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Abstract
The right hemisphere is involved with the integrative processes necessary to achieve global coherence during reasoning and
discourse processing. Specifically, the right temporal lobe has been proven to facilitate the processing of distant associate
relationships, such as generating novel ideas. Previous studies showed a specific swing of alpha and gamma oscillatory activity
over the right parieto-occipital lobe and the right anterior temporal lobe respectively, when people solve semantic problemswith a
specific strategy, i.e., insight problem-solving. In this study, we investigated the specificity of the right parietal and temporal
lobes for semantic integration using transcranial Random Noise Stimulation (tRNS). We administered a set of pure semantics
(i.e., Compound Remote Associates [CRA]) and visuo-semantic problems (i.e., Rebus Puzzles) to a sample of 31 healthy
volunteers. Behavioral results showed that tRNS stimulation over the right temporal lobe enhances CRA accuracy (+12%),
while stimulation on the right parietal lobe causes a decrease of response time on the same task (−2,100 ms). No effects were
detected for Rebus Puzzles. Our findings corroborate the involvement of the right temporal and parietal lobes when solving
purely semantic problems but not when they involve visuo-semantic material, also providing causal evidence for their postulated
different roles in the semantic integration process and promoting tRNS as a candidate tool to boost verbal reasoning in humans.
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Introduction

Creativity is expressed by the recombination of existing
knowledge to create new and meaningful associations
(Beaty et al., 2020; Bendetowicz et al., 2018; Kenett et al.,
2018; Kenett & Faust, 2019). Mednick was among the first to
develop an associative theory of creativity postulating that the

generation of novel ideas involves accessing previously un-
connected remote concepts, or dissimilar thought elements
(Mednick, 1962). Mednick theory was operationalized using
the Remote Associates Test - RAT (Mednick, 1968)
consisting of two sets of 30 triads of words, where each word
can be associated with a fourth word by creating a compound
word, via semantic association, or synonymy (Mednick,
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1968). RAT problems, or its alternative version named
Compound Remote Associate (CRA) (Bowden & Jung-
Beeman, 2003), where the words can be exclusively com-
bined forming a compound word, have been extensively used
to study creativity, insight problem-solving, and overall con-
vergent thinking (e.g., Jung-Beeman et al., 2004; Salvi et al.,
2015a, 2020a, b; Sprugnoli et al., 2017; Santarnecchi et al.
2019).

Former research showed that creative people searching pro-
cess is facilitated by a network characterized by a broader range
of associations across their lexicon network (Gruszka &Necka,
2002) and bymore associative links that can connect faster than
less creative individuals (Rossmann & Fink, 2010).
Specifically, as theorized by Mednick (1962), higher fluency
and uncommonness of associations characterize creative peo-
ple. However, the organization of associative memory is similar
between highly creative and less creative subjects, with their
creativity performance essentially relying on the speed of cre-
ating new associations and thus, uncommon responses
(Benedek & Neubauer, 2013). Creatives, indeed, give lower
estimates of the semantic distance between unrelatedword pairs
compared with less creative subjects (Rossmann& Fink, 2010).
Recent work by Kenett and colleagues (Kenett et al., 2014,
2018) examined the difference in semantic network organiza-
tion between low and high creative persons showing that the
former has “steep,” modular, and less connected semantic
memory network compared with a “flat,”more flexible seman-
tic memory organization that characterizes creative people. A
new corpus of research on semantic networks theoretically
grounded the associative theory of creativity and robustly dem-
onstrated that creative ability is related to flexible structures of
semantic memory (Kenett & Faust, 2019).

Research on the neural bases of insight problem-solving
upholds the importance of semantic integration of distant as-
sociate concepts when generating novel ideas. Insight is an
unconscious method of problem-solving, also called “Aha!”
moment, in which the subject reaches a solution in an unex-
pected, unpredictable, and sudden manner that could occur in
perception, language comprehension, everyday problem-solv-
ing, and in many scientific discoveries as part of the creative
cognition process (Kounios & Beeman, 2014; Peña et al.,
2019; Salvi et al., 2020b). It contrasts with the analytical
methods of problem-solving, which involves a systematic
and voluntary research approach, often based on previous
knowledge that can usually be explained by the subjects
(Jung-Beeman et al., 2004; Kounios & Beeman, 2014).

One of the seminal experiments in the insight field demon-
strated that people recognize solutions more quickly when the
solution-related information is presented in the left-visual
hemifield. The result suggested that information processes in
the right hemisphere play an important role in insight problem-
solving (Bowden & Beeman, 1998). Following experiments
allowed to better localize increased neural activity over the right

Anterior Temporal Lobe (rATL) a few seconds before partici-
pants solved CRA problems via insight (Jung-Beeman et al.,
2004; Subramaniam et al., 2009). The specific sequence of
activity seen was: an increase in alpha (α) activity on the right
parieto-occipital cortex (rPOC) registered 900 ms before partic-
ipants reported having an insight, followed by a burst of gamma
(γ) activity over the rATL approximately 300 ms before the
button press, i.e., presumably at the realization of the problem’s
solution (Jung-Beeman et al., 2004). The authors suggested the
α activity over the rPOC would be responsible for the selective
gating of the visual inputs that allows to internally focusing on
the problem, while the rATL would be responsible for the in-
tegration of distant semantic relations, leading to the final in-
sight, thus correct solution (Jung-Beeman et al., 2004; Salvi
et al., 2015a, 2016). Whereas several brain regions are involved
in insight problem-solving (Sprugnoli et al., 2017;
Subramaniam et al., 2009; Tik et al., 2018), rATL activation
is interpreted as being a critical area for making connections
between distantly related information during comprehension,
allowing for the birth of new ideas (Kounios & Beeman,
2014; Shen et al., 2017; Salvi, et al., 2020a). Similarly, the
rATL is involved in integrative processes necessary to achieve
global coherence during reasoning and discourse elaboration
(St George et al., 1999), understanding novel metaphoric ex-
pressions, implicit comprehension, and humor (Bartolo et al.,
2006; Manfredi et al., 2017; Mashal et al., 2007). This expla-
nation is grounded in the anatomical hemispheric asymmetry of
neuronal networks, where the right hemisphere engages in rel-
atively coarser semantic coding than the left hemisphere (Jung-
Beeman, 2005) underlined by both structural neurobiological
findings of asymmetric neuronal wiring and neuropsychologi-
cal results of language deficits caused by right hemisphere
brain damage (Joanette et al., 1990). For example, patients with
injuries in the right hemisphere show problems in understand-
ing jokes metaphors, or indirect requests (Joanette et al., 1990;
St George et al., 1999). The idea is that when people meet a
word or concept and information is processed in the right hemi-
sphere, a broad but weak semantic field is activated (Jung-
Beeman, 2005). This includes a field of properties and charac-
teristics corollary to the word concept. Thus, each word’s se-
mantic field is more likely to overlap with other words and
concepts, facilitating drawing inferences, comprehending figu-
rative language and metaphors (Mashal et al., 2007; Virtue
et al., 2006). By contrast, when concepts are processed in the
left hemisphere, smaller but stronger semantic fields are activat-
ed. This means that only few words and/or concepts closely
related to the target are activated, thus limiting the possibility
to explore distant semantic or conceptual relations (Chiarello
et al., 1990).

Previous works explored the two oscillatory patterns sin-
gularly, deconstructing the alpha-gamma effects and indepen-
dently studying the attention components or the singular in-
volvement of the right temporal lobe (Cerruti & Schlaug,
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2009; Luft et al., 2018; Salvi et al., 2020a; Santarnecchi et al.,
2019) via transcranial Electrical Stimulation (tES), a noninva-
sive neuromodulatory technology that can causally probe the
involvement of a brain region in a specific task by modulating
its activity (Antal et al., 2017). To shed light on the relevance
of both right parietal and temporal cortices in general semantic
integration, i.e., regardless of the problems-solving strategy
adopted (insight or analytical), we investigated the effects of
a new neuromodulation technique—transcranial Random
Noise Stimulation (tRNS), in participants solving a pure lin-
guistic integration task and a visuo-semantic one.

Different tES techniques, each carrying different and com-
plementary opportunities, have been used in the semantic in-
tegration field as well as in the broader field of creativity
research (Luft et al., 2018; Lustenberger et al., 2015; Salvi
et al., 2020a). Transcranial Alternating Current Stimulation
(tACS) applies an alternating sinusoidal current that continu-
ously changes its polarity at a frequency selected by the ex-
perimenter (e.g., 10 Hz), transcranially inducing an oscillatory
pattern and therefore “entraining” (i.e., amplifying) ongoing
spontaneous or evoked oscillatory brain activity (Antal et al.,
2017; Santarnecchi et al., 2013). The postulated mechanism
for the observed behavioral effects (e.g., entrainment of neu-
ronal firing (Reed & Cohen Kadosh, 2018)) has been con-
firmed in nonhuman models: tACS applied on alert primates
demonstrated entrainment of neuronal spiking to the frequen-
cy of stimulation at the target brain region (Krause et al.,
2019). Following the theory of Kounios, Beeman and
Bowden suggesting the involvement of right parietal and
temporal areas with specific effects of oscillatory activity on
insight problem-solving (Jung-Beeman et al., 2004), tACS
has been successfully applied in participants solving CRA.
In particular, γ tACS (e.g., 40 Hz) applied to the right tempo-
ral lobe improved CRA accuracy (Santarnecchi et al., 2019).
On the other hand, transcranial Direct Current Stimulation
(tDCS) delivers direct electrical current via at least two elec-
trodes (i.e., one anode and one cathode), modulating the mem-
brane potential—and thereby the excitability—of the underly-
ing neuronal population in a polarity-specific manner: anodal
currents generally provide an excitatory effect, whereas cath-
odal stimulation elicits inhibitory effects (Lefaucheur et al.,
2017). Previous studies applying tDCS on temporal lobes to
enhance semantic integration have reported mixed results.
Salvi et al. found increased accuracy on CRA tasks (Salvi
et al., 2020a), whereas Aihara et al. (2017) found no effects
on both semantic and nonsemantic integration tasks, and
Ruggiero et al. (2018) reported only a decrease in reaction
times during RAT.

Transcranial Random Noise Stimulation (tRNS) delivers
alternating current oscillating at random frequencies in the
100-500 Hz range, thus not requiring the selection of a spe-
cific frequency thought to be relevant for such a function (as in
tACS) as well as eliminating the problem of concurrent

inhibition effects related to the cathode (as with tDCS)
(Terney et al., 2008). Behavioral effects observed in humans
after/during tRNS delivered in the high-frequency ranges are
supposedly due to the stochastic resonance mechanism de-
rived from the injection of “random noise” on the stimulated
neuronal populations, which increases their excitability
(Pavan et al., 2019; Reed & Cohen Kadosh, 2018; van der
Groen & Wenderoth, 2016). Studies have shown effects on
attention, memory, perceptual learning, corticospinal excit-
ability (Contemori et al., 2019; Shalev et al., 2018; Snowball
et al., 2013; Terney et al., 2008), as well as perceptual and
visual training in patients (Herpich et al., 2019; Moret et al.,
2018), promoting tRNS as a potential tool for semantic inte-
gration modulation. In this regard, tRNS has been applied so
far only over left DLPFC, reporting a significant improvement
on RAT scores respect to the sham group (Peña et al., 2019);
however to date, there have been no attempts to modulate the
activity of right cortical regions.

Therefore, in the current study we applied tRNS in a
double-blind, placebo-controlled design in 31 healthy
participants during the performance of the CRA as well
as a visuo-semantic integration task (Rebus Puzzles).
Our hypotheses were: 1) tRNS will increase accuracy
at CRA-semantic task when delivered over the right
temporal lobe, given its role in semantic coding and
creation of distant semantic relations independently from
the problem-solving method adopted (i.e., insight or an-
alytical process); 2) tRNS will not enhance performance
when delivered on parietal cortex and when applied
during the visuo-semantic task, giving the relevant role
of these regions in pure semantic integration.

Materials & methods

Participants

Thirty-one healthy subjects (mean age 24.4 ± 3.8; 17 females)
were enrolled in the study after giving written informed con-
sent. The study, part of a comprehensive project including
other types of noninvasive stimulation and methods
(Santarnecchi et al., 2019), was approved by the Local
Ethical Review Board in Siena (Italy). All participants were
healthy, native Italian speakers. One was left-handed as
assessed by the Oldfield Handedness questionnaire
(Oldfield, 1971). Exclusion criteria included the use of medi-
cations or illicit substances acting on the central nervous sys-
tem in the 30 days preceding the experiment or on the same
day, alcohol consumption on the same day of the experiment
or the preceding evening, abnormalities in the neurological or
psychiatric examinations, and pregnancy. All participants
were naïve regarding the neurostimulation techniques, and
no participants reported previous practice with the type of
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insight tasks selected for the experiment. The same pool of
participants also took part in a related experiment investigat-
ing the impact of tACS on insight capabilities (Santarnecchi
et al., 2019).

Experimental procedures

Each participant performed an experimental session com-
posed of 3 blocks of each task (i.e., CRA and Rebus Puzzles
(Salvi et al., 2015)) while receiving tRNS (corresponding to
T8 or P4 electrodes in the 10/20 EEG system) or Sham (i.e.,
placebo) stimulation in a within subjects design (Fig. 1).
Stimuli and instructions were presented using E-prime 2.0
software (Psychology Software Tools, Inc., PA, USA).
Participants were comfortably seated in a quiet room, posi-
tioned approximately 50 cm from an LCD screen, wearing
insulating headphones to facilitate focus on the tasks.
Subjects performed a training session consisting of solving a
few examples of CRA and Rebus Puzzles before starting the
actual experiment.

Stimuli were presented in the center of the LCD display for
10 seconds, and participants were instructed to provide an-
swers as accurately and quickly as possible by pressing the

spacebar with their preferred finger. After a button-press or 10
seconds—whichever occurred first—a text window appeared
asking the participants to input their answer. After each stim-
ulation block, subjects performed an odd-even reaction time
task to assess vigilance levels.

tRNS

Transcranial Random Noise Stimulation (tRNS; 100-500 Hz)
was del ivered using a Stars t im neuros t imula tor
(Neuroelectrics, Barcelona) at an intensity equivalent to
2,000 μA peak-to-peak, separately over the right parietal lobe
(P4) and right temporal lobe (T8) over different stimulation
blocks. The theoretical model proposed by Jung-Beeman et al.
(2004) suggests a right dominance for the insight process,
specifically involving the parieto-occipital region and the tem-
poral lobe. Therefore, to test for the functional relevance of
such regions regardless the specific strategy adopted (i.e., in-
sight or analytical method), stimulation of the right parietal
lobe (roughly corresponding to electrode P4 in the 10-20
EEG system), anterior temporal lobe (electrode T8), and
Sham (placebo) were delivered in randomized order to each
participant (Fig. 1). To guarantee an adequate focality of each

Fig. 1 Experimental design. The theoretical model of semantic
integration proposed by Jung-Beeman and colleagues (2004) suggests
the specific involvement of right parietal and anterior temporal cortices
in the insight process strictly associated with different brain oscillations.
Giving our aim of testing the relevance of right temporal and parietal
areas in semantic reasoning independently from the specific mechanism
involved (i.e., insight or analytical process), tRNS was delivered (100-
500 Hz) at these locations while participants solved CRA and Rebus
Puzzles. We adopted a multifocal stimulation template (i.e., multiple re-
turn electrodes) to maximize the electric field on the target regions (i.e.,
stimulation electrode) corresponding to T8 in the 10/20 EEG system for
the right anterior temporal lobe (a) and to P4 for the right parietal area (b).

As shown by the normal electric fields of both stimulation templates in
panels a and b, the multifocal approach allowed to minimize/abolish the
current distribution under the return electrodes. c Examples’ trials of
Italian semantic (CRA) and visuo-semantic (Rebus Puzzles) problems
solved by participants. d Schematic representation of the experimental
session composed by 3 stimulation blocks in randomized order (tRNS on
P4, tRNS on T8 and Sham, mean duration = 7 minutes), interleaved by a
10-minutes pause (no stimulation) comprising also an odd-even control
task assessing reaction times. CRA = Compound Remote Associate task;
tRNS = transcranial Random Noise Stimulation; Sham = placebo
stimulation
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stimulation pattern, a multifocal approach was adopted
(Ruffini et al., 2013), where one target electrode and multiple
“return” ones were strategically placed on the scalp. In order
to keep the intensity fixed on the target electrode (i.e., T8 and
P4), 3 electrodes were positioned on the following locations
and given one third of the stimulation intensity directed to T8/
P4 each: for tRNS on T8, return electrodes on P3, T7, F3 (Fig.
1a); for tRNS on P4, return electrodes on F4, P3, T7 (Fig. 1b).
This ensured the maximal current density on the target regions
with very low-intensity stimulation being delivered on other
sites, therefore theoretically reducing the efficacy of stimula-
tion on the return electrodes. The induced electric fields for the
2 stimulation templates are reported in Fig. 1a-b. Stimulation
intensity was ramped up for 30 seconds, then tRNS was de-
livered for 2 minutes while participants sat still staring at a
crosshair on the LCD monitor and kept constant for the dura-
tion of a single tRNS block or ramped down after 30’ in Sham
block (see Fig. 1 for a graphical depiction of the stimulation
montages and information about experimental design and
stimuli). The initial resting-state stimulation was included to
potentially facilitate the stochastic resonance phenomenon be-
tween exogenous and endogenous oscillatory activity.
Additionally, between each stimulation block, participants
performed an odd-even reaction time task to assess vigilance
levels. The experiment was performed on a single day, with a
pause of 10 minutes between each stimulation block, includ-
ing the odd-even reaction task. The total duration of stimula-
tion for each block was approximately 7 minutes, including
the 2 minutes of tRNS delivered “at rest.”

Tasks

Each experimental block was composed of 15 randomized
semantic CRA problems followed by 11 visuo-semantic
Rebus Puzzles problems in order of ascending difficulty.

Semantic - CRA problems

Participants first solved the Italian version of the recently val-
idated CRA problems (Salvi et al., 2015b) (see Fig. 1c; for the
original English version see (Bowden & Jung-Beeman,
2003)). These types of problems have been consistently used
to study semantic integration (Bowden et al., 2005; Jung-
Beeman et al., 2004; Kounios & Beeman, 2014). Each prob-
lem is formed by three words, and the solution is represented
by a fourth word that can be associated with the others to form
a compound word (i.e., manners, round, tennis; solution:
table). We selected 105 items and divided them into 7 sets
of 15 items each, balanced for difficulty and method of
problem-solving usually applied (e.g., insight or analytical
process) using the normative data reported in (Salvi et al.,
2015a). Three random blocks (15 trials each) were selected
for each participant. CRA was displayed in Times New

Roman font size 34 on PowerPoint slides at the center of the
screen.

Visuo-semantic rebus puzzles

Participants also solved the Italian version of the Rebus
Puzzles (Salvi et al., 2015b). Unlike the CRA, this set of
problems requires the integration of both visual and semantic
information to find a common phrase fitting each item. As
example, the “Cycle, Cycle, Cycle” Rebus Puzzle is solved
with “Tricycle,” which requires merging the repetition of the
word “cycle.” The Italian Rebus Puzzle “LUNA” (the Italian
translation of “Moon”) indicates the “Descending moon” giv-
en the descending characters’ size (see Fig. 1c for other Italian
examples; for the English version see (MacGregor &
Cunningham, 2008)). We divided all trials into 7 sets of 11
trials each, balanced for difficulty and strategy usually
adopted (Salvi et al., 2015b); 3 blocks (11 trials each) were
randomly selected for each participant.

Statistical design and analysis

Accuracy and Reaction Times (RT) on correct responses were
collected for both CRA and Rebus Puzzles tasks, regardless of
the strategy adopted to solve them. Analyses were carried out
using IBM SPSS Statistics (Version 21, release 21.0.0) and
MATLAB (Mathworks, Massachusetts). Data were filtered
for outliers (mean ± 2 SD of accuracy and RT values, respec-
tively 7% and 13% of the overall trials). A repeated measures
ANCOVA was used to investigate main effects and interac-
tions of 1) Stimulation (Sham, tRNS-P4, tRNS-T8) and 2)
Task (CRA, Rebus), with within-subject factors for both cor-
rect accuracy and correct reaction times. Gender, age, and the
order of stimulation conditions were added as covariates. In
the event of a significant effect of stimulation, further simple
main effects were analyzed using a similarly structured
ANCOVA to decompose the effect. In the event of interaction
between stimulation and task type and a subsequent signifi-
cant simple main effect of stimulation on a specific trial type,
pairwise comparisons were performed to elucidate the nature
of the effect. In the event of a violation of Mauchly’s test of
sphericity, we employed multivariate measures. For all tests,
the level of significance was set at p ≤ 0.05, and Bonferroni
multiple comparisons correction was applied for the pairwise
comparisons.

Results

CRA

Accuracy tRNS over the right temporal area improved accura-
cy in CRA compared with sham stimulation. On average,
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during the Sham (= placebo) condition participants correctly
solved 8.25 (SD = 2.8) CRA trials, equal to 54% of the pre-
sented problems. Statistical analysis revealed a significant ef-
fect of Stimulation [F(2,28) = 4.34, p < 0.001] and Task type
[F(1,29) = 4.16, p < 0.001], as well as a significant
Stimulation*Task type interaction [F(2,29) = 3.62, p < 0.01].
Regarding Stimulation effects, tRNS was significantly differ-
ent from Sham [t(30) = 3.41, p < 0.008] (Fig. 2). In particular,
the Stimulation*Task type interaction showed a significant
effect for tRNS over the temporal lobe during CRA [t(30) =
4.85, p < 0.001; Cohen's d = 0.85] (Fig. 2).

tRNS on P4 was not significantly different than Sham [t(30)
= 1.42, p = 0.396]. The average increase in accuracy during
tRNS over T8 compared with Sham condition was 12%,
whereas it was 2% when tRNS was delivered on P4 respect
to Sham condition.

Reaction times tRNS over the right parietal lobe improved
reaction times for correct response at CRA compared with
sham stimulation (Fig. 2). Statistical analysis revealed a
significant effect for Stimulation [F(2,28) = 3.26, p =
0.008] but not for Task type [F(1,29) = 1.21, p = 0.545].
In particular, the Stimulation*Task type interaction
showed a significant effect for tRNS over the parietal lobe
(P4) for correct response at the CRA task [t(30) = 4.85, p <
0.001] (average decrease in reaction times vs. sham =
2,100 ms, Cohen's d = 1.38), with no effect for tRNS over
T8 [t(30) = 1.04, p = 0.582] (Fig. 2).

Rebus puzzles

Accuracy For the Rebus Puzzles, participants correctly
solved 8.68 (SD = 2.4) trials, equal to 78% of the
presented problems. The Stimulation*Task type interac-
tion showed no effect on Rebus Puzzles trials [t(30) =
1.21, p = 0.692] (Fig. 3).

Reaction times The mean reaction times of correct responses
are shown in Fig. 3. The Stimulation*Task type interaction
did not showed effect on Rebus Puzzles in general [t(30) =
0.76, p = 0.745] (Fig. 3). Performances at CRA and Rebus
Puzzles showed a weak correlation with each other across our
participants (r = 0.24, p = 0.358).

Control task

Analyses of the odd/even task revealed significant main ef-
fects of the Order in which blocks were presented over RTs
[F(3,81) = 3.15, p < 0.05]. Pairwise comparisons revealed that
the only significantly different block was the first one [block 1
vs. block 2: t(23) = 3.47, p < 0.05; block 1 vs. block 3: t(23) =
2.19, p < 0.05; block 1 vs. block 4: t(23) = 2.10, p < 0.05, all
other pairwise comparisons were not significant (p > 0.2)].
The same analyses were performed with blocks ordered by
the stimulation type they followed, an important control that
could detect whether any of the stimulation types had general
after-effects on RT or accuracy levels. No significant differ-
ences were observed on RT and accuracy [RT: F(3,72) = 1.32, p
> 0.325, Accuracy: F(3,72) = 1.53, p > 0.276].

Discussion

Prior fMRI and EEG research highlighted a crucial role for
right parietal and temporal cortices during semantic integra-
tion in problem-solving (Sandkühler & Bhattacharya,
2008; Jung-Beeman et al., 2004). The oscillatory involvement
of right temporal areas has been further recently demonstrated
via tACS modulation in the gamma band for insight strategy
(Santarnecchi et al., 2019). Albeit the specific role of such
right hemisphere regions in the general semantic integration
process remains unanswered, current findings demonstrate the
causal involvement of the right parietal and temporal cortex

Fig. 2 Results for CRA. Accuracy (a) and response times for correct
answers (b) at CRA (pure semantic integration tasks) are reported for both
tRNS and Sham conditions. Statistical results refer to an ANCOVA
model including age, gender and stimulation order as covariates

(Bonferroni corrected). Lines represent standard errors of the mean.
Arrow indicates the significant effect. CRA = Compound Remote
Associates task; tRNS = transcranial Random Noise Stimulation; Sham
= placebo stimulation.

Cogn Affect Behav Neurosci



on semantic-related processing, regardless of the problem-
solving strategy adopted. On the other hand, the absence of
behavioral effects of tRNS in these regions for the Rebus
Puzzles task allows us to speculate on the existence of a spec-
ificity for semantic information in the right hemisphere.

The causal involvement of the right posterior parietal and
temporal lobe in the semantic general process was postulated
by correlational evidences (Jung-Beeman et al., 2004) and,
moreover, by patients with brain lesions (Joanette et al.,
1990; St George et al., 1999). The importance of the right
temporal cortex for semantic integration aligns with its role
in integrating distant or novel semantic relations during lan-
guage comprehension (Bottini et al., 1994; Humphries et al.,
2001), as in the integration of discourse processing (St George
et al., 1999). These findings fit with the hypothesis (as well as
with neuroanatomical evidence (Kounios & Beeman, 2014))
of a temporal role in coarse semantic field (Chiarello et al.,
1990; Kounios & Beeman, 2014) that represents a crucial step
for integrative processes necessary to achieve global coher-
ence during reasoning and discourse processing (Kounios &
Beeman, 2014; Salvi et al., 2020a). Finally, in a series of
experiments applying 10 Hz-tACS (alpha frequency) on right
temporal lobe in participants solving CRA, RAT, and an al-
ternative uses task, Luft and colleagues showed an increase in
unusual responses for alternate uses, further confirming the
relevance of right temporal lobe for semantic processing, in-
tegration and associations (Luft et al., 2018).

The right parietal cortex seems to be involved in revealing
false semantic relations on provided statements, suggesting its
role in inference and inhibition processes necessary for deter-
mining semantic coherence (Raposo &Marques, 2013). Also,
a role for the right parieto-occipital cortex in the suppression
of visual inputs had been suggested and supported across
studies, especially in relations to alpha activity (Kounios &
Beeman, 2014; Salvi et al., 2015a, 2016; Salvi and Bowden
2016). Indeed, Luft and colleagues nicely showed that alpha

oscillations in right hemisphere are responsible of suppressing
dominant and common associations for both convergent and
divergent reasoning (Luft et al., 2018). Notably, researchers
applied tACS on T8 using large sponge electrodes (25 cm2)
that reasonably have also affected the right parietal cortex,
confirming previous literature and fitting to our findings that
show an involvement of right parietal cortex in suppressing
relevant information, irrespective to the specific frequency
applied (Luft et al., 2018).

Our results show a reduction in reaction times for correct
answers when tRNS is delivered on the right parietal cortex,
aligning with its possible involvement in the initial phases of
suppression of irrelevant information and representation that
in turn speeds up the process (i.e., reduce response time) rather
than increasing the number of correct answers. By delivering
tRNS, we might have been able to increase the excitability of
the right parietal cortex without forcing it in a specific oscil-
latory activity—and thus on a specific problem-solving strat-
egy, leading to the observed decrement in response time.

The absence of concordant results in literature about the
effects of stimulation of the temporal lobe in promoting CRA
performance is probably related to the different protocols
adopted among tDCS studies. The influence of cathodal stim-
ulation (i.e., inhibition), which varied in positioning across the
experiments with even an extracephalic montage (Aihara et al.,
2017), needs to be considered. Additionally, there is discor-
dance among the selected temporal target region (between F8
and T8 in (Ruggiero et al., 2018), 1.5 cm anterior to T4 in
(Aihara et al., 2017), between T8 and FT8 in (Chi & Snyder,
2011), and over T8 in (Salvi et al., 2020a)). All of these vari-
ables, together with different stimulation parameters (i.e., inten-
sity and duration), as well as with stimulating electrodes’ diam-
eter could have significantly affected the current flow and thus
caused varied and not comparable behavioral changes.

Finally, the absence of effects on performance on Rebus
Puzzles is concordant with the previous tACS experiment in

Fig. 3 Results for Rebus Puzzles. Accuracy (a) and response times for
correct answers (b) for Rebus Puzzles (visuo-semantic integration task)
are reported for both tRNS and Sham conditions. Statistical results refer to
an ANCOVA model including age, gender and stimulation order as

covariates (Bonferroni corrected). Lines represent standard errors of the
mean. tRNS = transcranial Random Noise Stimulation; Sham = placebo
stimulation.
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the same participants as the current study (Santarnecchi et al.,
2019) and may indicate that different cortical networks are
required for specific types of semantic/visuo-semantic tasks.
Indeed, the CRA and Rebus Puzzles are profoundly different,
with CRA requiring only a semantic (purely verbal) integra-
tion and Rebus Puzzles an integration of both verbal and vi-
sual information. Accordingly, performances at CRA and
Rebus Puzzles showed only a weak correlation with each
other in our sample, further corroborating the hypothesis that
they do not activate the same neurophysiological substrates
and likely do not measure the very same process.
Unfortunately, no fMRI studies are testing the specific brain
areas activations during Rebus Puzzles task, which could help
to disentangle its neural substrates. On the other hand, ceiling
effects could not be totally excluded in the light of the baseline
performance obtained at Rebus Puzzles, both in terms of ac-
curacy and RT.

tRNS is the most recently validated type of tES, introduced
by Terney and colleagues in 2008 (Terney et al., 2008). In
preclinical models, the mechanism of tRNS has been linked
to the enhancement of synchronization among firing neurons
via the amplification of subthreshold (i.e., noise) oscillatory
activity (Reed & Cohen Kadosh, 2018). Even if the dominant
physiological mechanism is still not completely understood,
behavioral effects of tRNS have been demonstrated on multi-
ple scales and domains (Antal et al., 2017; Santarnecchi et al.,
2015), often exceeding the ones observed with other tES tech-
niques (Inukai et al., 2016; Vanneste et al., 2013), especially if
delivered with a full-band condition (100-700 Hz) (Moret
et al., 2019). The current results suggest tRNS could be a
promising technique to enhance semantic integration abilities,
independently from the dominant cortical oscillatory activity
and thus from the specific strategy adopted. The possibility of
testing the involvement of a specific region without a priori
selecting any frequency represents a fundamental advantage
of random noise stimulation, especially compared with tACS,
which requires a defined frequency (i.e., 10 Hz or 40 Hz) at
which deliver alternating current stimulation. This restriction
poses four main issues with tACS: 1) the accurate selection of
a relevant oscillatory frequency crucial for the execution of a
specific task in a target region, that may be not clearly obvious
or previously defined in literature; 2) the individual variability
of oscillatory activities, especially in higher ranges of oscilla-
tions, might reduce the effects if not perfectly tuned; 3) the
necessity to test at least another control frequency to dissociate
the nonspecific effect of stimulation relative to the frequency-
specific ones; and 4) finally, the possible induction of phos-
phenes that can annoy the subjects as well as make them
aware of stimulation condition (real vs. sham). In this context,
tRNS is an advantageous cost-effective neuromodulation
technique that can assess the relevance of a region’s activity
in a single session paradigm, by simply applying all the fre-
quencies in the 100-500 Hz range, ultimately enhancing brain

cortical excitability (Reed & Cohen Kadosh, 2018). TRNS
also avoids concurrent inhibitory effects of cathodal stimula-
tion seen during tDCS. Specifically, differently than tDCS and
tACS, tRNS delivers noise to each electrode, thus providing
similar effects to all electrodes. During tDCS, the polarity of
every electrode is defined (e.g., anodal or cathodal) and con-
stantly maintained to assure that direct current flows from the
anode to the cathode. The same process happens during tACS,
with the difference that every electrode constantly alternates
between the anodal and the cathodal polarity at the frequency
of the alternating current (i.e., 40 Hz). This may cause either
synchronization or desynchronization (depending on the spe-
cific electrodes montage) of the targeted areas, in addition to
the “local entrainment” of neuronal populations stimulated by
each electrode at the delivered frequency. On contrary, tRNS
permits to singularly test the relevance of enhancing the ex-
citability of a single region, eliminating the confounding fac-
tors of: 1) having the inhibition of the cathodal target (as for
tDCS), or 2) the synchronization or desynchronization be-
tween brain regions, which theoretically could contribute to
the observed behavioral effect. This is especially true when
the selectivity of the induced electric field is obtained via
multifocal approaches (e.g., adopting multiple return elec-
trodes (Ruffini et al., 2013)), allowing to deliver a larger
amount of current to the principal target region respect to the
classical bifocal montage in which the amount of current is
equally split between two electrodes.

Limitations of the study

Despite being the first study causally testing the involvement
of both temporal and parietal lobes on semantic integration
using tRNS, our study presents some limitations. First, we
did not check for the specific strategy used to solve the se-
mantic task (e.g., insight or analytical method), this should be
investigated in the future to reveal a potential selective effect
of tRNS on problem strategy (i.e., insight problem-solving).
Second, several behavioral, cognitive, and demographics fac-
tors have been related to semantic integration (Kounios &
Beeman, 2014), but we did not investigate individual cogni-
tive profiles in determining individual response to tRNS, as
well as for other potential factors, such as positive mood sta-
tus, mindfulness scores, time of the day (Sprugnoli et al.,
2017), and a more general gender effect on language areas’
activation (Yao et al., 2020). Future studies should address the
role of these measures in explaining variability in the response
to tRNS.

Third, previous investigations using tDCS, as well as met-
analysis of fMRI studies, have suggested a role of bilateral
temporal lobes (Chi & Snyder, 2011) and left prefrontal cortex
(Cerruti & Schlaug, 2009; Metuki et al., 2012; Peña et al.,
2019) in successful semantic problem-solving. Therefore,
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future experiments exploring bi-hemispheric stimulation
montages could be performed. Additionally, fMRI studies re-
vealing the activations during Rebus Puzzles tasks are needed
to reveal task-specific activation and guide possible
neuromodulatory interventions.

Conclusions

Our data support the involvement of both right parietal and
temporal lobes in the generation of semantic integration in
humans, suggesting tRNS as a suitable tool to boost such
complex cognitive ability and verbal reasoning more in
general.
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