohorts. In the present sample, 
older adults had higher levels of formal education 
than younger adults, who may not have reached their 
maximum educational attainment. Data on parental 
education were not obtained,thus, it could not serve 
as a proxy for younger adults. This suggests that age-
related differences were indeed present; however, the 
pattern may reflect the contribution of non-executive 
components of verbal fluency, such as language abil-
ity and lexical access [66]. Because our older partici-
pants were highly educated and cognitively healthy, 
they may have possessed relatively preserved lan-
guage skills that supported fluency performance 
despite age-related reductions in executive ability. 
These factors may therefore have reduced the mag-
nitude of age effects on fluency and should be con-
sidered when interpreting the generalisability of the 
findings. Another limitation was that the sample was 
over-represented by women. Although groups were 
matched across stimulation conditions, gender differ-
ences may affect verbal fluency performance [36].

In conclusion, this study demonstrates that focal 
tDCS can modulate verbal fluency performance 
depending on stimulation site, task demands, and 
baseline cognitive ability. The findings highlight 
that stimulation effects on language are not uni-
form: they reflect the interaction between individual 
cognitive state, temporal dynamics of task perfor-
mance, and the specific processes engaged at dif-
ferent cortical sites. Future work using multisession 
and individualised stimulation protocols will be 
essential to clarify the potential of tDCS for enhanc-
ing fluency in both healthy and pathological ageing.

Author contribution  AY: data curation; formal analysis; 
investigation; writing – original draft; writing – review & 
editing.

AM: conceptualization; data curation; formal analysis; 
methodology; project administration; supervision; visualisa-
tion; writing—review & editing

Funding  No funding to disclose.

Data availability  Data will be available online at https://​osf.​
io/​67g859

Declarations 

Competing interests  The authors declare no competing inter-
ests.

https://osf.io/67g859
https://osf.io/67g859


	 GeroScience

Vol:. (1234567890)

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Adams ML, Reich AR, Flowers CR. Verbal fluency char-
acteristics of normal and aphasic speakers. J Speech Lang 
Hear Res. 1989;32(4):871–9.

	 2.	 Antal A, Alekseichuk I, Bikson M, Brockmöller J, 
Brunoni AR, Chen R, et  al. Low intensity transcra-
nial electric stimulation: safety, ethical, legal regula-
tory and application guidelines. Clin Neurophysiol. 
2017;128(9):1774–809.

	 3.	 Antonenko D, Grittner U, Saturnino G, Nierhaus T, 
Thielscher A, Flöel A. Inter-individual and age-dependent 
variability in simulated electric fields induced by conven-
tional transcranial electrical stimulation. Neuroimage. 
2021;224:117413.

	 4.	 Baker JM, Rorden C, Fridriksson J. Using transcranial 
direct-current stimulation to treat stroke patients with 
aphasia. Stroke. 2010;41(6):1229–36.

	 5.	 Barker MS, Nelson NL, O’Sullivan JD, Adam R, Robin-
son GA. Energization and spoken language production: 
evidence from progressive supranuclear palsy. Neuropsy-
chologia. 2018;119:349–62.

	 6.	 Benwell CS, Learmonth G, Miniussi C, Harvey M, Thut 
G. Non-linear effects of transcranial direct current stimu-
lation as a function of individual baseline performance: 
evidence from biparietal tDCS influence on lateralized 
attention bias. Cortex. 2015;69:152–65.

	 7.	 Berryhill ME, Jones KT. TDcs selectively improves work-
ing memory in older adults with more education. Neurosci 
Lett. 2012;521(2):148–51.

	 8.	 Biesbroek JM, Lim JS, Weaver NA, Arikan G, Kang Y, 
Kim BJ, et  al. Anatomy of phonemic and semantic flu-
ency: a lesion and disconnectome study in 1231 stroke 
patients. Cortex. 2021;143:148–63.

	 9.	 Bikson M, Grossman P, Thomas C, Zannou AL, Jiang 
J, Adnan T, et  al. Safety of transcranial direct current 
stimulation: evidence based update 2016. Brain Stimul. 
2016;9(5):641–61.

	10.	 Binder JR, Desai RH, Graves WW, Conant LL. Where is 
the semantic system? A critical review and meta-analysis 
of 120 functional neuroimaging studies. Cereb Cortex. 
2009;19(12):2767–96.

	11.	 Birn RM, Kenworthy L, Case L, Caravella R, Jones TB, 
Bandettini PA, et  al. Neural systems supporting lexical 
search guided by letter and semantic category cues: a self-
paced overt response fMRI study of verbal fluency. Neu-
roimage. 2010;49(1):1099–107.

	12.	 Brunoni AR, Amadera J, Berbel B, Volz MS, Rizze-
rio BG, Fregni F. A systematic review on reporting and 
assessment of adverse effects associated with transcranial 
direct current stimulation. Int J Neuropsychopharmacol. 
2011;14(8):1133–45.

	13.	 Brunoni AR, Boggio PS, De Raedt R, Benseñor IM, 
Lotufo PA, Namur V, et al. Cognitive control therapy and 
transcranial direct current stimulation for depression: a 
randomized, double-blinded, controlled trial. J Affect Dis-
ord. 2014;162:43–9.

	14.	 Buchsbaum BR, Hickok G, Humphries C. Role of left 
posterior superior temporal gyrus in phonological pro-
cessing for speech perception and production. Cogn Sci. 
2001;25(5):663–78.

	15.	 Cabeza R, Anderson ND, Locantore JK, McIntosh AR. 
Aging gracefully: compensatory brain activity in high-per-
forming older adults. Neuroimage. 2002;17(3):1394–402.

	16.	 Cattaneo Z, Pisoni A, Papagno C. Transcranial direct cur-
rent stimulation over Broca’s region improves phonemic 
and semantic fluency in healthy individuals. Neurosci-
ence. 2011;183:64–70.

	17.	 Cerruti C, Schlaug G. Anodal transcranial direct cur-
rent stimulation of the prefrontal cortex enhances 
complex verbal associative thought. J Cogn Neurosci. 
2009;21(10):1980–7.

	18.	 Chierchia G, Fuhrmann D, Knoll LJ, Pi-Sunyer BP, 
Sakhardande AL, Blakemore SJ. The matrix reasoning 
item bank (MaRs-IB): novel, open-access abstract rea-
soning items for adolescents and adults. R Soc Open Sci. 
2019;6(10):190232.

	19.	 Cipolotti L, Xu T, Harry B, Mole J, Lakey G, Shallice T, 
et  al. Multi-model mapping of phonemic fluency. Brain 
Commun. 2021;3(4):fcab232.

	20.	 Datta A, Bikson M, Fregni F. Transcranial direct current 
stimulation in patients with skull defects and skull plates: 
high-resolution computational FEM study of factors alter-
ing cortical current flow. Neuroimage. 2010;52(4):1268–78.

	21.	 Duncan J, Chylinski DO, Mitchell DJ, Bhandari A. Com-
plexity and compositionality in fluid intelligence. Proc 
Natl Acad Sci U S A. 2017;114(20):5295–9.

	22.	 Ehlis AC, Haeussinger FB, Gastel A, Fallgatter AJ, 
Plewnia C. Task-dependent and polarity-specific effects 
of prefrontal transcranial direct current stimulation on 
cortical activation during word fluency. Neuroimage. 
2016;140:134–40.

	23.	 Faul F, Erdfelder E, Lang AG, Buchner A. G* power 3: a 
flexible statistical power analysis program for the social, 
behavioral, and biomedical sciences. Behav Res Methods. 
2007;39(2):175–91.

	24.	 Fertonani A, Miniussi C. Transcranial electrical stimula-
tion: what we know and do not know about mechanisms. 
Neuroscientist. 2017;23(2):109–23.

	25.	 Fertonani A, Rosini S, Cotelli M, Rossini PM, Miniussi C. 
Naming facilitation induced by transcranial direct current 
stimulation. Behav Brain Res. 2010;208(2):311–8.

http://creativecommons.org/licenses/by/4.0/


GeroScience	

Vol.: (0123456789)

	26.	 Filmer HL, Ehrhardt SE, Shaw TB, Mattingley JB, Dux 
PE. The efficacy of transcranial direct current stimulation 
to prefrontal areas is related to underlying cortical mor-
phology. Neuroimage. 2020;196:41–8.

	27.	 Folstein MF, Luria R. Reliability, validity, and clinical 
application of the visual analogue mood scale1. Psychol 
Med. 1973;3(4):479–86.

	28.	 Fromm AE, Trujillo-Llano C, Grittner U, Meinzer M, 
Flöel A, Antonenko D. Increased variability in response 
to transcranial direct current stimulation in healthy older 
compared to young adults: a systematic review and meta-
analysis. Brain Stimul. 2025. https://​doi.​org/​10.​1016/j.​brs.​
2025.​06.​005.

	29.	 Fujiyama H, Van Soom J, Rens G, Gooijers J, Leunissen 
I, Levin O, et al. Age-related changes in frontal network 
structural and functional connectivity in relation to biman-
ual movement control. J Neurosci. 2016;36(6):1808–22.

	30.	 Gandiga PC, Hummel FC, Cohen LG. Transcranial DC 
stimulation (tDCS): a tool for double-blind sham-con-
trolled clinical studies in brain stimulation. Clin Neuro-
physiol. 2006;117(4):845–50.

	31.	 Ghanavati E, Salehinejad MA, Nejati V, Nitsche MA. 
Differential role of prefrontal, temporal and parietal cor-
tices in verbal and figural fluency: implications for the 
supramodal contribution of executive functions. Sci Rep. 
2019;9(1):3700.

	32.	 Henry JD, Crawford JR. A meta-analytic review of verbal 
fluency performance following focal cortical lesions. Neu-
ropsychology. 2004;18(2):284.

	33.	 Hickok G, Poeppel D. The cortical organization of speech 
processing. Nat Rev Neurosci. 2007;8(5):393–402.

	34.	 Hirshorn EA, Thompson-Schill SL. Role of the left infe-
rior frontal gyrus in covert word retrieval: neural corre-
lates of switching during verbal fluency. Neuropsycholo-
gia. 2006;44(12):2547–57.

	35.	 Horvath JC, Forte JD, & CarterO (2015). Quantitative 
review finds no evidence of cognitive effects in healthy 
populations from single-session transcranial direct cur-
rent stimulation (tDCS). Brain stimulation, 8(3), 535–550. 
https://​refer​ence.​wolfr​am.​com/​langu​age/​ref/​WordL​ist.​html

	36.	 Hyde JS, Linn MC. Gender differences in verbal ability: a 
meta-analysis. Psychol Bull. 1988;104(1):53.

	37.	 Indefrey P, Levelt WJ. The spatial and temporal sig-
natures of word production components. Cognition. 
2004;92(1–2):101–44.

	38.	 Iyer MB, Mattu U, Grafman J, Lomarev M, Sato S, Was-
sermann EM. Safety and cognitive effect of frontal DC 
brain polarization in healthy individuals. Neurology. 
2005;64(5):872–5.

	39.	 Jacobson L, Koslowsky M, Lavidor M. TDCS polarity 
effects in motor and cognitive domains: a meta-analytical 
review. Exp Brain Res. 2012;216:1–10.

	40.	 James LE, Burke DM. Phonological priming effects 
on word retrieval and tip-of-the-tongue experiences in 
young and older adults. J Exp Psychol Learn Mem Cogn. 
2000;26(6):1378.

	41.	 Jung RE, Haier RJ. The parieto-frontal integration theory 
(P-FIT) of intelligence: converging neuroimaging evi-
dence. Behav Brain Sci. 2007;30(2):135–54.

	42.	 Kavé G. Phonemic fluency, semantic fluency, and differ-
ence scores: normative data for adult Hebrew speakers. J 
Clin Exp Neuropsychol. 2005;27(6):690–9.

	43.	 Laws KR. Sex differences in lexical size across semantic 
categories. Pers Individ Differ. 2004;36(1):23–32.

	44.	 Li LM, Uehara K, Hanakawa T. The contribution of inter-
individual factors to variability of response in transcranial 
direct current stimulation studies. Front Cell Neurosci. 
2015;9:181.

	45.	 Luria RE. The validity and reliability of the visual ana-
logue mood scale. J Psychiatr Res. 1975. https://​doi.​org/​
10.​1016/​0022-​3956(75)​90020-5.

	46.	 Meinzer M, Antonenko D, Lindenberg R, Hetzer S, 
Ulm L, Avirame K, et  al. Electrical brain stimulation 
improves cognitive performance by modulating functional 
connectivity and task-specific activation. J Neurosci. 
2012;32(5):1859–66.

	47.	 Meinzer M, Harnish S, Conway T, Crosson B. Recent 
developments in functional and structural imaging of apha-
sia recovery after stroke. Aphasiology. 2011;25(3):271–90.

	48.	 Meinzer M, Lindenberg R, Antonenko D, Flaisch T, 
Floel A. Anodal transcranial direct current stimulation 
temporarily reverses age-associated cognitive decline 
and functional brain activity changes. J Neurosci. 
2013;33(30):12470–8.

	49.	 Miniussi C, Harris JA, Ruzzoli M. Modelling non-inva-
sive brain stimulation in cognitive neuroscience. Neurosci 
Biobehav Rev. 2013;37(8):1702–12.

	50.	 Möckel T, Beste C, Wascher E. The effects of time on task 
in response selection-an ERP study of mental fatigue. Sci 
Rep. 2015;5(1):10113.

	51.	 Monti A, Ferrucci R, Fumagalli M, Mameli F, Cogia-
manian F, Ardolino G, et  al. Transcranial direct current 
stimulation (tDCS) and language. J Neurol Neurosurg 
Psychiatry. 2013;84(8):832–42. https://​doi.​org/​10.​1136/​
jnnp-​2012-​302825.

	52.	 Niemann F, Riemann S, Hubert A-K, Antonenko D, 
Thielscher A, Martin AK, et  al. Electrode positioning 
errors reduce current dose for focal tDCS set-ups: evi-
dence from individualized electric field mapping. Clin 
Neurophysiol. 2024;162:201–9. https://​doi.​org/​10.​1016/j.​
clinph.​2024.​03.​031.

	53.	 Niemann F, Shababaie A, Paßmann S, Riemann S, 
Malinowski R, Kocataş H, et al. Neuronavigated focalized 
transcranial direct current stimulation administered during 
functional magnetic resonance imaging. J Visual Expers 
(JoVE). 2024;213:e67155.

	54.	 Nitsche MA, Paulus W. Excitability changes induced in 
the human motor cortex by weak transcranial direct cur-
rent stimulation. J Physiol. 2000;527(3):633–9.

	55.	 Penolazzi B, Pastore M, Mondini S. Electrode montage 
dependent effects of transcranial direct current stimulation 
on semantic fluency. Behav Brain Res. 2013;248:129–35.

	56.	 Perceval G, Martin AK, Copland DA, Laine M, Meinzer 
M. High-definition tDCS of the temporo-parietal cor-
tex enhances access to newly learned words. Sci Rep. 
2017;7(1):17023.

	57.	 Perceval G, Martin AK, Copland DA, Laine M, Meinzer 
M. Multisession transcranial direct current stimulation 

https://doi.org/10.1016/j.brs.2025.06.005
https://doi.org/10.1016/j.brs.2025.06.005
https://reference.wolfram.com/language/ref/WordList.html
https://doi.org/10.1016/0022-3956(75)90020-5
https://doi.org/10.1016/0022-3956(75)90020-5
https://doi.org/10.1136/jnnp-2012-302825
https://doi.org/10.1136/jnnp-2012-302825
https://doi.org/10.1016/j.clinph.2024.03.031
https://doi.org/10.1016/j.clinph.2024.03.031


	 GeroScience

Vol:. (1234567890)

facilitates verbal learning and memory consolidation in 
young and older adults. Brain Lang. 2020;205:104788.

	58.	 Persson J, Sylvester CYC, Nelson JK, Welsh KM, Jonides 
J, Reuter-Lorenz PA. Selection requirements during verb 
generation: differential recruitment in older and younger 
adults. Neuroimage. 2004;23(4):1382–90.

	59.	 Pisoni A, Mattavelli G, Papagno C, Rosanova M, Casali 
AG, Romero Lauro LJ. Cognitive enhancement induced 
by anodal tDCS drives circuit-specific cortical plasticity. 
Cereb Cortex. 2018;28(4):1132–40.

	60.	 Price AR, McAdams H, Grossman M, Hamilton RH. A 
meta-analysis of transcranial direct current stimulation 
studies examining the reliability of effects on language 
measures. Brain Stimul. 2015;8(6):1093–100.

	61.	 Radman T, Su Y, An JH, Parra LC, Bikson M. Spike 
timing amplifies the effect of electric fields on neurons: 
implications for endogenous field effects. J Neurosci. 
2007;27(11):3030–6.

	62.	 Reuter-Lorenz PA, Cappell KA. Neurocognitive aging 
and the compensation hypothesis. Curr Dir Psychol Sci. 
2008;17(3):177–82.

	63.	 Robinson G, Shallice T, Bozzali M, Cipolotti L. The dif-
fering roles of the frontal cortex in fluency tests. Brain. 
2012;135(7):2202–14.

	64.	 Santarnecchi E, Brem AK, Levenbaum E, Thompson T, 
Kadosh RC, Pascual-Leone A. Enhancing cognition using 
transcranial electrical stimulation. Curr Opin Behav Sci. 
2015;4:171–8.

	65.	 Scott SK, Blank CC, Rosen S, Wise RJ. Identification of 
a pathway for intelligible speech in the left temporal lobe. 
Brain. 2000;123(12):2400–6.

	66.	 Shao Z, Janse E, Visser K, Meyer AS. What do verbal flu-
ency tasks measure? Predictors of verbal fluency perfor-
mance in older adults. Front Psychol. 2014;5:772.

	67.	 Silvanto J, Muggleton N, Walsh V. State-dependency 
in brain stimulation studies of perception and cognition. 
Trends Cogn Sci. 2008;12(12):447–54.

	68.	 Sparing R, Dafotakis M, Meister IG, Thirugnanasamban-
dam N, Fink GR. Enhancing language performance with 
non-invasive brain stimulation—a transcranial direct cur-
rent stimulation study in healthy humans. Neuropsycholo-
gia. 2008;46(1):261–8.

	69.	 Spreen O, Strauss E. A compendium of neuropsychologi-
cal tests: Administration, norms, and commentary. Oxford 
University Press; 1998.

	70.	 Stagg CJ, Nitsche MA. Physiological basis of tran-
scranial direct current stimulation. Neuroscientist. 
2011;17(1):37–53.

	71.	 Stuss DT, Alexander MP. Is there a dysexecutive 
syndrome? Philos Trans R Soc Lond B Biol Sci. 
2007;362(1481):901–15.

	72.	 Thielscher A, Antunes A, Saturnino GB. Field modeling 
for transcranial magnetic stimulation: A useful tool to 
understand the physiological effects of TMS?. In2015 
37th annual international conference of the IEEE engi-
neering in medicine and biology society (EMBC) 2015 
Aug 25 (pp. 222-225). IEEE.

	73.	 Troyer AK, Moscovitch M, Winocur G. Clustering and 
switching as two components of verbal fluency: evidence 
from younger and older healthy adults. Neuropsychology. 
1997;11(1):138–46.

	74.	 Vannorsdall TD, Schretlen DJ, Andrejczuk M, Ledoux 
K, Bosley LV, Weaver JR, et  al. Altering automatic ver-
bal processes with transcranial direct current stimulation. 
Front Psychiatry. 2012;3:73.

	75.	 Venegas MJ, Mansur LL. Verbal fluency: effect of 
time on item generation. Dementia Neuropsychol. 
2011;5(2):104–7.

	76.	 Vergallito A, Feroldi S, Pisoni A, Romero Lauro LJ. Inter-
individual variability in tDCS effects: a narrative review 
on the contribution of stable, variable, and contextual fac-
tors. Brain Sci. 2022;12(5):522.

	77.	 Vigneau M, Beaucousin V, Hervé PY, Duffau H, Crivello 
F, Houde O, et  al. Meta-analyzing left hemisphere lan-
guage areas: phonology, semantics, and sentence process-
ing. Neuroimage. 2006;30(4):1414–32.

	78.	 Wang L, Zhu Z, Bastiaansen M. Integration or predict-
ability? A further specification of the functional role of 
gamma oscillations in language comprehension. Front 
Psychol. 2012;3:187.

	79.	 Westwood SJ, Romani C. Transcranial direct current 
stimulation (tDCS) modulation of picture naming and 
word reading: a meta-analysis of single session tDCS 
applied to healthy participants. Neuropsychologia. 
2017;104:234–49.

	80.	 Westwood SJ, Olson A, Miall RC, Romani C. Limits to 
tDCS effects in language: failures to modulate word pro-
duction in healthy participants with frontal or temporal 
tDCS. Cortex. 2017;86:64–82.

	81.	 Wolfram Language. (2015). WordList. Wolfram Language 
& System Documentation Center. Retrieved from https://​
refer​ence.​wolfr​am.​com/​langu​age/​ref/​WordL​ist.​html

	82.	 Yucel A, Niemann F, Meinzer M, Martin AK. Regionally 
specific picture naming benefits of focal tDCS are depend-
ent on baseline performance in older adults. Geroscience. 
2025. https://​doi.​org/​10.​1007/​s11357-​025-​01674-x.

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://reference.wolfram.com/language/ref/WordList.html
https://reference.wolfram.com/language/ref/WordList.html
https://doi.org/10.1007/s11357-025-01674-x

