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Abstract: The inability to wait for a target before initiating an action (i.e., waiting impulsivity) is one
of the main features of addictive behaviors. Current interventions for addiction, such as transcranial
Direct Current Stimulation (tDCS), have been suggested to improve this inability. Nonetheless, the
effects of tDCS on waiting impulsivity and underlying electrophysiological (EEG) markers are still
not clear. Therefore, this study aimed to evaluate the effects of neuromodulation over the right
inferior frontal gyrus (rIFG) on the behavior and EEG markers of reward anticipation (i.e., cue and
target-P3 and underlying delta/theta power) during a premature responding task. For that, forty
healthy subjects participated in two experimental sessions, where they received active and sham
tDCS over the rIFG combined with EEG recording during the task. To evaluate transfer effects,
participants also performed two control tasks to assess delay discounting and motor inhibition. The
active tDCS decreased the cue-P3 and target-P3 amplitudes, as well as delta power during target-P3.
While no tDCS effects were found for motor inhibition, active tDCS increased the discounting of
future rewards when compared to sham. These findings suggest a tDCS-induced modulation of the
P3 component and underlying oscillatory activity during waiting impulsivity and the discounting of
future rewards.

Keywords: waiting impulsivity; premature responses; tDCS; rIFG; P3; delta; theta

1. Introduction

Transcranial Direct Current Stimulation (tDCS) over the prefrontal areas has already
shown promising effects for addiction [1], craving [2], and reward responsiveness [3]. Stud-
ies using tDCS to target inhibitory processes have been targeting several cortical regions,
such as the right inferior frontal gyrus (rIFG), related to response inhibition [4], or the
dorsolateral prefrontal cortex (DLPFC), in order to enhance delay discounting [5]. Although
both processes are framed within impulsivity (i.e., stopping vs. waiting), they differ in their
cognitive procedures and neuronal networks. For instance, waiting impulsivity relies on
the top-down regulation of the prefrontal cortex, involving subcortical structures such as
the ventral striatum, amygdala, and hippocampus [6]; while stopping requires interactions
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between the rIFG and the pre-supplementary motor area (SMA), with the dorsal striatum
and the subthalamic nucleus (STN) [7].

Waiting impulsivity can be further divided into two main dimensions, namely the
impulsive action measured by premature responses and the impulsive choice assessed
in delay discounting tasks. This distinction highlights the role of the impulsive action as
a ‘cold’ process, less prone to affective/emotional influences, whilst the impulsive choice
is thought to be a ‘hot” process relying on reward processing [8]. Premature responses have
also been associated with proactive stopping evaluated in Go/No-Go (GNG) paradigms,
given that inhibitory processes may be prior to the response selection [9]. The GNG is
a task composed of two types of trials, namely a frequent “Go” trial and an infrequent
“No-Go”. Participants are required to press a button during the “Go”; however, in “No-Go”
trials, they are required to inhibit their response. On the other hand, reactive inhibition
paradigms, such as the Stop Signal Reaction Time task (SSRTT), have not been associated
with premature responses, given that the inhibitory processes act after a response has
started [10]. This is because the SSRTT incorporates a “stop” trial, during which participants
are required to suppress a response that was initiated during a “Go” trial in response to
a “stop” stimulus that is presented immediately after the “Go” stimulus.

Furthermore, attentional and inhibitory processes have been studied using event-
related potentials (ERPs), mainly through the P3 component. P3 is characterized by
a positive prominent wave at centro-parietal sites with a peak between 250 and 600 ms
after the presentation of a task-relevant stimulus [11]. P3 can also be elicited when re-
wards/punishments are anticipated. The anticipatory or cue-P3 is elicited after the cue
onset, and it has been interpreted as the motivated attention to a subsequent task-relevant
stimulus [12]. The consummatory or target-P3 is the actual response toward the moti-
vational stimulus predicted by the cue [13]. These components have been tested in the
Monetary Incentive Delay (MID) task, in which participants are rewarded or punished
according to the response time towards a cued target stimulus [13]. The cue indicates the
type of trial (i.e., win or loss), followed by a target (with a jittered interval) and immediate
feedback about performance. Thus, the cue-P3 is elicited following the cue-onset that
predicts the incoming target and the type of feedback (i.e., reward /punishment), which
has been suggested to represent the motivated attention towards the impending relevant-
stimulus (i.e., target) [14]. The target-P3 is elicited following the onset of a stimulus implied
in the subsequent reward or punishment process. Thus, target-P3 amplitude increases after
cues that predict gains or losses [13]. However, the specific effects in terms of the valence of
reward in cue-P3 are not clear [13,15-17]. Specifically, cue-P3 is greater in trials predicting
rewards [13], losses (in schizophrenia subjects) [17], or both [15-17] in comparison with
neutral trials. Moreover, cue-P3 amplitude was increased in win trials compared to loss
trials [12,15]. Overall, both P3 components are enhanced in reward-laden trials, suggesting
attentional allocation to motivational stimuli [16].

Assuming that ERPs are representations of specific brain activations in the time
domain, they co-occur with the synchronization of oscillatory activity in the time-frequency
domain, i.e., the event-related oscillations (ERO) [18]. Regarding the EROs, the P3 elicited
during the oddball paradigm is accompanied by a transient increase in delta (0.5-4 Hz)
and theta (4-7 Hz) power at the same latency and scalp distribution of P3 [19]. These
findings suggest that both oscillatory frequencies might represent the mechanism of the
generation of the P3 component [20]. Additionally, an increase in parietal delta power
after a reward-laden stimulus has been shown, suggesting that the association between
P3 and delta might also occur during the anticipation of rewards [21]. Nevertheless, this
concurrent activity between both EEG markers in parietal regions has not been tested yet
in MID tasks or other reward-processing paradigms.

In a recent meta-analysis about the modulatory effects of tDCS in the P3 component
during cognitive tasks, we were able to show an increase in the parietal P3 in attentional
and working memory tasks after tDCS to the frontal cortex [22]. The effects of tDCS in terms
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of P3 amplitude elicited during response inhibition were mixed: some studies showed
an increase in P3 amplitude [23], while others a decrease [24,25].

Even though previous tDCS studies have targeted addictive/impulsive behaviors,
the available knowledge about neural correlates of impulsivity highlights the importance
of understanding how tDCS impacts cognition but also the underlying neuronal activity.
For instance, a recent study guided tDCS through an online analysis of EEG data collected
during the performance of a cognitive task [26]. This closed-loop methodology aimed
to augment the effects of tDCS but also relied on the detection of specific neuro-markers
of cognition. Therefore, the understanding of the effect of tDCS on cognition, as well
as the understanding of the effects of tDCS in EEG markers related to cognition, is of
the utmost importance for the optimization of the effects. In this sense, the aim of the
current study was to assess the effects of tDCS over rIFG in (i) premature responses and
(i) anticipatory and consummatory ERPs and EROs related to waiting impulsivity. For this
purpose, we developed a computerized task to test the anticipatory and consummatory
neural response towards a salient stimulus involved in reward-seeking, which was tailored
to individual performance. Considering the essential role of rIFG in response inhibition [27],
we hypothesized that active tDCS over the rIFG would lead to a reduction in the number
of premature responses. Moreover, this reduction in the number of premature responses
may also show a transfer effect for delay discounting and inhibitory control. Likewise, the
behavioral modulation is expected to be combined with an increase in P3 amplitude and
consequently delta/theta power.

2. Materials and Methods
2.1. Participants

A total of 40 healthy volunteers (31 females; mean age: 23.2 & 3.52) participated in the
study. All the participants were right-handed (Edinburgh Handedness Inventory > 40) and
without a recent history of neurological or psychiatric disorders. Prior to their participation
in the experiment, volunteers were assessed using the Beck Depression Inventory-II [28],
Alcohol Use Disorders Identification Test [29], and Drug Use Disorders Identification
Test [30] to ensure the absence of depressive symptomatology and the consumption of
alcohol/drugs. Moreover, participants who reported medication or psychotropic drug
consumption during the 4 weeks before the study were not included. All participants gave
their written informed consent preceding their enrollment. The study was in accordance
with the Declaration of Helsinki and was approved by the local ethics committee (CEICVS
127/2019).

2.2. General Procedure

The study comprised two sessions, one with active and another with sham tDCS,
which were administered randomly to each participant in a counterbalanced order (see
Figure S1 in Supplementary Materials (SM)). Both sessions followed similar procedures,
except for the screening, informed consent, and self-report questionnaires, which were
performed only in the first session. In each session, participants performed the Cued
Premature Response Task (CPRT) (Figure 1) during tDCS. EEG data were collected during
the entire performance of the CPRT. Then, participants performed the SSRTT [31] and the
Monetary Choice Questionnaire-27 (MCQ-27) [32] in a counterbalanced order to assess
potential far-transfer effects for delay discounting and inhibitory control. At the end of
the session, participants filled a blinding questionnaire about the tDCS condition and the
side effects of tDCS using a Visual Analog Scale from 0 to 10 (see Tables S1 and S2 in
Supplementary Materials).
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A) Trial structure

1250-1750 ms

B) Feedback depending on release time

Fast responses Slow responses

Win 0.50€ Loose 0.50€

Very fast responses
Win 1€

Very slow responses
Loose 1€

500 — 2500 ms
0.66 SD 0.33SD 1SD
L L L

1000 ms

500 ms
FEEDBACK

3 times in a row

Figure 1. Overview of the experimental task (A) and the individualized reinforcement/punishment
feedback (B).

2.3. Cued Premature Response Task

The experimental task was developed to assess premature responding during mone-
tary reinforcement and punishment. For that, CPRT was adapted from the 4-Choice Serial
Reaction Time Task [33] and the MID [13]. Participants were instructed to press the middle
button of the E-Prime Chronos response box to start a trial and to release it as fast as
possible when the target was displayed on the screen. The target was always preceded
by a cue, which informed the participant that the target was about to be displayed. The
cue and the target were always displayed with a random onset to minimize expectancy.
Specifically, the interval between the trial onset and the cue ranged from 1250 to 1750 ms,
and the interval between the cue and the target ranged from 500 to 2500 ms (Figure 1A).
However, in the baseline block, these intervals were fixed at 1000 ms.

Participants were instructed to release the button after target, as fast as possible, thus
favoring speedier responses instead of more accurate, albeit slower, responses. Participant’s
responses were rewarded with virtual money if their responses were faster, punished if
their responses were slower, or neither rewarded nor punished if they responded before
target onset (i.e., premature responses; Figure 1B) [33]. The task comprised one training
block with 20 trials and one test block with 180 trials in total. Participants started to
perform the test block task after three minutes of the onset of tDCS, and the total dura-
tion of the task was approximately 15 min. The behavioral outcomes analyzed were the
number of premature responses, the monetary gain/loss, and the RT average (details in
Supplementary Materials).

2.4. Control Assignments
2.4.1. Stop-Signal Reaction Time Task

The SSRTT is designed to assess inhibitory control abilities, and the version used
in the study followed the latest guidelines for the appropriate structure of the task [34].
For this purpose, participants were instructed to respond according to the orientation of
an arrow. Specifically, if an arrow was pointing to the left, the participant should press the
left button (“Z”); if the arrow was pointing to the right, the participant should press the
right button (“M”). Moreover, for stop trials, a red frame around the arrow (i.e., stop-signal)
was shown on the screen, which informed participants to withhold any response. The stop
signal appeared after the arrow was displayed, with a delay adjusted for each participant
following a staircase-tracking algorithm [31]. The Stop-Signal Delay (SSD) was set to
250 ms at the beginning of each block, and it was adjusted after an unsuccessful inhibition
(—25 ms) and a successful inhibition (+25 ms). The maximum SSD was 400 ms, and the
minimum was 0 ms. The goal of this adjustment was to guarantee a p(response | stop-signal)
of 0.5. Therefore, participants were instructed to be as fast and accurate as possible, even
though they should not wait for the stop signal to control for the speed-accuracy tradeoff.
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The task started with a training block of 24 trials, followed by four experimental blocks
with 64 trials each. Each block comprised 75% go trials (i.e., 48 trials) and 25% stop trials
(i.e., 16 trials). However, the first six trials of a block were always a go trial. The task had
a total duration of approximately 8 min. The outliers were identified following the lenient
criteria from Congdon and colleagues [35]. The outcomes included in the statistical analysis
were the accuracy and RT of go trials, p(respond | signal), SSD, and the stop-signal reaction
time (SSRT).

2.4.2. 27-Item Monetary Choice Questionnaires

The MCQ-27 was administered to evaluate the discount rating (i.e., if the participant
preferred smaller but immediate rewards instead of larger but delayed rewards). The
questionnaire was composed of 27 questions with two possible answers, namely smaller
and immediate reward or a larger, albeit delayed, reward [32]. The outcomes of the
questionnaire were the overall, small, medium, and large k. The overall k represented the
steepness of the discounting for all the monetary values (i.e., taking into consideration
all the items from the questionnaire), while the small, medium, and large k were specific to
the corresponding amounts (i.e., taking into consideration nine items from the questionnaire
per amount). The discount rates (i.e., k) were calculated in an Excel-based spreadsheet
scoring tool [36].

2.5. Transcranial Direct Current Stimulation

Participants received both active and sham tDCS in distinct sessions through a Starstim
R20 (Neuroelectrics, Barcelona, Spain). For the active tDCS condition, an electric current of
2 mA of intensity was applied for 20 min (with 15 s of ramp up and ramp down) while the
participant performed the CPRT. The sham procedure was similar to the active stimulation
but with only a 45 s duration (with 15 s of ramp up and ramp down). 25 cm? round
saline-soaked electrode sponges (~radius of 3 cm, current density: 0.08 mA /cm?) were
placed over F8 (anode) and posterior to the left mastoid (cathode) [37]. This tDCS montage
was chosen because, according to computer modeling, the current densities are higher over
the right inferior frontal areas [37]. Moreover, the placement of the cathode electrode on
the left mastoid may prevent potential dual effects from other relevant brain areas [38].

2.6. Electrophysiological Acquisition and Data Analysis

Online EEG data were collected with a Starstim R20 (Neuroelectrics, Barcelona, Spain)
using 18 scalps electrodes and one earlobe electrode. Electrophysiological data were
preprocessed offline and analyzed using EEGLAB [39]. Data were sampled at a rate of
500 Hz and FIR filtered with a bandpass between 0.5 and 40 Hz. The DC offset was removed
as the line noise using a notch filter (i.e., 50 Hz). The artifacts in the continuous data were
corrected, and noisy channels were removed using the Artifact Subspace Reconstruction in
the clean_rawdata function. The parameters for the identification of noisy channels were
the following: flatline with a maximum duration of 5 s and correlation between channels
below 0.7. EEG data were re-referenced to the average but without the pre-identified
noisy channels, and the rejected channels were interpolated using the spherical spline
method [40]. An average of 1.85 channels were rejected (SD = 1.09) in datasets from the
active sessions and 1.78 (SD = 0.92) from the sham ones.

The continuous data was segmented in epochs with a total length of four seconds
(i.e., 2000 ms prior and post-stimulus onset) centered in the target and cue. The epochs
containing premature responses in the 1000 ms post-cue onset were excluded. Moreover,
due to the time window chosen for the cue-P3, only epochs with a cue—target interval of
at least 800 ms were selected. The epochs in which the EEG signal surpassed £150 uV at
non-frontal electrodes were rejected. All the epochs were visually inspected and manually
removed in the plot window if artifacts were present. At last, an independent component
analysis (ICA) was performed to detect and remove artifacts using the ICLabel [41] (for
outliers” information see Supplementary Materials).



Brain Sci. 2024, 14, 168

6 of 17

2.6.1. Event-Related Potentials

The ERPs analyzed were the cue-P3 and target-P3 in the Pz electrode. The target-
P3 and cue-P3 epochs were baselined to the 200 ms pre-stimulus interval. The time
windows selected for each ERP were based on a previous study [13], and the data were
averaged following these time windows: the target-P3 was the average amplitude between
250 and 450 ms, and the cue-P3 was between 350 and 600 ms.

2.6.2. Event-Related Oscillations

The ERO power was analyzed using the Event-Related Spectral Perturbation (ERSP)
in EEGLAB function newtimef() [39]. An additional analysis was performed regarding
the ERO phase, specifically the magnitude of Inter-Trial Phase Coherence (ITPC) (see
Supplementary Materials). For that, a time—frequency decomposition using three-cycle
Morlet wavelets with a frequency resolution of 0.25 Hz and temporal resolution of 8 ms was
applied. The analyzed frequencies ranged from 1.5 Hz to 20 Hz for the cue and target epochs.
The ERSP baseline normalization followed an unbiased single-trial baseline correction
(i.e., full-epoch length single-trial corrections) to minimize sensitivity to noisy trials [42].
Therefore, at first, the average activity from the full-epoch length (i.e., uV) was subtracted
from each epoch. Subsequently, the spectral power was averaged considering all the trials
according to the baseline window (i.e., 1000 ms pre-cue or target). Finally, following the
additive model [42,43], each epoch was normalized by the previously calculated power
spectral average. The ERSP was averaged for delta (1.5-4 Hz) and theta (4-7 Hz) bands [20]
following the same electrode (i.e., Pz) and time-windows (i.e., target-P3: 250-450 ms; cue-P3:
350-600 ms) from the ERP analysis [13].

2.7. Statistical Analysis

The analysis focused on the difference between the active and sham stimulation
conditions. Therefore, paired t-tests were performed when the difference between both
conditions followed the normal distribution, as assessed by the Shapiro-Wilk test. If there
was no normal distribution, Wilcoxon signed rank test on paired samples was performed
instead. Holm-Bonferroni (BH) correction was also performed in each section of the
statistical analysis for multiple comparisons. At last, to probe the association between the
number of premature responses and the average release time on the Baseline block, Pearson
or Spearman correlations (depending on the normality in both variables) were performed
to evaluate the association between the reward/punishment system in the number of
premature responses. The statistical analysis was performed in R, version 4.0.3 [44].

3. Results
3.1. Behavioral Analysis
3.1.1. Cued Premature Response Task

No significant effects of tDCS were observed in premature responses (#(35) = —0.79, p = 0.438),
the monetary amount earned (#(37) = 0.78, p = 0.438), and release time (#(37) = —0.87,
p = 0.438) (Table 1). However, the number of premature responses and the average release
time for the baseline block were significantly correlated during active (R = —0.33, p = 0.0045)
and sham sessions (R = —0.34, p = 0.035), as revealed in Spearman correlations, suggesting
that the reward / punishment system was associated with the posterior number of premature
responses (Figure 2).
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Table 1. Descriptive (mean and SD) and inferential statistics (degrees of freedom (df), t or V, Hedges
g, p-value, and adjusted p-value) for each behavioral outcome.

tDCS

df v * g -Value Adjusted
Active Sham b p-Value (BH)
Premature
Responses 27.78 (14.65)  29.75 (15.77) 35 —0.79 0.13 0.432 0.438
Cued Premature Monetary
Response Task Gain/Loss 41.82 (66.10)  31.50 (70.73) 37 0.78 0.15 0.438 0.438
Release time (ms) (23%10'1997) (%14‘24119) 37 —0.87 0.1 0.388 0.438
Accuracy Go trials 97.1(2) 96.2 (3) 30 2.11 0.35 0.043 0.215
. 456.49 443.34
Stop-Signal RT Go trials (70.32) (82.68) 30 1.09 0.17 0.283 0.707
Reaction : _
Time Task p(respond | signal) 44 (10) 45 (10) 30 0.38 0.1 0.710 0.71
ssD (25()578791) (251124255) 30 ~052 0.08 0.605 0.71
SSRT (242633787) (26115683.5) 30 0.73 0.15 0.471 0.71
Overall k 0.016 (0.02)  0.015 (0.03) 39 344 * 0.04 0.061 0.12
Questionnaire-27 Medium k 0.016 (0.02)  0.015 (0.03) 39 134 * 0.04 0.120 0.12
Large k 0.012 (0.02)  0.010 (0.03) 39 223 * 0.09 0.106 0.12
* Wilcoxon signed rank test (V).
6001 o
R=-0.33, p=0.045
R=-0.34, p=0.035
)
= 500
h— [ ]
X
= .
= 4001
oM . B . .
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2} ~e °
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Figure 2. Correlation between the number of premature responses and the average release time in
the baseline block.
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3.1.2. Stop Signal Reaction Time Task

The t-tests did not reveal any significant effect in terms of Go trials accuracy
(t(30) = —2.11, p = 0.215), Go trials response time (#(30) = 1.09, p = 0.707), p(respond | signal)
(#(30) = —0.38, p = 0.71), SSD (¢(30) = —0.52, p = 0.71), or SSRT (¢(30) = 0.73, p = 0.71) (Table 1).

3.1.3. 27-Item Monetary Choice Questionnaires

There was a significant effect in the Small k (V(39) =199, p = 0.016), suggesting a higher
k in small amounts of money for the active tDCS session compared to sham. However,
there were no other differences due to tDCS being found for the 27-MCQ, namely Overall k
(V(39) = 344, p = 0.12), Medium k (V(39) = 134, p = 0.12), and Large k (V(39) = 223, p = 0.12)
(Table 1).

3.2. EEG Analysis
3.2.1. Event-Related Potentials

The Wilcoxon signed rank test revealed a significant difference between active and
sham sessions for the target-P3 amplitude (V(32) = 106, p = 0.003) and the cue-P3 (V(32) = 142,
p = 0.036). The target and cue-P3 amplitude was significantly lower in the active session
when compared to sham (Figures 3B and 4B; Table 2).

Table 2. Descriptive (mean and SD) and inferential statistics (degrees of freedom (df), t or V, Hedges’
g, p-value, and adjusted p-value) for each EEG outcome.

tDCS Adjusted
df t/vV * 8 -Value
Active Sham P p-Value (BH)
ERP (1V) 0.99 (5.33) 3.58 (3.14) 32 106 * 0.59 0.001 0.003
Target-P3
(250-450 ms) Delta (dB) 2.49 (3.18) 5.01 (6.51) 32 —2.29 0.49 0.015 0.03
Theta (dB) 3.28 (3.44) 3.77 (4.72) 32 —0.66 0.12 0.805 0.805
ERP (1V) 0.38 (1.97) 1.39 (1.65) 32 142 * 0.56 0.012 0.036
Cue-P3
(300-650 ms) Delta (dB) —0.17(1.06) —0.11(1.04) 32 —0.24 0.03 0.808 0.847
Theta (dB) —0.12(0.91) —0.07(1.17) 32 -0.19 0.05 0.847 0.847

* Wilcoxon signed rank test (V).

3.2.2. Event-Related Oscillations

During the target-P3 time window, the event-related synchronization in the delta
band during the target-P3 was significantly higher during sham compared to active tDCS
(#(32) = —2.29, p = 0.03) (Figures 3C and 4C). However, no differences were found for theta
band power (¢(32) = —0.66, p = 0.805). Regarding the cue-P3 time window, t-tests did not
reveal any significant effect in terms of ERO, namely for delta (#(32) = —0.24, p = 0.847) and
theta bands (#(32) = —0.19, p = 0.847) (Table 2).
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Figure 3. (A) Grand average event-related target-P3 at the Pz electrode (B) with topographical maps in the time-window of interest (represented in the gray area and

dashed lines: 250-450 ms) and ERO results at Pz electrode (C) between both tDCS conditions. ** p < 0.01.
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dashed lines: 350-600 ms) and ERO results at the Pz electrode (C) between active and sham tDCS. * p < 0.05.



Brain Sci. 2024, 14, 168

11 of 17

4. Discussion

The current study shows that tDCS over the right inferior frontal gyrus can modulate
the P3 component and underlying oscillatory activity during a waiting impulsivity task
(CPRT). Namely, active tDCS induced a decrease in target and cue-P3 amplitudes. Moreover,
the reduction in the target-P3 amplitude during active stimulation was combined with
a simultaneous reduction in terms of delta power for the same time window. Regarding
behavioral analysis, there was a significantly higher k in the small amounts condition after
active tDCS in comparison with sham, suggesting a preference for small immediate rewards
rather than bigger, delayed ones during an active tDCS session. However, no modulatory
effects of tDCS over rIFG were found in terms of waiting impulsivity and inhibitory control
measures (i.e., CPRT and SSRTT, respectively).

4.1. Electrophysiological Correlates

In the present study, anodal tDCS over the rIFG decreased the target-P3 amplitude
and underlying oscillatory activity (namely delta power) during a waiting impulsivity task.
However, there is a growing body of evidence suggesting that anodal tDCS over frontal
areas can increase the P3 amplitude in tasks involving attentional and working memory
processes [22]. However, the effects of tDCS over frontal regions on the P3 amplitude during
inhibitory control paradigms are mixed. While some studies report a decreased [24,25] P3
amplitude following tDCS, others report an increased P3 amplitude following tDCS [23].
Thus, the differential effects of tDCS on P3 may be related to the functional role of each
cognitive task and its underlying neuronal substrates [22].

Furthermore, these findings underpin the relationship between P3 and the delta/theta
power at the same time window observed in several cognitive tasks [20,45]. A recent
study showed an enhancement in the P3 amplitude during a visual oddball paradigm after
the entrainment of delta/theta frequency bands through the application of transcranial
Alternating Current Stimulation (tACS) [46]. However, theta activity was not modulated
concurrently to both the cue and target-P3 amplitudes. Surprisingly, it was delta power that
was modulated. This may show a potential inter-dependency between both electrophysio-
logical markers and their importance during impulsive behaviors. For instance, a study
showed decreased impulsive eating behavior in rats through a closed-loop system that
triggered responsive neurostimulation in the nucleus accumbens every time delta activity
was excessively increased during reward anticipation [47]. Likewise, delta power and P3
amplitude in the parietal region are also enhanced during the anticipation of rewards when
compared to neutral trials [21]. This is of particular interest because a positive correlation
between the cue-P3 amplitude and the activity in the ventral striatum (including the nu-
cleus accumbens) has been shown before [12]. It is important to highlight that the ventral
striatum is a core structure for reward processing and impulsive choice [12]. Similarly, the
neuronal activity observed on the left ventral striatum activity during an inhibitory control
task was negatively correlated with the rIFG [48]. Thus, this might suggest that tDCS over
the rIFG might not only reduce the P3 amplitude and delta power but also decrease ventral
striatum activity.

In addition, the anticipatory (i.e., cue) and consummatory (i.e., target) P3 in tasks with
monetary incentives are strongly related to reward processing. The target-P3 amplitude is
greater when preceded by cues that predict either a winning or loss of monetary compen-
sation, thus suggesting the involvement of the P3 component in reward and punishment
processing [13]. The involvement of the cue-P3 in this reward and punishment process-
ing is more mixed, as there are studies suggesting a cue-P3 enhancement after reward
cues [12,13,15], loss cues [17], or both [16]. For ERO, cues that predict rewards elicited
an enhancement in delta power in parietal areas (and cue-P3 amplitude) when compared
to neutral cues [21]. Although the previous studies did not show a significant relation
between cue-delta activity and delay discounting, a recent study showed that the increase
in evoked delta during a delay discounting task was associated with the choice for larger,
albeit delayed, rewards [49]. Therefore, the decrease in P3 amplitude and delta activity
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might indicate a modulation in the impulsive choice identified in our delay discounting
results (but not found in CPRT and SSRTT).

4.2. Behavioral Outcomes

tDCS over rIFG did not impact the CPRT outcomes, namely the number of premature
responses, release time, and total earned money. These findings suggest that, although
previous studies suggested the involvement of the rIFG in inhibitory control [24,27], the
rIFG might not be critically involved in waiting impulsivity [9]. Specifically, we expected
an increase in the tonic inhibitory process, which, in turn, would result in fewer premature
responses. Our results did not support this hypothesis. Nonetheless, several reasons
might be pointed out to explain the lack of tDCS effects in waiting impulsivity. First,
tDCS over rIFG might show a greater effect in reactive inhibition than on tonic inhibitory
response involved in premature responses. Indeed, a recent meta-analysis exploring the
effects of tDCS in both inhibitory processes showed a significantly larger effect size in
reactive inhibition (e.g., SSRTT) than in tonic inhibition (e.g., GNG task) [4]. Therefore,
a smaller effect of tDCS over the rIFG could be expected, due to the association between
proactive stopping and premature responses [9]. Additionally, the rIFG neural circuits
involved in both reactive and proactive inhibition follow different pathways. An indirect
pathway has been related to proactive inhibition, in which the rIFG connects with the globus
pallidus through the dorsal striatum, while reactive inhibition is related to a hyperdirect
pathway from the rIFG and pre-SMA to STN by-passing the striatum [50]. Moreover, the
increase in terms of premature responses was associated with lower connectivity within
structures relevant to motor inhibition, such as the STN and ventral striatum [10]. Therefore,
differences in neural pathways might influence how tDCS affects the rIFG based on the
network-dependent activity related to the CPRT [51]. This is supported by the absence
of transfer effects from the waiting impulsivity task to the motor inhibition performance
evaluated by the SSRTT. Nonetheless, this hypothesis is not in line with the previous
literature, given that several studies targeting the same area showed an enhancement in
proactive inhibitory processes [24,38,52-54].

Another explanation is that tDCS might increase the proactive inhibition but without
any consequence in terms of premature responding. This dissociation was already observed
in the literature [10,55]. Waiting and stopping have been suggested to represent distinct
constructs within impulsivity [6]. They rely on different cortico-striatal connections between
the DLPFC and ventral striatum for waiting processes and between the IFG and dorsal
striatum for stopping [7,56]. Furthermore, the differences between the reward and the
punishment systems might undermine our ability to make any conclusions about the effects
of tDCS on premature responses or other outcomes from CPRT as suggested by the Pearson
correlation. Specifically, when it was harder to win money, participants incurred more
premature responses. Furthermore, as the baseline block was performed at the beginning
of each section, the system of reward/punishment was also updated in each session (see
Section 4.3).

Moreover, the preference for immediate and smaller rewards observed in the MCQ-27
might be explained by the activation of concurrent neuronal circuitries between waiting
impulsive action and delay discounting [6]. This is of particular interest given that both
processes depend on the ventral striatum, even though they share different pathways.
Specifically, waiting impulsivity relies on the connectivity between the STN with the
ventral striatum and subgenual cingulate cortex [10]. Increased magnitudes of delayed
rewards were associated with the activation of mesolimbic pathways through the ventral
striatum, medial prefrontal cortex, and posterior cingulate cortex [57]. In line with this,
studies have shown an effect of tDCS over the DLPFC in the dopamine release in the ventral
striatum [58,59], which might explain the transfer effect of tDCS to the delay discounting
assessment. Similarly, a neuroimaging study showed that the activity observed in the rIFG
was negatively correlated with the activity found in the left ventral striatum [48]. Therefore,
the application of anodal stimulation over rIFG might result in a lower activation in the
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ventral striatum and consequently increase the k, as assessed by the MCQ-27. Nonetheless,
to the best of our knowledge, this study was the first to test the effect of tDCS over rIFG in
delay discounting.

In general, the tDCS transfer effects were only observed in terms of impulsive choice
(i.e., delay discounting) that partially shares neuronal circuits with waiting impulsive
action [6]. Therefore, the modulation of the neuronal circuits related to waiting impulsivity
is in line with the tDCS model of the network activity-dependent model [51]. On the other
hand, the lack of transfer effect in the inhibitory control task (i.e., SSRTT) might suggest the
dissociation between waiting and stopping impulsivity [60] or between impulsive choice
and action [8] (see Section 4.3 Limitations and Future Directions).

4.3. Limitations and Future Directions

The reward/punishment system was estimated for each session and not for each
participant, which led to some differences in the mean RT and SD between sessions. This
shift might misinterpret the effect of tDCS over the rIFG in the number of premature
responses because the urge to prematurely release the button might be influenced by the
reward/punishment system. Furthermore, this limitation might also influence the SSRTT
because the differential behavioral training (i.e., due to the distinct reward /punishment
system) might result in distinct plastic changes induced by tDCS [51]. This limitation
might have a strong impact in terms of behavioral performance and therefore “mask”
a potential effect of tDCS in the CPRT outcomes. Additionally, the tDCS effect observed
on P3 amplitude and evoked-delta power may not be robust enough to lead to behavioral
changes. For instance, during WM paradigms, Cespon and colleagues [61] showed that the
increase of P3 amplitude after frontal tDCS was correlated with behavioral gains, while
Breitling and colleagues [62] only found an enhancement in P3 amplitude by frontal tDCS,
without any behavioral effects. Likewise, similar findings of non-overlapping effects on
markers and behavior were shown during functional MRI, in which significant tDCS-
induced changes in the BOLD signal were not accompanied by a significant modulation
of behavior [63]. Therefore, a larger sample size should be preferred to evaluate the
neuromodulatory effects in CPRT, as well as an individualized reward /punishment system
per participant (and not per session).

Moreover, the interdependency between impulsive subtypes is still not clear within
premature response paradigms [9]. In fact, most of the evidence was observed from animal
studies and does not always match the one found in human studies [6]. This highlights the
importance of P3 as a potential surrogate marker for the cognitive processing of impulsivity,
which can be used for several clinical conditions, such as alcohol use disorder [64] and
attention-deficit/hyperactivity disorder (ADHD) [65]. Therefore, tDCS and EEG studies are
important to understand the underlying neural circuitries, as well as for the development
of available interventions related to several clinical conditions [1]. Nevertheless, these
studies must enhance their methods in analyzing the EEG data, reducing the impact of
artifacts that can interfere with the data. In this particular study, we opted for a previously
utilized method, but it is important for future studies to explore alternative approaches to
mitigate the potential impact on the data.

In addition, applying tDCS to other relevant cortical areas should be addressed in
future studies. For instance, tDCS studies aiming at the DLPFC have shown modulatory
effects in several processes of impulsivity such as delay discounting abilities [66]. Fur-
thermore, even though the computer modeling of electrical current densities suggests that
most of the induced current is over the rIFG, other regions such as the DLPFC may also be
stimulated. Thus, future studies should use a premature response paradigm to ascertain
the relationship between both impulsive sub-processes, as well as to understand specific
contributions from different regions of the task-related network, such as the DLPFC. On
the other hand, other transcranial electrical stimulation techniques, such as tACS [46], or
the application of closed-loop systems [26] in impulsive processes should be addressed
in the future, given the strengthening of the association between P3 and oscillatory activ-
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ity suggested by this study. However, although tDCS decreased both the P3 amplitude
and delta power after the target, this was not observed after the cue. This finding might
raise some questions about the association between the cue-P3 and delta/theta power in
the time window suggested by Broyd and colleagues [13]. Therefore, the cue-P3 should
be re-examined according to its functional role and the related oscillatory power during
impulsive paradigms.

Finally, in the current study, the cue did not predict the winning or loss of money as
in the studies previously mentioned [12,13,15,16], given that the reward or punishment
could occur in each trial depending on the subject’s performance (i.e., the only way of
not winning/losing virtual money was the premature response). The difference between
positive and negative reinforcement should be evaluated in the future to fully understand
the dynamics of P3/delta and waiting impulsivity /reward processing.

4.4. General Discussion

P3 amplitude has been shown to be significantly enhanced during reward anticipa-
tion [13,16]. In particular, P3 elicited during reward cues is positively correlated with
neuronal activation in the ventral striatum evaluated by neuroimaging studies [12]. Like-
wise, activity in the ventral striatum was found to be negatively correlated with activity
detected on the rIFG during a response inhibition paradigm [48]. These cortico-striatal
dynamics are of particular interest because lower k was associated with larger activity
in the ventral striatum [57]. This is in accordance with our EEG and behavioral results,
given that tDCS over rIFG decreased the P3 amplitude and increased the choice for imme-
diate rewards, which, in turn, have been associated with reduced activity in the ventral
striatum [12,57]. Therefore, there is a possibility that the cortico-striatal interactions might
explain the modulation of P3 and small k after tDCS over rIFG.

5. Conclusions

Overall, the current study suggests the decrease in anticipatory and consummatory P3
amplitude and underlying oscillatory activity (i.e., a decrease of delta power during target-
P3) after tDCS over the rIFG. On the other hand, these variations were not accompanied by
changes in terms of behavioral outcomes during waiting impulsivity, although a difference
in delay discounting ability was detected between active and sham tDCS. These modulatory
effects of tDCS are of particular interest due to the association between P3, delta power, and
reward processing in patients with neuropsychiatric disorders. Moreover, these findings
suggest the usefulness of studying tDCS-induced effects on ERPs and EROs in impulsive
disorders, such as addiction or ADHD, as surrogate markers of cognitive processes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci14020168/s1. Figure S1. Overview of the experimental
protocol in both sessions. Figure S2. The ITPC results of cue-P3 at Pz electrode in the time-window of
interest (dashed lines: 350-600 ms) between both tDCS conditions. Figure S3. The ITPC results of
target-P3 at Pz electrode in the time-window of interest (dashed lines: 250450 ms) between both tDCS
conditions. Table S1. VAS of the side effects associated with tDCS in both sessions (Mean and SD).
Table S2. Blinding of tDCS in both sessions. References [67-70] are cited in Supplementary Materials.

Author Contributions: A.J.M., S.C. and ]J.L. designed the study. A.J.M. collected the data. A.J.M.
performed the EEG preprocessing and analysis. A.J.M., S.G.-A., S.C. and J.L. interpreted the data.
AJM. and A.L. worked on the figures. All authors have read and agreed to the published version of
the manuscript.

Funding: A.].M. and A.L. were supported by the Portuguese Foundation for Science and Technol-
ogy and the Portuguese Ministry of Science, Technology and Higher Education through national
funds, and co-financed by FEDER through COMPETE2020 under the PT2020 Partnership Agree-
ment (POCI-01-0145-FEDER-007653). J.L. and S.C. are supported by the Portuguese Foundation
for Science and Technology and the Portuguese Ministry of Science, through national funds and


https://www.mdpi.com/article/10.3390/brainsci14020168/s1
https://www.mdpi.com/article/10.3390/brainsci14020168/s1

Brain Sci. 2024, 14, 168 150f 17

co-financed by FEDER through COMPETE2020 under the PT2020 Partnership Agreement through
PTDC/PSI-ESP/30280/2017 and PTDC/PSI-ESP /29701/2017).

Institutional Review Board Statement: The study was conducted according to the Declaration of
Helsinki and approved by the local ethics committee (CEICVS 127/2019).

Data Availability Statement: Anonymized data may be made available to others upon request and
after the approval of a proposal.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Lapenta, O.M.; Marques, L.M.; Rego, G.G.; Comfort, WE.; Boggio, P.S. TDCS in Addiction and Impulse Control Disorders. J. ECT
2018, 34, 182-192. [CrossRef]

2. Carvalho, S.; Sampaio, A.; Mendes, A.].; Lema, A.; Vieira, D.; Gongalves, O.F; Leite, . Polarity Specific Effects of Cross-
Hemispheric TDCS Coupled with Approach-Avoidance Training on Chocolate Craving. Front. Pharmacol. 2019, 9, 1500.
[CrossRef] [PubMed]

3.  Terenzi, D.; Catalan, M.; Polverino, P.; Bertolotti, C.; Manganotti, P,; Rumiati, R.I,; Aiello, M. Effects of TDCS on Reward
Responsiveness and Valuation in Parkinson’s Patients with Impulse Control Disorders. . Neurol. 2021, 269, 1557-1565. [CrossRef]
[PubMed]

4. Schroeder, P.A.; Schwippel, T.; Wolz, I.; Svaldi, J. Meta-Analysis of the Effects of Transcranial Direct Current Stimulation on
Inhibitory Control. Brain Stimul. 2020, 13, 1159-1167. [CrossRef] [PubMed]

5. Mayer, ].T.; Chopard, G.; Nicolier, M.; Gabriel, D.; Masse, C.; Giustiniani, J.; Vandel, P.; Haffen, E.; Bennabi, D. Can Transcranial
Direct Current Stimulation (TDCS) Improve Impulsivity in Healthy and Psychiatric Adult Populations? A Systematic Review.
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2020, 98, 109814. [CrossRef]

6.  Dalley, ].W,; Everitt, B.J.; Robbins, T.W. Impulsivity, Compulsivity, and Top-Down Cognitive Control. Neuron 2011, 69, 680-694.
[CrossRef] [PubMed]

7. Dalley, ] W.; Robbins, T.W. Fractionating Impulsivity: Neuropsychiatric Implications. Nat. Rev. Neurosci. 2017, 18, 158-171.
[CrossRef]

8. Reynolds, B.; Ortengren, A.; Richards, ].B.; de Wit, H. Dimensions of Impulsive Behavior: Personality and Behavioral Measures.
Personal. Individ. Differ. 2006, 40, 305-315. [CrossRef]

9. Voon, V. Models of Impulsivity with a Focus on Waiting Impulsivity: Translational Potential for Neuropsychiatric Disorders.
Curr. Addict. Rep. 2014, 1, 281-288. [CrossRef]

10. Morris, L.S.; Kunduy, P,; Baek, K.; Irvine, M.A.; Mechelmans, D.].; Wood, J.; Harrison, N.A.; Robbins, T.W.; Bullmore, E.T.; Voon, V.
Jumping the Gun: Mapping Neural Correlates of Waiting Impulsivity and Relevance across Alcohol Misuse. Biol. Psychiatry 2016,
79, 499-507. [CrossRef]

11.  Polich, J. Updating P300: An Integrative Theory of P3a and P3b. Clin. Neurophysiol. 2007, 118, 2128-2148. [CrossRef] [PubMed]

12. Pfabigan, D.M,; Seidel, E.M.; Sladky, R.; Hahn, A ; Paul, K.; Grahl, A.; Kiiblbock, M.; Kraus, C.; Hummer, A.; Kranz, G.S.; et al.
P300 Amplitude Variation Is Related to Ventral Striatum BOLD Response during Gain and Loss Anticipation: An EEG and FMRI
Experiment. Neurolmage 2014, 96, 12-21. [CrossRef] [PubMed]

13. Broyd, S.J.; Richards, H.J.; Helps, S.K.; Chronaki, G.; Bamford, S.; Sonuga-Barke, E.J.S. An Electrophysiological Monetary Incentive
Delay (e-MID) Task: A Way to Decompose the Different Components of Neural Response to Positive and Negative Monetary
Reinforcement. J. Neurosci. Methods 2012, 209, 40-49. [CrossRef] [PubMed]

14. Glazer, ].E,; Kelley, N.J.; Pornpattananangkul, N.; Mittal, V.A.; Nusslock, R. Beyond the FRN: Broadening the Time-Course of EEG
and ERP Components Implicated in Reward Processing. Int. ]. Psychophysiol. 2018, 132, 184-202. [CrossRef]

15. Angus, D.J.; Latham, A.].; Harmon-Jones, E.; Deliano, M.; Balleine, B.; Braddon-Mitchell, D. Electrocortical Components of
Anticipation and Consumption in a Monetary Incentive Delay Task. Psychophysiology 2017, 54, 1686-1705. [CrossRef] [PubMed]

16. Novak, K.D.; Foti, D. Teasing Apart the Anticipatory and Consummatory Processing of Monetary Incentives: An Event-Related
Potential Study of Reward Dynamics. Psychophysiology 2015, 52, 1470-1482. [CrossRef] [PubMed]

17.  Vignapiano, A.; Mucci, A.; Ford, J.; Montefusco, V.; Plescia, G.M.; Bucci, P; Galderisi, S. Reward Anticipation and Trait Anhedonia:
An Electrophysiological Investigation in Subjects with Schizophrenia. Clin. Neurophysiol. 2016, 127, 2149-2160. [CrossRef]
[PubMed]

18. Herrmann, C.S.; Rach, S.; Vosskuhl, J.; Striiber, D. Time-Frequency Analysis of Event-Related Potentials: A Brief Tutorial. Brain
Topogr. 2014, 27, 438-450. [CrossRef]

19. Glntekin, B.; Basar, E. Review of Evoked and Event-Related Delta Responses in the Human Brain. Int. . Psychophysiol. 2016,
103, 43-52. [CrossRef]

20. Demiralp, T.; Ademoglu, A.; Istefanopulos, Y.; Basar-Eroglu, C.; Basar, E. Wavelet Analysis of Oddball P300. Int. ]. Psychophysiol.

2001, 39, 221-227. [CrossRef]


https://doi.org/10.1097/YCT.0000000000000541
https://doi.org/10.3389/fphar.2018.01500
https://www.ncbi.nlm.nih.gov/pubmed/30733678
https://doi.org/10.1007/s00415-021-10733-0
https://www.ncbi.nlm.nih.gov/pubmed/34333702
https://doi.org/10.1016/j.brs.2020.05.006
https://www.ncbi.nlm.nih.gov/pubmed/32442624
https://doi.org/10.1016/j.pnpbp.2019.109814
https://doi.org/10.1016/j.neuron.2011.01.020
https://www.ncbi.nlm.nih.gov/pubmed/21338879
https://doi.org/10.1038/nrn.2017.8
https://doi.org/10.1016/j.paid.2005.03.024
https://doi.org/10.1007/s40429-014-0036-5
https://doi.org/10.1016/j.biopsych.2015.06.009
https://doi.org/10.1016/j.clinph.2007.04.019
https://www.ncbi.nlm.nih.gov/pubmed/17573239
https://doi.org/10.1016/j.neuroimage.2014.03.077
https://www.ncbi.nlm.nih.gov/pubmed/24718288
https://doi.org/10.1016/j.jneumeth.2012.05.015
https://www.ncbi.nlm.nih.gov/pubmed/22659003
https://doi.org/10.1016/j.ijpsycho.2018.02.002
https://doi.org/10.1111/psyp.12913
https://www.ncbi.nlm.nih.gov/pubmed/28675491
https://doi.org/10.1111/psyp.12504
https://www.ncbi.nlm.nih.gov/pubmed/26223291
https://doi.org/10.1016/j.clinph.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26853737
https://doi.org/10.1007/s10548-013-0327-5
https://doi.org/10.1016/j.ijpsycho.2015.02.001
https://doi.org/10.1016/S0167-8760(00)00143-4

Brain Sci. 2024, 14, 168 16 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Pornpattananangkul, N.; Nusslock, R. Willing to Wait: Elevated Reward-Processing EEG Activity Associated with a Greater
Preference for Larger-but-Delayed Rewards. Neuropsychologia 2016, 91, 141-162. [CrossRef]

Mendes, A.J.; Pacheco-Barrios, K.; Lema, A.; Gongalves, OF; Fregni, F.; Leite, J.; Carvalho, S. Modulation of the Cognitive
Event-Related Potential P3 by Transcranial Direct Current Stimulation: Systematic Review and Meta-Analysis. Neurosci. Biobehav.
Rev. 2022, 132, 894-907. [CrossRef]

Lapenta, O.M.; Di Sierve, K.; de Macedo, E.C.; Fregni, E; Boggio, P.S. Transcranial Direct Current Stimulation Modulates
ERP-Indexed Inhibitory Control and Reduces Food Consumption. Appetite 2014, 83, 42—48. [CrossRef] [PubMed]

Cunillera, T.; Brignani, D.; Cucurell, D.; Fuentemilla, L.; Miniussi, C. The Right Inferior Frontal Cortex in Response Inhibition: A
TDCS-ERP Co-Registration Study. Neuroimage 2016, 140, 66-75. [CrossRef] [PubMed]

Verveer, I.; Remmerswaal, D.; van der Veen, EM.; Franken, LH.A. Long-Term TDCS Effects on Neurophysiological Measures of
Cognitive Control in Tobacco Smokers. Biol. Psychol. 2020, 156, 107962. [CrossRef] [PubMed]

Leite, ].; Morales-Quezada, L.; Carvalho, S.; Thibaut, A.; Doruk, D.; Chen, C.-F; Schachter, S.C.; Rotenberg, A.; Fregni, F. Surface
EEG-Transcranial Direct Current Stimulation (TDCS) Closed-Loop System. Int. |. Neural Syst. 2017, 27, 1750026. [CrossRef]
Aron, A.R.; Robbins, TW.; Poldrack, R.A. Inhibition and the Right Inferior Frontal Cortex: One Decade On. Trends Cogn. Sci. 2014,
18, 177-185. [CrossRef] [PubMed]

Beck, A.; Steer, R.; Brown, G. Beck Depression Inventory-II. San Antonio 1996, 78, 490-498. [CrossRef]

Saunders, ].B.; Aasland, O.G.; Babor, T.F,; De La Fente, J.R.; Grant, M. Development of the Alcohol Use Disorders Identification
Test (AUDIT): WHO Collaborative Project on Early Detection of Persons with Harmful Alcohol Consumption—II. Addiction 1993,
88,791-804. [CrossRef]

Hildebrand, M. The Psychometric Properties of the Drug Use Disorders Identification Test (DUDIT): A Review of Recent Research.
J. Subst. Abus. Treat. 2015, 53, 52-59. [CrossRef]

Band, G.P.H.; van Boxtel, G.J].M. Inhibitory Motor Control in Stop Paradigms: Review and Reinterpretation of Neural Mechanisms.
Acta Psychol. 1999, 101, 179-211. [CrossRef] [PubMed]

Kirby, K.N.; Petry, N.M.; Bickel, W.K. Heroin Addicts Have Higher Discount Rates for Delayed Rewards than Non-Drug-Using
Controls. J. Exp. Psychol. Gen. 1999, 128, 78. [CrossRef]

Voon, V.; Chang-Webb, Y.C.; Morris, L.S.; Cooper, E.; Sethi, A.; Baek, K.; Grant, J.; Robbins, T.W.; Harrison, N.A. Waiting
Impulsivity: The Influence of Acute Methylphenidate and Feedback. Int. ]. Neuropsychopharmacol. 2016, 19, pyv074. [CrossRef]
[PubMed]

Verbruggen, F; Aron, A.R,; Band, G.P.H.; Beste, C.; Bissett, P.G.; Brockett, A.T.; Brown, ] W.; Chamberlain, S.R.; Chambers, C.D.;
Colonius, H.; et al. A Consensus Guide to Capturing the Ability to Inhibit Actions and Impulsive Behaviors in the Stop-Signal
Task. eLife 2019, 8, e46323. [CrossRef] [PubMed]

Congdon, E.; Mumford, J.A.; Cohen, J.R.; Galvan, A.; Canli, T.; Poldrack, R.A. Measurement and Reliability of Response Inhibition.
Front. Psychol. 2012, 3, 37. [CrossRef] [PubMed]

Kaplan, B.A.; Amlung, M.; Reed, D.D.; Jarmolowicz, D.P.; McKerchar, T.L.; Lemley, S.M. Automating Scoring of Delay Discounting
for the 21- and 27-Item Monetary Choice Questionnaires. Behav. Anal. 2016, 39, 293-304. [CrossRef]

Breitling, C.; Zaehle, T.; Dannhauer, M.; Bonath, B.; Tegelbeckers, J.; Flechtner, H.H.; Krauel, K. Improving Interference Control in
ADHD Patients with Transcranial Direct Current Stimulation (TDCS). Front. Cell Neurosci. 2016, 10, 72. [CrossRef]

Leite, J.; Gongalves, O.F; Pereira, P; Khadka, N.; Bikson, M.; Fregni, F.; Carvalho, S. The Differential Effects of Unihemispheric
and Bihemispheric TDCS over the Inferior Frontal Gyrus on Proactive Control. Neurosci. Res. 2018, 130, 39—-45. [CrossRef]
Delorme, A.; Makeig, S. EEGLAB: An Open Source Toolbox for Analysis of Single-Trial EEG Dynamics Including Independent
Component Analysis. J. Neurosci. Methods 2004, 134, 9-21. [CrossRef]

Perrin, F,; Pernier, J.; Bertrand, O.; Echallier, J.F. Spherical Splines for Scalp Potential and Current Density Mapping. Electroen-
cephalogr. Clin. Neurophysiol. 1989, 72, 184-187. [CrossRef]

Pion-Tonachini, L.; Kreutz-Delgado, K.; Makeig, S. The ICLabel Dataset of Electroencephalographic (EEG) Independent Compo-
nent (IC) Features. Data Brief. 2019, 25, 104101. [CrossRef] [PubMed]

Grandchamp, R.; Delorme, A. Single-Trial Normalization for Event-Related Spectral Decomposition Reduces Sensitivity to Noisy
Trials. Front. Psychol. 2011, 2, 236. [CrossRef] [PubMed]

Gyurkovics, M.; Clements, G.M.; Low, K.A.; Fabiani, M.; Gratton, G. The Impact of 1/f Activity and Baseline Correction on the
Results and Interpretation of Time-Frequency Analyses of EEG/MEG Data: A Cautionary Tale. Neuroimage 2021, 237, 118192.
[CrossRef] [PubMed]

R Development Core Team. R, version 4.0.3; R Core Team: Vienna, Austria, 2018.

Harper, J.; Malone, S.M.; Bernat, E.M. Theta and Delta Band Activity Explain N2 and P3 ERP Component Activity in a Go/No-Go
Task. Clin. Neurophysiol. 2014, 125, 124-132. [CrossRef]

Dallmer-Zerbe, I.; Popp, F.; Lam, A.P; Philipsen, A.; Herrmann, C.S. Transcranial Alternating Current Stimulation (TACS) as a
Tool to Modulate P300 Amplitude in Attention Deficit Hyperactivity Disorder (ADHD): Preliminary Findings. Brain Topogr. 2020,
33,191-207. [CrossRef]

Wu, H.; Miller, K.J.; Blumenfeld, Z.; Williams, N.R.; Ravikumar, V.K.; Lee, K.E.; Kakusa, B.; Sacchet, M.D.; Wintermark, M.;
Christoffel, D.J.; et al. Closing the Loop on Impulsivity via Nucleus Accumbens Delta-Band Activity in Mice and Man. Proc. Natl.
Acad. Sci. USA 2018, 115, 192-197. [CrossRef]


https://doi.org/10.1016/j.neuropsychologia.2016.07.037
https://doi.org/10.1016/j.neubiorev.2021.11.002
https://doi.org/10.1016/j.appet.2014.08.005
https://www.ncbi.nlm.nih.gov/pubmed/25128836
https://doi.org/10.1016/j.neuroimage.2015.11.044
https://www.ncbi.nlm.nih.gov/pubmed/26619787
https://doi.org/10.1016/j.biopsycho.2020.107962
https://www.ncbi.nlm.nih.gov/pubmed/32979429
https://doi.org/10.1142/S0129065717500265
https://doi.org/10.1016/j.tics.2013.12.003
https://www.ncbi.nlm.nih.gov/pubmed/24440116
https://doi.org/10.1037/t00742-000
https://doi.org/10.1111/j.1360-0443.1993.tb02093.x
https://doi.org/10.1016/j.jsat.2015.01.008
https://doi.org/10.1016/S0001-6918(99)00005-0
https://www.ncbi.nlm.nih.gov/pubmed/10344185
https://doi.org/10.1037/0096-3445.128.1.78
https://doi.org/10.1093/ijnp/pyv074
https://www.ncbi.nlm.nih.gov/pubmed/26136351
https://doi.org/10.7554/eLife.46323
https://www.ncbi.nlm.nih.gov/pubmed/31033438
https://doi.org/10.3389/fpsyg.2012.00037
https://www.ncbi.nlm.nih.gov/pubmed/22363308
https://doi.org/10.1007/s40614-016-0070-9
https://doi.org/10.3389/fncel.2016.00072
https://doi.org/10.1016/j.neures.2017.08.005
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/j.dib.2019.104101
https://www.ncbi.nlm.nih.gov/pubmed/31294058
https://doi.org/10.3389/fpsyg.2011.00236
https://www.ncbi.nlm.nih.gov/pubmed/21994498
https://doi.org/10.1016/j.neuroimage.2021.118192
https://www.ncbi.nlm.nih.gov/pubmed/34048899
https://doi.org/10.1016/j.clinph.2013.06.025
https://doi.org/10.1007/s10548-020-00752-x
https://doi.org/10.1073/pnas.1712214114

Brain Sci. 2024, 14, 168 17 of 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

Weafer, J.; Crane, N.A.; Gorka, S.M.; Phan, K.L.; de Wit, H. Neural Correlates of Inhibition and Reward Are Negatively Associated.
Neurolmage 2019, 196, 188-194. [CrossRef]

Guleken, Z.; Sutcubasi, B.; Metin, B. The Cognitive Dynamics of Small-Sooner over Large-Later Preferences during Temporal
Discounting Task through Event-Related Oscillations (EROs). Neuropsychologia 2021, 162, 108046. [CrossRef] [PubMed]

Jahfari, S.; Waldorp, L.; van den Wildenberg, W.P.M.; Scholte, H.S.; Ridderinkhof, K.R.; Forstmann, B.U. Effective Connectivity
Reveals Important Roles for Both the Hyperdirect (Fronto-Subthalamic) and the Indirect (Fronto-Striatal-Pallidal) Fronto-Basal
Ganglia Pathways during Response Inhibition. J. Neurosci. 2011, 31, 6891-6899. [CrossRef]

Fertonani, A.; Miniussi, C. Transcranial Electrical Stimulation: What We Know and Do Not Know about Mechanisms. Neuroscien-
tist 2017, 23, 109-123. [CrossRef] [PubMed]

Cunillera, T.; Fuentemilla, L.; Brignani, D.; Cucurell, D.; Miniussi, C. A Simultaneous Modulation of Reactive and Proactive
Inhibition Processes by Anodal TDCS on the Right Inferior Frontal Cortex. PLoS ONE 2014, 9, e113537. [CrossRef] [PubMed]
Campanella, S.; Schroder, E.; Vanderhasselt, M.A.; Baeken, C.; Kornreich, C.; Verbanck, P,; Burle, B. Short-Term Impact of TDCS
Over the Right Inferior Frontal Cortex on Impulsive Responses in a Go/No-Go Task. Clin. EEG Neurosci. 2018, 49, 398-406.
[CrossRef] [PubMed]

Cai, Y,; Li, S.; Liu, J.; Li, D.; Feng, Z.; Wang, Q.; Chen, C.; Xue, G. The Role of the Frontal and Parietal Cortex in Proactive and
Reactive Inhibitory Control: A Transcranial Direct Current Stimulation Study. J. Cogn. Neurosci. 2016, 28, 177-186. [CrossRef]
[PubMed]

Voon, V.; Irvine, M.A; Derbyshire, K.; Worbe, Y.; Lange, I.; Abbott, S.; Morein-Zamir, S.; Dudley, R.; Caprioli, D.; Harrison, N.A;
et al. Measuring “Waiting” Impulsivity in Substance Addictions and Binge Eating Disorder in a Novel Analogue of Rodent Serial
Reaction Time Task. Biol. Psychiatry 2014, 75, 148-155. [CrossRef] [PubMed]

Dalley, ].W.; Ersche, K.D. Neural Circuitry and Mechanisms of Waiting Impulsivity: Relevance to Addiction. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 2019, 374, 20180145. [CrossRef] [PubMed]

Ballard, K.; Knutson, B. Dissociable Neural Representations of Future Reward Magnitude and Delay during Temporal Discounting.
Neuroimage 2009, 45, 143-150. [CrossRef] [PubMed]

Fonteneau, C.; Redoute, J.; Haesebaert, F,; Le Bars, D.; Costes, N.; Suaud-Chagny, M.-E,; Brunelin, J. Frontal Transcranial Direct
Current Stimulation Induces Dopamine Release in the Ventral Striatum in Human. Cereb. Cortex 2018, 28, 2636-2646. [CrossRef]
Fukai, M.; Bunai, T.; Hirosawa, T.; Kikuchi, M.; Ito, S.; Minabe, Y.; Ouchi, Y. Endogenous Dopamine Release under Transcranial
Direct-Current Stimulation Governs Enhanced Attention: A Study with Positron Emission Tomography. Transl. Psychiatry 2019,
9, 115. [CrossRef]

Robbins, T.W.; Dalley, ].W. Dissecting Impulsivity: Brain Mechanisms and Neuropsychiatric Implications. In Impulsivity; Nebraska
Symposium on Motivation; Springer: Berlin/Heidelberg, Germany, 2017; pp. 201-226. ISBN 978-3-31951-720-9.

Cespon, J.; Rodella, C.; Rossini, PM.; Miniussi, C.; Pellicciari, M.C. Anodal Transcranial Direct Current Stimulation Promotes
Frontal Compensatory Mechanisms in Healthy Elderly Subjects. Front. Aging Neurosci. 2017, 9, 420. [CrossRef]

Breitling, C.; Zaehle, T.; Dannhauer, M.; Tegelbeckers, J.; Flechtner, H.H.; Krauel, K. Comparison between Conventional and
HD-TDCS of the Right Inferior Frontal Gyrus in Children and Adolescents with ADHD. Clin. Neurophysiol. 2020, 131, 1146-1154.
[CrossRef]

Abellaneda-Pérez, K.; Vaqué-Alcazar, L.; Perellén-Alfonso, R.; Bargall6, N.; Kuo, M.E; Pascual-Leone, A.; Nitsche, M.A.; Bartrés-
Faz, D. Differential TDCS and TACS Effects on Working Memory-Related Neural Activity and Resting-State Connectivity. Front.
Neurosci. 2020, 13, 1440. [CrossRef]

Hamidovic, A.; Wang, Y. The P300 in Alcohol Use Disorder: A Meta-Analysis and Meta-Regression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2019, 95, 109716. [CrossRef] [PubMed]

Kaiser, A.; Aggensteiner, PM.; Baumeister, S.; Holz, N.E.; Banaschewski, T.; Brandeis, D. Earlier versus Later Cognitive Event-
Related Potentials (ERPs) in Attention-Deficit/Hyperactivity Disorder (ADHD): A Meta-Analysis. Neurosci. Biobehav. Rev. 2020,
112,117-134. [CrossRef] [PubMed]

Brevet-Aeby, C.; Brunelin, J.; Iceta, S.; Padovan, C.; Poulet, E. Prefrontal Cortex and Impulsivity: Interest of Noninvasive Brain
Stimulation. Neurosci. Biobehav. Rev. 2016, 71, 112-134. [CrossRef] [PubMed]

Burke, ].E,; Zaghlou, K.A.; Jacobs, J.; Williams, R.B.; Sperling, M.R.; Sharan, A.D.; Kahana, M.]. Synchronous and Asynchronous
Theta and Gamma Activity during Episodic Memory Formation. J. Neurosci. 2013, 33, 292-304. [CrossRef] [PubMed]

Buzsaki, G.; Draguhn, A. Neuronal olscillations in cortical networks. Science 2004, 304, 1926-1929. [CrossRef] [PubMed]
Miyagishi, Y.; Ikeda, T.; Takahashi, T.; Kudo, K.; Morise, H.; Minabe, Y.; Kikuchi, M. Gamma-band auditory steady-state response
after frontal tDCS: A double-blind, randomized, crossover study. PLoS ONE 2018, 13, e0193422. [CrossRef]

Reinhart, RM.G.; Zhu, J.; Park, S.; Woodman, G.E. Synchronizing theta oscillations with direct-current stimulation strengthens
adaptive control in the human brain. Proc. Natl. Acad. Sci. USA 2015, 112, 9448-9453. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neuroimage.2019.04.021
https://doi.org/10.1016/j.neuropsychologia.2021.108046
https://www.ncbi.nlm.nih.gov/pubmed/34610341
https://doi.org/10.1523/JNEUROSCI.5253-10.2011
https://doi.org/10.1177/1073858416631966
https://www.ncbi.nlm.nih.gov/pubmed/26873962
https://doi.org/10.1371/journal.pone.0113537
https://www.ncbi.nlm.nih.gov/pubmed/25426713
https://doi.org/10.1177/1550059418777404
https://www.ncbi.nlm.nih.gov/pubmed/29788768
https://doi.org/10.1162/jocn_a_00888
https://www.ncbi.nlm.nih.gov/pubmed/26439269
https://doi.org/10.1016/j.biopsych.2013.05.013
https://www.ncbi.nlm.nih.gov/pubmed/23790224
https://doi.org/10.1098/rstb.2018.0145
https://www.ncbi.nlm.nih.gov/pubmed/30966923
https://doi.org/10.1016/j.neuroimage.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19071223
https://doi.org/10.1093/cercor/bhy093
https://doi.org/10.1038/s41398-019-0443-4
https://doi.org/10.3389/fnagi.2017.00420
https://doi.org/10.1016/j.clinph.2019.12.412
https://doi.org/10.3389/fnins.2019.01440
https://doi.org/10.1016/j.pnpbp.2019.109716
https://www.ncbi.nlm.nih.gov/pubmed/31369766
https://doi.org/10.1016/j.neubiorev.2020.01.019
https://www.ncbi.nlm.nih.gov/pubmed/31991190
https://doi.org/10.1016/j.neubiorev.2016.08.028
https://www.ncbi.nlm.nih.gov/pubmed/27590833
https://doi.org/10.1523/JNEUROSCI.2057-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23283342
https://doi.org/10.1126/science.1099745
https://www.ncbi.nlm.nih.gov/pubmed/15218136
https://doi.org/10.1371/journal.pone.0193422
https://doi.org/10.1073/pnas.1504196112

	Introduction 
	Materials and Methods 
	Participants 
	General Procedure 
	Cued Premature Response Task 
	Control Assignments 
	Stop-Signal Reaction Time Task 
	27-Item Monetary Choice Questionnaires 

	Transcranial Direct Current Stimulation 
	Electrophysiological Acquisition and Data Analysis 
	Event-Related Potentials 
	Event-Related Oscillations 

	Statistical Analysis 

	Results 
	Behavioral Analysis 
	Cued Premature Response Task 
	Stop Signal Reaction Time Task 
	27-Item Monetary Choice Questionnaires 

	EEG Analysis 
	Event-Related Potentials 
	Event-Related Oscillations 


	Discussion 
	Electrophysiological Correlates 
	Behavioral Outcomes 
	Limitations and Future Directions 
	General Discussion 

	Conclusions 
	References

