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Abstract

High-definition transcranial direct current stimulation (HD-tDCS) is a non-invasive
neuromodulation technique increasingly investigated for its association with executive function
performance. Emerging evidence indicates that prefrontal stimulation may also be associated
with changes in autonomic regulation, as indexed by heart rate variability (HRV)—a
physiological marker linked to adaptive cognitive control and emotional regulation. Within the
Neurovisceral Integration Model, prefrontal cortical activity supports dynamic interactions
between cognitive and autonomic systems, providing a theoretical framework for examining
concurrent variation in HRV and executive performance during left dorsolateral prefrontal
cortex (DLPFC) stimulation. Here, we examined the effects of anodal HD-tDCS over the left
DLPFC on executive performance and autonomic activity in healthy adults using a randomised,
single-blind, crossover design. Participants completed a working memory (N-Back) and an
inhibitory control (Stroop) task before and during either anodal or sham HD-tDCS (2 mA, 20
min), while electrocardiogram recordings were collected to derive high-frequency HRV (HF-
HRV). Self-reports of negative/positive affect were also collected pre- and during-tDCS. Anodal
HD-tDCS was associated with a greater increase in N-Back accuracy relative to sham
stimulation. In the Stroop task, accuracy increased during stimulation, whereas reaction time
reductions were observed across both stimulation conditions; the reduction in reaction time was
greater under anodal than sham stimulation, although the observed pattern should be interpreted
cautiously given baseline differences and possible practice-related effects. Anodal stimulation
was further associated with greater increases in HF-HRV from baseline compared to sham.
Significant associations between HF-HRV and executive performance emerged under anodal
stimulation but not under sham. No significant changes were observed in self-reported affect.
These findings are consistent with the co-occurrence of cognitive and autonomic changes during
anodal stimulation of the left DLPFC, together with an observed association between HF-HRV

and selected aspects of executive performance.



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Keywords: HD-tDCS; left Dorsolateral Prefrontal Cortex; Heart Rate Variability; Executive

Functions; Stroop Task; N-Back Task.

Introduction

Executive function (EF) refers to a set of higher-order, top-down cognitive processes—
including working memory (WM), inhibitory control (IC), and cognitive flexibility/task
switching—that are essential for flexible, goal-directed behaviour across the lifespan (Cristofori
et al., 2019; Ferguson et al., 2021; Miyake et al., 2000). Given their fundamental role in
everyday functioning, interventions designed to enhance EF have the potential to yield
substantial cognitive and functional benefits across the lifespan (Frau et al., 2022; Sandberg et

al., 2014).

In recent years, there has been growing interest in the use of transcranial direct current
stimulation (tDCS) as a non-invasive neuromodulation technique to modulate cortical
excitability, particularly within the prefrontal cortex (Imburgio & Orr, 2018; Ke et al., 2019;
Sallard et al., 2018). tDCS delivers a low-intensity direct current (typically 0.5-2 mA) to
targeted cortical areas via electrodes placed on the scalp (Nitsche et al., 2008; Nitsche & Paulus,
2000). This stimulation induces polarity-dependent changes in neuronal excitability, with
anodal stimulation generally depolarising neuronal membranes and increasing cortical
excitability, whereas cathodal stimulation tends to hyperpolarise neurons, reducing excitability.
These effects are thought to involve modulation of N-methyl-D-aspartate (NMDA) receptor
activity, ultimately influencing synaptic plasticity (Nitsche & Paulus, 2000; Nitsche et al.,
2003a,b). Overall, tDCS is considered a safe, well-tolerated, and versatile method for
investigating and modulating brain function in both healthy and clinical populations.

Building upon conventional tDCS, high-definition tDCS (HD-tDCS) employs arrays of
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4
smaller ring-shaped electrodes rather than conventional sponge electrodes, providing greater
spatial focality and more precise targeting of cortical regions, thereby improving the specificity
and reliability of stimulation effects (Kuo et al., 2013; Villamar et al., 2013). HD-tDCS has
demonstrated efficacy in enhancing EF in healthy adults—particularly working memory,
cognitive control, and inhibitory processes (Gbadeyan et al., 2016; Ledn-Correa et al., 2026a;
Nikolin et al., 2017). Accordingly, the present study focused on working memory and inhibitory
control, two executive domains consistently linked to left DLPFC functioning (Miller & Cohen,
2001; Gbadeyan et al., 2016; Le6én-Correa et al., 2026b; Nikolin et al., 2017).

Although executive functions rely on distributed bilateral frontoparietal networks, the left
DLPFC represents an important node supporting cognitive flexibility, working-memory and
cognitive-control processes relevant to the N-Back and Stroop tasks, including interference
resolution (Barbey et al., 2013; Huang et al., 2020; Le6n-Correa et al., 2026b; Lu et al., 2021;
Nee et al., 2013). Previous studies have also associated anodal HD-tDCS over the left DLPFC
with changes in executive task performance, including working memory, divided attention, and
inhibitory control (Lu et al., 2021; Ledén-Correa et al., 2026a; Nikolin et al., 2017).

Beyond its role in executive processing, the DLPFC is also considered a cortical
component of the central autonomic network (CAN), contributing to top-down autonomic
regulation through its interactions with cortical and subcortical structures (Benarroch, 1993,
1997; Breit et al., 2018; SchmauBer et al., 2024). This dual involvement provided the rationale
for examining cognitive and autonomic outcomes within the same experimental framework.

The relationship between executive functioning and autonomic regulation is formalised
by the Neurovisceral Integration Model (NIM) proposed by Thayer and Lane (2000), which
posits that cognitive control and cardiac vagal regulation rely on interconnected neural systems.
According to this model, bidirectional communication between the brain and the heart is
mediated by the CAN, comprising cortical and subcortical regions—including the prefrontal

cortex, hypothalamus, and brainstem—that regulate autonomic responses through the vagus
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5
nerve (Benarroch, 1993, 1997; Breit et al., 2018; Thayer & Lane, 2009). Within this framework,
the left DLPFC is thought to influence autonomic function through its connections with
subcortical autonomic centres (Schmaufler et al., 2022).

Heart rate variability (HRV), particularly high-frequency HRV (HF-HRV), is widely
recognised as a non-invasive marker of parasympathetic activity and an indicator of central
autonomic regulation (Shaffer & Ginsberg, 2017; Thayer & Lane, 2009). HRV reflects beat-to-
beat variation in cardiac activity and is considered an important physiological index of adaptive
self-regulation (Mohammadpoor Faskhodi et al., 2023; Shaffer et al., 2014). It also plays a
significant role in supporting behavioural flexibility (Thayer et al., 2009, 2012). Higher HRV
has consistently been associated with superior executive functioning (Forte et al., 2019; Nicolini
et al., 2024), enhanced emotional regulation (Appelhans & Luecken, 2006), greater resilience
to stress (Kim et al., 2018; Spangler et al., 2018), and stronger functional connectivity within
prefrontal-limbic networks involved in emotion regulation (Mather & Thayer, 2018; Thayer et
al., 2012). High levels of parasympathetic activity, as indexed by HRV, may also contribute to
slowing cognitive decline across the lifespan (Nicolini et al., 2024). More broadly, greater
parasympathetic modulation has been linked to adaptive cognitive and emotional responding
(Thayer & Friedman, 2004; Thayer et al., 2009). Collectively, these findings indicate that
executive performance and autonomic regulation are closely interconnected rather than
independent processes.

Consistent with the NIM, growing evidence suggests that prefrontal tDCS may influence
autonomic regulation by modulating HRV. Ko et al. (2024) recently provided meta-analytic
evidence showing that active tDCS enhances HRV compared with sham across multiple
experimental conditions. Similarly, Carnevali et al. (2020) demonstrated that anodal stimulation
of the left DLPFC increased HRV both at rest and during psychosocial stress in healthy young
adults. Brunoni et al. (2013) reported enhanced vagal activation, reflected by increased HF

(0.15-0.4 Hz) power, during an emotional picture-viewing task following anodal stimulation of
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6
the left DLPFC. Likewise, Nikolin et al. (2017) reported significantly higher HF-HRV during a
working-memory task under bifrontal tDCS, consistent with an effect of prefrontal stimulation
on cardiac parasympathetic activity. More broadly, these findings link left DLPFC stimulation
to both executive and autonomic outcomes within the NIM framework.

Beyond its role in executive functioning and autonomic regulation, the DLPFC also
contributes to emotional regulation, including mood and emotional reactivity (Habel et al.,
2005; Kredlow et al., 2022; Zhang et al., 2022). Both single and repeated sessions of anodal
tDCS over the DLPFC have been shown to improve emotional regulation by enhancing
cognitive control over emotional responses and reducing reactivity to negative stimuli (Clarke
et al., 2020; Molavi et al., 2020). These effects have been demonstrated using both subjective
measures, such as the Positive and Negative Affect Schedule (PANAS; Wiegand et al., 2019),
and physiological indices including HR and skin conductance (Carnevali et al., 2020; Feeser et
al., 2014), further supporting the close interaction between prefrontal stimulation, emotional
regulation, and autonomic function.

However, although conventional tDCS has shown promising effects on cardiac vagal
control and emotional processing, evidence regarding its impact on executive functioning and
the interaction between cognitive and autonomic regulation remains limited and inconsistent.
Moreover, the potential of HD-tDCS, which provides greater focality and cortical specificity
than conventional tDCS, has been scarcely investigated in this context. Therefore, the present
study simultaneously examined executive performance and HF-HRV during anodal HD-tDCS
over the left DLPFC to investigate whether focal stimulation of this region influences both

cognitive and physiological outcomes within the same experimental framework.

The Current Study

The present study sought to clarify these relationships by examining the associations between

HD-tDCS over the left DLPFC, self-reported affect, cardiac HF-HRV, and key executive
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7
functions. Specifically, we examined the effects of anodal compared with sham HD-tDCS over
the left DLPFC on positive and negative affect, cardiac HF-HRV, and executive functioning
(EF)—specifically working memory (WM) and inhibitory control (IC)—in a sample of healthy
adults. Although cognitive flexibility is recognised as a core component of executive
functioning, it was not directly assessed in the present study. Instead, we focused on working
memory and inhibitory control, as these domains are consistently linked to left DLPFC function
and can be reliably evaluated during HD-tDCS using validated paradigms (N-Back and Stroop

tasks).

We employed a randomised, single-blind, crossover design, in which each participant
underwent both sham and anodal stimulation in separate sessions. Positive and negative affect
were measured via the PANAS, and electrocardiogram (ECG) recordings were used to derive
HF-HRYV, as an index of cardiac vagal tone. WM capacity was assessed using the N-Back task,
while IC was evaluated using the Stroop task. The N-Back task included 0-, 1-, and 2-back
conditions to examine performance across increasing levels of working-memory demand. These
workload levels were included to determine whether any stimulation-related effects differed
according to task demand; however, no specific a priori hypothesis was formulated regarding

workload-dependent effects.

We hypothesised that anodal HD-tDCS, compared to sham stimulation over the left
DLPFC, would be associated with greater pre- to during-tDCS improvements in executive-task
performance, as reflected in behavioural indices of speed and/or accuracy, and with a greater
increase in HF-HRV. Changes in affective state were explored as a secondary outcome.
Specifically, we expected that left DLPFC stimulation would be associated with greater
improvements in cognitive-control performance and potentially with changes in affective
responding (Clarke et al., 2020; Feeser et al., 2014), particularly under cognitively demanding

conditions such as those induced by the Stroop task (Kuehne et al., 2019; Wiegand et al., 2019).
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8
In line with the NIM (Thayer & Lane, 2000), we further hypothesised that anodal HD-tDCS
would be associated with a greater pre- to during-tDCS increase in HF-HRV than sham
stimulation, consistent with greater parasympathetic activity. Importantly, we sought to
determine whether changes in HF-HRV were associated with concurrent changes in executive

performance within each stimulation condition.

Methods

Participants

An a priori power analysis was conducted using G*Power 3.0.10 (Faul et al., 2007) for a
repeated-measures design. Assuming a large effect size (f* = 0.40), a = .05, and power = .80,
the minimum required sample size was estimated at 33 participants. This estimate was informed
by previous reports of tDCS-related effects across cognitive and motor domains (Jacobson et
al., 2012). To account for potential attrition, a total of 38 healthy adults were recruited. The final
sample comprised 36 healthy adults (mean age =46.75 years, SD =21.74; range = 19-75 years).
To further characterise the broad age distribution, 15 participants were aged 19-35 years, 8
were aged 3655 years, and 13 were aged 56—75 years. All participants but three were right-
handed as ascertained by means of the Edinburgh Handedness Inventory (Oldfield, 1971). They
were all fluent in English and reported no history of neurological or psychiatric disorders,
substance or alcohol abuse, cardiovascular disease, or other severe medical conditions.
Participants were not taking medication known to affect cortical excitability or autonomic
function. Participation was compensated with a £10 shopping voucher, and undergraduate
students enrolled at [ name of the institution] additionally received SONA course credit. All
participants provided written informed consent. The study was approved by the [name of the

institution] Research Ethics Committee [ID]. The experiment was not preregistered.

General procedure
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The study timeline is illustrated in Figure 1. On two separate days, participants completed
laboratory sessions using a single-blind, randomised crossover design. In each session, they
received either anodal or sham HD-tDCS in counterbalanced order, with at least 48 hours
between sessions to minimise carryover effects. Stimulation order (anodal vs. sham) was
counterbalanced across participants in a randomised crossover design. The order of cognitive
task administration (Stroop and N-Back) was also counterbalanced within each stimulation
session to minimise order effects. At the beginning of each session, participants completed a
safety screening questionnaire (Rossi et al., 2011), followed by the Edinburgh Handedness
Inventory (Oldfield, 1971) and a demographic questionnaire. Each session consisted of two
testing phases: pre-tDCS (baseline) and during-tDCS. ECG data were recorded continuously
throughout the experiment to compute frequency-domain HRYV, focusing on high-frequency
(HF; 0.15-0.4 Hz) power. During the pre-tDCS phase, participants first completed the Positive
and Negative Affect Schedule (PANAS; Watson, 1988) to assess affective state and then
performed the Stroop and N-Back tasks (order counterbalanced across participants) using
Inquisit 6 (Millisecond software, 2023), following standardised instructions and a short practice.
Following completion of the baseline tasks, HD-tDCS was initiated at the beginning of a 10-
minute resting interval during which participants listened passively to Beethoven’s Symphony
No. 7 in A major, Op. 92, following Baumert et al. (2020), to minimise additional cognitive load
during stimulation. Stimulation then continued for a further 10 minutes while participants
repeated the cognitive tasks (during-tDCS phase). All participants completed the cognitive tasks
within the second 10-minute period, following an initial 10-minute passive stimulation phase
during which they listened to music; therefore, stimulation did not exceed the planned total
duration of 20 minutes. In the anodal condition, HD-tDCS was applied continuously for 20
minutes; in the sham condition, current was delivered only briefly at the start to reproduce the
initial sensations of active stimulation (see Methods below). At the end of each session,

participants again completed the PANAS (Wiegand et al., 2019) and indicated whether they
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believed they had received sham or anodal stimulation (Stankovi¢ et al., 2021; see Supplemental

Material).

Figure 1: Timeline of the HD-tDCS Experimental Procedure, Including Affective,

Physiological, and Cognitive Assessments.

Pre-tDCS During-tDCS
| 11 |
Affect Stroop | N-Back Passive Stroop | N-Back Affect
Assessment | Task task listening task task | Assessment
(PANAS) music (PANAS)

ECG recording

Note. PANAS = Positive and Negative Affect Schedule; ECG = electrocardiogram signals used
to compute high-frequency heart rate variability (HF-HRV). Pre-tDCS: Following completion
of the PANAS, participants performed the Stroop and N-Back tasks (task order
counterbalanced) prior to the onset of HD-tDCS stimulation. Passive music listening
(stimulation onset): HD-tDCS (anodal or sham) was initiated at the beginning of a 10-minute
passive music-listening interval, during which participants listened to music to minimise
cognitive load. During-tDCS: After the initial 10-minute passive phase, stimulation continued
for an additional 10 minutes while participants performed the cognitive tasks. Total stimulation

duration was 20 minutes.

Positive and Negative Affect Schedule (PANAS)

We used the Positive and Negative Affect Schedule (PANAS; Watson et al., 1988), which

consists of a 20-item self-report measure to assess dispositional affect before and during-tDCS
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stimulation. It comprises two 10-item subscales: Positive Affect (PA) and Negative Affect
(NA). Higher scores indicate greater levels of each affective dimension. High PA reflects
energy, concentration, and pleasurable engagement, whereas low PA indicates sadness and
lethargy. High NA reflects emotions such as anger, guilt, fear, and nervousness, while low NA
indicates calmness. Participants rated each item on a 5-point scale from 1 (“very slightly or not

at all”) to 5 (“extremely”).

Cognitive Tasks
Stroop task

The Stroop task (Stroop, 1935) measures the ability to inhibit automatic responses by
requiring participants to ignore the meaning of a word and focus on naming the colour of the
word's ink. In this study, participants were asked to type specific keys corresponding to the
colour of the word displayed on the screen [i.e., D =red, F = green, J = blue, and K = yellow]
as quickly and accurately as possible. Each word was displayed until one of the four keys was
pressed. The task included a total of 84 trials [4 colours x 3 stimuli (congruent, incongruent,
control) x 7 repetitions]. This resulted in 28 congruent trials (word and colour match), 28
incongruent trials (word and colour do not match), and 28 control trials (coloured rectangles),
randomly presented (Parkin et al., 2017). Prior to the start of the task, participants were trained
with a short practice consisting of 12 practice trials (4 for each trial type). During the
experiment, if the response was correct, the subsequent trial started immediately. Accuracy was
calculated as the percentage of correct responses (% accuracy = total correct responses / number
of trials), with correct responses coded as 1 and incorrect responses coded as 0. RTs were
recorded by measuring the time lapse between the presentation of the stimulus and the
participant's response on the keyboard. For our analyses, we calculated the mean latency of

congruent or incongruent trials (in msec) to assess response times (RTs) in each condition (sham
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vs. anodal, pre-tDCS and during-tDCS). Data from the practice trials were not included in the

accuracy and RTs performance counts.

N-Back

The N-Back task (Kirchner, 1958) was used to assess WM capacity by asking participants
to complete three N-levels of difficulty. For N=0 trials, participants had to indicate any letter
that matched a pre-specified letter. For N=1 trials, participants have to determine if the current
letter is the same as the letter that was presented immediately before it. For N=2 trials,
participants need to determine if the current letter is the same as the letter presented in the two
previous trials. Participants indicated their responses using two separate keys (0 and 1) on their
computer keyboard.

During the experiment, the N-Back levels were randomly presented (each N-level was
shown twice), with instructions displayed for 9000 milliseconds before each level. For each N-
Back level, 15 consonants were presented, with a total of 90 stimuli. Each letter appeared one
at a time in the centre of the computer monitor for 500 milliseconds with 33% of target letters
(i.e., 1:2 ratio as in Ragland et al., 2002). To assess accuracy, we used the percentage of “hits”,
which indicated instances where participants correctly recognised matching stimuli in the n-
back task. Performance accuracy was calculated as the percentage of correct responses (%
accuracy = total correct responses / total number of trials) at each n-back level, with responses
coded as 1 (correct) and 0 (incorrect). Practice trials (2 trials for each N-level) were not included
in the performance measurements for RTs and accuracy. The Stroop and N-Back tasks were
programmed and administered using Inquisit 6 (Millisecond Software, 2023), with task scripts

customised for the specific protocol of this study.

Physiological measures and apparatus

An ECG signal was collected using a Biopac System, Inc., MP36 to assess vagal tone by
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measuring HF-HRYV (variation in time between each heartbeat for high power frequency) in the
range of 0.15-0.4 Hz. This parameter serves as an index of the parasympathetic nervous system
activity (Dantas et al., 2012). For our analyses, we considered two temporal windows: HF-HRV
at pre-tDCS (baseline) and during-tDCS. Prior to each task, participants were instructed to
remain still and relaxed with their eyes open for 3 minutes, a sufficient time interval for
obtaining accurate measures of emotional arousal (Della Longa et. al., 2021; Munoz et al.,
2015). To record ECG signals, three electrodes were positioned on the torso in a standard
configuration approximating Einthoven’s triangle (i.e., one electrode placed below each clavicle
and one on the lower left torso/hip). The electrodes were connected to the BIOPAC acquisition
system (Student Lab PRO v3.7), which applied a real-time band-pass filter of 0.5-35 Hz during
signal acquisition. The recordings were interspersed with 30s breaks, and the sampling rate for
data acquisition was set at 2000Hz. ECG signals were first visually inspected to remove
artefacts and then imported into Kubios HRV software (Tarvainen et al., 2014) to obtain the
frequency domain measure of the High-Frequency band (i.e., 0.15-0.4 Hz). From the original
ECG signal, the software retrieves the interbeat (or RR) intervals and applies the smoothness
prior’s method to remove the low-frequencybaseline trend component. The normalised high-
frequency HF-HRV units were acquired through frequency domain estimation employing
power spectrum density. This estimation method involved Welch's periodogram method, which

leverages the fast Fourier transformation (Welch, 1967).

High-definition transcranial direct current stimulation protocol

HD-tDCS was delivered using a DC-stimulator PLUS (Neuroconn DC stimulator PLUS-
Rogue Resolutions) over the left DLPFC. The protocol utilised a “4x1 ring electrode
configuration” (Villamar et al., 2013), with a 12 mm anode placed on location F3 and four -0.5
mA cathodes placed on AF3, F1, F5, and FC3 (Guo et al., 2018; Zhou et al., 2023) (see Figure

2). The targeted area was localised with an EEG cap laid out according to the International 10-
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20 EEG System. An elastic tDCS cap was used to ensure the electrodes remained firmly
positioned during stimulation. A conductive gel was placed over the scalp under the hair to

ensure connectivity.

Figure 2: 4x1 ring montage on the left DLPFC: HD-tDCS protocol

Note. Electrode placement for the HD-tDCS protocol using a 4x1 ring configuration.
According to the 10-20 International EEG system, electrodes were positioned over the left
dorsolateral prefrontal cortex (DLPFC): black sites indicate the cathodes (AF3, F1, F5,

and FC3), and the red site indicates the anode (F3).

For the anodal condition, HD-tDCS was applied at 2 mA for 20 min, with a 30 s ramp-up
and a 30 s ramp-down. During sham stimulation, the current was increased to 2 mA over 30 s,
maintained for 30 s to elicit paraesthesia and preserve blinding, and then decreased over the
following 30 s (Palm et al., 2013; Zawertailo et al., 2022). In both conditions, the total
stimulation duration was fixed at 20 min. During the first 10 min, participants remained seated
while listening to relaxing music. During the final 10 min, while stimulation was still active,
participants completed the Stroop and N-Back tasks; thus, all cognitive performance measures

were obtained during online HD-tDCS. This protocol was designed to examine stimulation-



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

15
related changes during active left DLPFC HD-tDCS while executive networks were
concurrently engaged, consistent with evidence that tDCS responses are state-dependent and
may vary when stimulation is paired with concurrent cognitive task performance (Martin et al.,
2013; Fertonani & Miniussi, 2017; Polania et al., 2018). An interval of at least 48 hours between
the two sessions was used to minimise the potential for cumulative or carryover effects,
consistent with washout intervals employed in previous tDCS studies (Grandperrin, 2020;
Shekhawat & Vanneste, 2018). This interval exceeds the duration of the behavioural and
physiological after-effects typically reported following a single session of tDCS (Nitsche &
Paulus, 2001; Nitsche et al., 2003b). Although HD-tDCS provides greater spatial focality than
conventional tDCS, there is currently no evidence that a single HD-tDCS session produces after-
effects extending beyond this interval (Kuo et al., 2013). The study was conducted in accordance

with the safety and ethical guidelines produced by Rossi et al. (2009, 2021).

Data handling

All statistical analyses were performed using IBM SPSS Statistics 29 (SPSS Inc., Chicago,
IL, USA). Prior to analysis, the normality of dependent variables across tasks (Stroop, N-Back),
stimulation conditions (anodal, sham), and time points (pre-tDCS, during-tDCS) was assessed
using the Shapiro—Wilk test. Reaction times (RTs) data remained non-normally distributed
despite logarithmic (Log10) and square root transformations. Given the within-subject design
and sample size (N = 36), parametric analyses were considered robust to moderate deviations
from normality (Ghasemi & Zahediasl, 2012). Outliers were inspected via boxplots and defined
as values exceeding £3 SD from the condition mean. Two participants were excluded on this
basis (Baumert et al., 2020) from subsequent analyses. Mean accuracy and RTs were calculated
for each task, averaging across congruency levels (congruent, incongruent) in the Stroop task

and across workload levels (0-, 1-, and 2-back) in the N-Back task. Mean HF-HRYV values were
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computed separately for pre-tDCS and during-tDCS phases. Homogeneity of variance and

sphericity assumptions were verified prior to ANOVA testing.

To examine potential systematic baseline differences between sessions that might be
consistent with carryover effects, pre-tDCS baseline measures were compared between the
sham and anodal sessions using two-tailed paired-samples t-tests. Bonferroni correction was
applied across the six physiological and cognitive baseline comparisons. Baseline values are
presented descriptively in Table 1, whereas the corresponding paired comparisons, including

unadjusted and Bonferroni-adjusted p values, are reported in Supplementary Table S1.

All analyses followed a predefined statistical pipeline designed to evaluate stimulation-
related changes in affective, autonomic, and cognitive responses. First, a 3-way repeated-
measures ANOVA was conducted on PANAS scores, with Time (pre- vs. during-tDCS),
Stimulation (sham vs. anodal), and Valence (positive vs. negative) as within-subject factors.
HF-HRYV data were then analysed using a similar 3-way repeated-measures ANOVA with Time
(pre- vs. during-tDCS), Stimulation (sham vs. anodal), and Task (Stroop vs. N-Back) as factors,
allowing us to quantify autonomic modulation across cognitive contexts. Cognitive
performance was examined through two separate 3-way repeated-measures ANOVAs reflecting
the structure of each task: the Stroop analysis included Time (pre- vs. during-tDCS),
Stimulation (sham vs. anodal), and Congruency (congruent vs. incongruent), whereas the N-
Back analysis included Time (pre- vs. during-tDCS), Stimulation (sham vs. anodal), and
Workload (0-, 1-, and 2-back). All data are reported as means (M), with standard deviations
(SD) for baseline measures and as means (M) with standard errors of the mean (SEM) for
repeated task measures across Time, Stimulation, and task-specific conditions. Graphical
distributions are displayed using boxplots showing medians, interquartile ranges, and individual

participant values. Statistical significance was set at p < .05, and effect sizes were estimated
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using partial eta squared (n%,). Significant interactions were explored using Tukey-adjusted post

hoc comparisons.

To examine associations between autonomic activity and executive performance, change
scores (A = during-tDCS — pre-tDCS) were calculated for each behavioural outcome. Negative
A values indicated reduced RTs, whereas positive A values indicated increased accuracy.
Pearson correlations between HF-HRV and behavioural change scores were conducted
separately for the sham and anodal conditions, with Bonferroni correction applied separately

within each task domain.

Supplementary analyses further examined the Stroop RT findings. Sham and anodal ART scores
were compared using a paired-samples t-test (Supplementary Table S2), and Pearson
correlations between baseline RTs and the corresponding ART scores were calculated within
each stimulation condition (Supplementary Table S3). Bonferroni correction was applied across

the three supplementary Stroop RT analyses reported in Supplementary Tables S2 and S3.

Exploratory linear regression analyses were also conducted to examine whether age predicted
the differential stimulation effect (AA = anodal A — sham A) for each physiological and

behavioural outcome (Supplementary Table S4).

The effectiveness of participant blinding was evaluated at the end of each experimental session
using a forced-choice procedure. Binomial tests were used to compare the proportion of correct
guesses against chance level (50%). To examine whether perceived stimulation condition
influenced behavioural performance, participants who correctly and incorrectly identified the
stimulation condition were compared using speed—accuracy trade-off indices (Supplementary

Material).

Results
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Descriptive statistics

Baseline pre-tDCS measures, including positive and negative affect (PANAS), HF-HRV,
and cognitive performance (RTs and accuracy) on the Stroop and N-Back tasks, are presented
for both sham and anodal sessions in Table 1. For the six physiological and cognitive baseline
comparisons, Bonferroni correction was applied to account for multiple testing. No between-
session differences remained statistically significant after correction (all adjusted p > .114).
Although HF-HRV during the N-Back task differed at the unadjusted level (p = .019), this
comparison was no longer significant after correction (adjusted p = .114). All other affective,

physiological, and behavioural measures were comparable between sessions.

Table 1: Baseline affective, physiological, and cognitive measures in the sham and anodal

HD-tDCS sessions

Sham Mean + Anodal Mean + Bonferroni-
Variable P Cohen’s d
SD SD adjusted p
Affect
PANAS
29.560 + 6.407 28.000 + 6.829 .184 - 0.226
Positive
PANAS
11.810+£2.53911.220+1.822 .128 - 0.260
Negative
Cardiac
arousal

HF-HRV 50.830+9.47551.478 £9.156 .102 612 0.280
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Sham Mean + Anodal Mean + Bonferroni-
Variable P Cohen’s d
SD SD adjusted p
Stroop
HF-HRV N-
51.137 £9.169 52.815 £ 8.987 .019 114 0411
Back
Stroop task
1076.708 +1084.181 +
RTs 726 1.000 0.059
166.652 152.354
Accuracy (%) 80.778 +5.96281.306 £6.610 .649 1.000 0.077
N-Back task
1492.972 +1455.269 +
RTs .146 .876 0.248
122.324 135.319
Accuracy (%) 58.982+9.14861.204 +9.125 .081 486 0.299

Note. Values are presented as mean + SD. HF-HRV = high-frequency heart rate variability;
baseline HF-HRV represents values obtained during the pre-tDCS phase and is reported
separately for the Stroop and N-Back task periods. Stroop reaction time represents the mean
across congruent and incongruent trials, and accuracy represents the percentage of correct
responses across Stroop trials. N-Back reaction time represents the mean across the 0-, 1-, and
2-back conditions, and accuracy represents the percentage of correct responses averaged across
the three workload conditions. Sham and anodal pre-tDCS values were compared using two-
tailed paired-samples t-tests. Bonferroni-adjusted p values were calculated across the six

physiological and cognitive baseline comparisons. Cohen’s d was calculated using the standard
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deviation of the paired differences. SD = standard deviation; RT = reaction time.

PANAS Outcome

A significant Time x Valence interaction was observed [F(1, 35) =4.182, p =.048, n%, =
.107]. Post hoc comparisons showed that positive affect scores were significantly higher than
negative affect scores at both pre-tDCS (positive: M = 28.780 £ 0.940; negative: M = 11.510 +
0.320; p<.001) and during-tDCS (positive: M =29.250 + 0.920; negative: M =11.360 £ 0.310;
p <.001). However, no significant change over time was observed for either positive affect
(pre-tDCS vs. during-tDCS: p = .147) or negative affect (pre-tDCS vs. during-tDCS: p = .894).
Thus, the significant interaction was not associated with a change in affect overt time but rather
reflected the consistently higher positive than negative affect ratings across both assessment
time points. For completeness, a significant main effect of Valence was also observed [F(1, 35)
=392.201, p <.001, n% = .918], with overall higher positive than negative affect ratings (M =
29.010 = 0.930 vs. M = 11.440 £+ 0.300). No other main effects or interactions reached
significance (all Fs < 2.631, all ps > .114). Overall, these findings were not consistent with a
significant association between HD-tDCS and changes in participants’ self-reported affective

state, as affect ratings remained stable across stimulation conditions.
High-Frequency Heart Rate Variability (HF-HRYV)

The 3-way ANOVA on HF-HRYV levels revealed a significant Time x Stimulation
interaction [F(1, 35) =4.238, p =.047, n?, = .108], showing that the change in HF-HRV
from pre-tDCS to during-tDCS differed between stimulation conditions (Fig. 3). Post
hoc comparisons showed a significant increase in HF-HRV during the anodal condition,
from 54.461% 1.559 at pre-tDCS to 54.983 £ 1.546 during-tDCS (p < .001), whereas no
significant change was observed during the sham condition (pre-tDCS: 53.579 £+ 1.657;

during-tDCS: 53.776 + 1.620; p = .310). HF-HRV was also significantly higher in the
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anodal than in the sham condition at both pre-tDCS (54.461 £ 1.559 vs. 53.579 + 1.657,
p <.001) and during-tDCS (54.983 + 1.546 vs. 53.776 + 1.620, p < .001). Thus, the
interaction was primarily characterised by a significant within-session increase in HF-
HRYV during anodal stimulation that was not observed during sham stimulation. For
completeness, significant main effects of Time, Task, and Stimulation were also
observed. HF-HRV was higher during-tDCS than at pre-tDCS [F(1, 35) = 12.282, p <
.001, n%, = .260; 54.379 £+ 1.569 vs. 54.020 = 1.597]. HF-HRV was also higher during
the N-Back task than during the Stroop task [F(1, 35) = 6.579, p = .015, n?, = 0.158;
54946 £ 1.675 vs. 53.454 + 1.540], and higher overall during anodal than sham
stimulation [F(1, 35) = 6.877,p=.013, 1%, = 0.164; 54.722 + 1.551 vs. 53.677 £ 1.637].
However, given the significant Time x Stimulation interaction, these main effects should
be interpreted in the context of the differential change in HF-HRV across stimulation
conditions. No other main effects or interactions reached significance (all Fs < 1.304, all

ps > .261).

Figure 3: High-Frequency Heart Rate Variability (HF-HRV) during task performance under

sham and anodal HD-tDCS over the left dorsolateral prefrontal cortex.
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Note. HF-HRV = high-frequency heart rate variability. Values represent HF-HRV averaged across the
Stroop and N-Back tasks. Boxplots show the median (horizontal line), interquartile range (box), and
whiskers extending to values within 1.5 X the interquartile range. Each dot represents an individual
participant, and grey lines connect paired observations across time points. Pre-tDCS = baseline, recorded
without active HD-tDCS; during-tDCS = HF-HRYV recorded during task performance under sham or

anodal HD-tDCS. p <.05; ns = non-significant.

Overall, these findings indicate that anodal HD-tDCS may be associated with a greater
within-session increase in parasympathetic activity compared with sham stimulation,

independent of task.

Cognitive Tasks

Stroop task
Reaction times

The 3-way ANOVA on mean RTs in the Stroop task revealed a significant Time X
Stimulation interaction [F(1, 35) = 9.353, p = .004, n?, = .211], indicating that changes in

performance from pre-tDCS to during-tDCS differed between sham and anodal conditions (see
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Fig. 4). Post hoc comparisons showed that in the sham condition, RTs significantly decreased
from pre-tDCS (1076.708 + 27.775 ms) to during-tDCS (1066.958 £+ 27.716 ms; p < .001).
Similarly, in the anodal condition, RTs decreased from pre-tDCS (1084.181 + 25.392 ms) to
during-tDCS (1065.278 £+ 25.705 ms; p <.001). When comparing stimulation conditions, RTs
at pre-tDCS were significantly slower under anodal (1084.181 + 25.392 ms) than sham
stimulation (1076.708 + 27.775 ms; p = .006). By contrast, during-tDCS, no significant
difference emerged between sham (1066.958 & 27.716 ms) and anodal stimulation (1065.278 +

25.705 ms; p = .857).

For completeness, a significant main effect of Time was observed [F(1, 35) = 56.325, p <.001,
n% = .617]. Overall, lower RTs were observed during tDCS (1066.118 £ 24.454 ms) than at pre-
tDCS (1080.444 + 24.417 ms; p < .001). The main effect of Congruency was also significant
[F(1, 35) = 61.934, p < .001, n% = . 0.639], with lower RTs for congruent trials (1003.132 +
23.180 ms) than for incongruent trials (1143.431 + 28.530 ms; p <.001). No other main effects

or interactions reached significance (all Fs < 1.545, all ps > .222).

Figure 4: Stroop reaction times at pre- and during-tDCS under sham and anodal HD-tDCS

over the left dorsolateral prefrontal cortex.
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Note. RT = reaction time. Reaction times are presented as individual participant values,
with paired observations connected across time points. Boxplots show the median
(horizontal line), interquartile range (box), and whiskers extending to values within 1.5 x
the interquartile range. Each dot represents an individual participant, and grey lines
connect paired observations across time points within each stimulation condition. Pre-
tDCS = baseline; during-tDCS = task performance during sham or anodal HD-tDCS. **p

<.01; ***p <.001; ns = non-significant.

Taken together, RTs decreased over time in both conditions, with anodal stimulation being
associated with a greater within-session reduction than sham. To further assess whether the
observed reaction time pattern reflected baseline-dependent practice effects, supplementary
analyses comparing change scores (ARTs) between stimulation conditions and examining the
association between baseline reaction times and ARTs were performed (Supplementary
Material). These analyses did not provide evidence that the differential change in RTs between

stimulation conditions was explained by baseline RT differences.
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Accuracy

Mean accuracy (%) as a function of Time, Stimulation, and Congruency is presented in
Table 2. The 3-way ANOVA on mean accuracy in the Stroop task revealed a significant Time
x Congruency interaction [F(1, 35) =7.916, p = .008, n%, = 0.184], indicating that differences
in accuracy between congruent and incongruent trials varied over time, regardless of
stimulation condition. Post hoc comparisons showed that for congruent trials, accuracy
increased from pre-tDCS (83.500% + 0.953) to during-tDCS (88.042% =+ 0.836; p <.001). For
incongruent trials, accuracy increased from pre-tDCS (78.583% + 1.025) to during-tDCS
(81.778% + 0.990; p < .001). When comparing congruency conditions, participants were
significantly less accurate on incongruent than on congruent trials both at pre-tDCS (p <.001)
and during-tDCS (p <.001). For completeness, a significant main effect of Time was observed
[F(1,35)=244.241, p <.001, n? = .875]. Higher accuracy was observed during-tDCS (84.910
+ 0.832) than at pre-tDCS (81.042 = 0.878; p <.001). The main effect of Congruency was also
significant [F(1, 35) =47.613, p <.001, n%, = .576], with higher accuracy for congruent trials
(85.771 £ 0.881) than for incongruent trials (80.181 +0.992; p <.001). The Time x Stimulation
interaction approached significance [F(1, 35) = 4.085, p = .051, n% = .105]. Post hoc
comparisons revealed that at pre-tDCS, accuracy did not differ between sham (80.778% =+
0.994) and anodal (81.306% + 1.102; p = .300) stimulation. During-tDCS, however, accuracy
was higher under anodal (85.597% + 1.053) than sham stimulation (84.222% + 0.974; p <.001).
Within each stimulation condition, accuracy increased significantly from pre-tDCS to during-
tDCS (sham: p < .001; anodal: p < .001). No other main effects or interactions reached

significance (all Fs < 1.726, all ps > .197).

Table 2. Mean accuracy (%) = standard error of the mean (SEM) as a function of Time,

Stimulation, and Congruency.
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Time Stimulation Congruent (%) Incongruent (%)
Pre Sham 83.420 + 1.090 78.140 £1.270
Pre Anodal 83.580 + 1.250 79.030 + 1.260
During Sham 87.280 + 1.040 81.170 £ 1.220
During Anodal 88.810 £ 1.110 82.390 £ 1.200

546  Note. Values represent mean accuracy percentages (£ SEM) for the Stroop task. Pre-tDCS
547 = baseline (Stroop task performed without HD-tDCS stimulation); during-tDCS = during
548  stimulation (tasks performed under sham or anodal HD-tDCS). Congruent trials refer to
549 trials in which word meaning and ink colour matched, whereas incongruent trials refer to
550 trials in which word meaning and ink colour did not match. SEM = standard error of the
551  mean.

552

553 Taken together, accuracy increased significantly from pre-tDCS to during-tDCS
554  across stimulation conditions. Anodal stimulation was associated with higher accuracy
555  during tDCS than sham stimulation; however, this finding should be interpreted cautiously
556  because the Time x Stimulation interaction only approached significance. Accuracy was
557  consistently higher for congruent than incongruent trials, with a greater increase over time
558  for congruent than incongruent trials.

559

560 N-Back Task
561  Reaction times
562 Means for reaction times (ms) by Time, Stimulation, and Workload are presented in Table

563 3. The 3-way ANOVA on mean RTs in the N-Back task revealed significant main effects of

564  Time [F(1, 35) = 58.100, p < .001, %,= .620] and Workload [F(2, 70) = 26.340, p < .001, %)=
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430]. Lower RTs were observed during-tDCS (1456.930 + 17.430 ms) than at pre-tDCS
(1474.120 = 17.360 ms), reflecting a decrease in RTs over time. Additionally, RTs differed
across workload conditions, with lower RTs in the 0-back condition (1399.800 £+ 15.600 ms)
than in the 1-back (1477.310 + 21.310 ms) and 2-back conditions (1519.470 + 22.050 ms). No

other main effects or interactions reached significance (all Fs < 2.400, all ps > .130).

Table 3. Means (= SEM) for reaction times (ms) by Time, Stimulation, and Workload.

Time Stimulation 0-back (ms) 1-back (ms) 2-back (ms)

Pre Sham 1398.250 +22.320  1463.720+27.370  1503.830 +26.980
Pre Anodal 1415.110+17.350  1511.250+26.970 1552.560 £26.910
During Sham 1379.560 +22.830  1444.310 +£27.560 1483.920 +£26.770
During Anodal 1406.280 + 16.910  1489.940 + 28.000  1537.560 + 28.190

Note. Values represent mean reaction times (= SEM) in milliseconds for the N-Back task. Pre-
tDCS = baseline (N-Back task performed without HD-tDCS stimulation); during-tDCS = during
stimulation (tasks performed under sham or anodal HD-tDCS). Workload levels correspond to

the three N-Back conditions: 0-back, 1-back, and 2-back. SEM = standard error of the mean.

Taken together, RTs differed across time points and task workload levels, whereas no

significant main effects or interactions involving Stimulation were observed.

Accuracy

The 3-way ANOVA on mean accuracy in the N-Back task revealed a significant Time x
Stimulation interaction [F(1, 35) = 17.265, p < .001, n?% = .330; see Fig. 5]. Post hoc
comparisons showed that accuracy improved significantly from pre-tDCS to during-tDCS under

both sham stimulation (58.981% =+ 1.525 vs. 64.722% + 1.545; p <.001) and anodal stimulation
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(61.204% + 1.521 vs. 73.889% + 1.749; p <.001). Accuracy did not differ significantly between
sham and anodal stimulation at pre-tDCS (58.981% + 1.525 vs. 61.204% + 1.521; p = .260),
whereas during-tDCS it was significantly higher under anodal than sham stimulation (73.889%
+ 1.749 vs. 64.722% £ 1.545; p < .001). Thus, although accuracy increased over time in both
conditions, the observed increase was greater under anodal than sham stimulation. For
completeness, significant main effects of Time [F(1, 35) = 115.628, p < .001, n?, = .768],
Workload [F(2, 70) = 165.561, p <.001, n% = .825], and Stimulation [F(1, 35) = 25.327,p <
.001, n?, = .420] were also observed. Overall, accuracy was higher during-tDCS than at pre-
tDCS (69.306% + 1.460 vs. 60.093% =+ 1.390), decreased with increasing workload (0-back:
78.264% + 1.390; 1-back: 67.361% = 1.530; 2-back: 48.472% + 1.930; all ps <.001), and was
higher during anodal than sham stimulation (67.546% + 1.520 vs. 61.852% =+ 1.420; p <.001).

No other main effects or interactions reached significance (all Fs < 1.225, all ps > .300).

Figure 5. N-Back accuracy during sham and anodal HD-tDCS over the left
dorsolateral prefrontal cortex.

sk

100 Aok *ok ® Pre
! . - ® During
90 - Hokok
. -1 ns {
f 1 .
80 I N 3
¥ s
—_ ———
® - -
(=)
— 70 A g
> T :
O ]
© — )
s - ®
s | B P
= ! 1 2 ——
50
40 1
30 T T T T
Pre During Pre During

Sham Anodal

Note. Individual participant accuracy values are shown, with paired observations connected



600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

29
across time points. Boxplots show the median (horizontal line), interquartile range (box), and
whiskers extending to values within 1.5 X the interquartile range. Each dot represents an
individual participant, and grey lines connect paired observations across time points within each
stimulation condition. Accuracy values are averaged across the three N-Back workload
conditions (0-, 1-, and 2-back). Pre-tDCS = baseline; during-tDCS = task performance during

sham or anodal HD-tDCS. **p <.01; ***p <.001; ns = non-significant.

Taken together, the N-Back findings indicate that anodal HD-tDCS was associated with a

greater within-session improvement in working-memory accuracy than sham stimulation.

Correlation analyses: HF-HRYV and cognitive outcomes

Pearson correlation analyses revealed that during anodal stimulation of the left DLPFC,
significant associations emerged between HF-HRV and changes in cognitive performance (A
scores: during-tDCS — pre-tDCS) on both the Stroop and N-Back tasks. Specifically, in the
anodal condition, HF-HRV was negatively correlated with Stroop task reaction times (r =—.461,
p = .020), indicating that higher parasympathetic activity was associated with faster responses,
consistent with a relationship between autonomic regulation and inhibitory control. This pattern
is consistent with an association between parasympathetic activity and inhibitory-control
performance. In contrast, no significant associations were observed between HF-HRV and
Stroop performance changes in the sham condition (all ps > .200).

For the N-Back task, under anodal stimulation, HF-HRV was positively correlated with
accuracy (r =.490, p = .006) and negatively correlated with RTs (r =—.452, p =.023), indicating
that greater HF-HRV was associated with enhanced working memory performance, reflected in
both higher accuracy and faster responses. This pattern is consistent with an association between
parasympathetic activity and working-memory performance. In contrast, no significant

associations were found between HF-HRV and N-Back performance changes in the sham
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condition (all ps > .05).
Overall, these findings indicate that under anodal HD-tDCS, HF-HRV was significantly
associated with changes in executive-task performance, whereas no significant associations

were observed under sham stimulation.

Discussion

To the best of our knowledge, this is the first study to investigate, within the Neurovisceral
Integration framework (NIM; Thayer & Lane, 2000; Thayer et al., 2009), the concurrent
associations between anodal HD-tDCS over the left DLPFC, executive performance, affective
responses, and autonomic regulation in healthy adults. Our findings indicated that anodal HD-
tDCS over the left DLPFC was associated with higher working-memory accuracy and with
subtle differences in the pattern of Stroop reaction times over time. Moreover, anodal
stimulation was accompanied by a greater increase in HF-HRV than sham stimulation,
consistent with higher parasympathetic activity during task performance. However, no
significant stimulation-related differences were observed in self-reported affective states as
measured by the PANAS.

Overall, the Stroop results indicated changes in performance over time across stimulation
conditions. Reaction times decreased from pre- to during-tDCS in both sessions, with a
significantly greater reduction observed in the anodal than in the sham condition, as reflected
by the significant Time x Stimulation interaction. However, reaction times did not differ
between stimulation conditions during the tDCS phase. Supplementary analyses further
indicated that the magnitude of the pre-to-during RT change was greater under anodal than sham
stimulation, whereas baseline RT was not significantly associated with the magnitude of RT
change in either condition, providing no evidence that the differential change was simply
attributable to baseline-dependent improvement.

With respect to accuracy, participants remained less accurate on incongruent than
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congruent trials across both phases, consistent with a robust interference effect. Accuracy
increased from pre- to during-tDCS for both congruent and incongruent trials, a pattern that
may partly reflect practice-related facilitation. Although numerically higher accuracy was
observed during the anodal condition, the differential stimulation effect on accuracy was modest
and should be interpreted cautiously. Accordingly, these findings should not be taken as
evidence of improved inhibitory control. Rather, the overall pattern may be consistent with
subtle stimulation-related differences in cognitive-control processes during conflict processing,

although the underlying mechanisms were not directly assessed in the present study (e.g.,

Abedanzadeh et al., 2021).

The pattern observed for accuracy is broadly consistent with Perrotta et al. (2021), who
reported reduced error rates in incongruent Stroop trials following anodal stimulation over the
left DLPFC. In contrast, Frings et al. (2018) reported that cathodal stimulation over the left
DLPFC was associated with increased error rates in incongruent trials relative to anodal
stimulation. However, their study lacked a sham control condition and employed a modified
Stroop paradigm with a larger number of trials, which may limit direct comparison with the
present findings. In addition, compared with the focal 4 x 1 HD montage used in the present
study, Frings et al. (2018) employed a conventional electrode configuration (9 cm? anode over
the left DLPFC and a 35 cm? reference electrode over the parieto-occipital cortex), which may
have resulted in broader current spread and lower focality at the target site (Datta et al., 2008;

Saturnino et al., 2015).

Regarding the N-Back task, anodal HD-tDCS was associated with higher accuracy during
the stimulation phase compared with sham, consistent with previous evidence linking DLPFC
modulation to working-memory performance (Fregni et al., 2005; Hill et al., 2016). The
significant Time x Stimulation interaction indicated that the increase in accuracy from pre- to
during-tDCS differed between stimulation conditions, with a greater increase observed under

anodal than sham stimulation. This pattern may be consistent with differential engagement of
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cognitive-control processes involved in the updating and maintenance of information, although
the underlying mechanisms were not directly assessed in the present study. Performance
nevertheless declined progressively from the 0-back to the 2-back condition, reflecting the
increasing cognitive demands imposed by higher levels of working-memory load. Importantly,
the absence of a Workload x Stimulation interaction suggests that the association between
stimulation condition and performance was not selectively stronger at a specific level of

working-memory demand.

The greater increase in accuracy observed in the present study contrasts with the pattern
reported by Brunoni and Vanderhasselt (2014), whose meta-analysis suggested that anodal
tDCS over the DLPFC may be more consistently associated with changes in reaction time than
with accuracy in working-memory tasks. This discrepancy may reflect differences in
stimulation protocols, electrode configurations, task parameters, or sample characteristics
across studies, highlighting the complexity of tDCS-related outcomes and the importance of
contextual factors in shaping cognitive performance. Although stimulation was delivered in a
single session concurrently with task performance, the observed pattern is consistent with a
possible association between brief HD-tDCS exposure and short-term changes in working-
memory performance (Fregni et al., 2005; Mulquiney et al., 2011). One possible interpretation
is that the observed pattern may be compatible with changes in DLPFC excitability and
corresponding differences in the recruitment of frontal control networks during task execution
(Nitsche & Paulus, 2000; Nitsche et al., 2008; Chan et al., 2021); however, these

neurophysiological mechanisms were not directly assessed in the present study.

In addition to the observed cognitive changes, differences in autonomic activity were also
observed. Specifically, the increase in HF-HRV during anodal stimulation is consistent with
greater parasympathetic activity, which has previously been associated with executive
functioning (Makovac et al., 2017; Schmaufler et al., 2022). Taken together, these concurrent

cognitive and autonomic patterns are compatible with the Neurovisceral Integration Model
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(NIM; Thayer & Lane, 2000; Thayer et al., 2009; Smith et al., 2017), which proposes that

prefrontal-subcortical circuits contribute jointly to cognitive and autonomic regulation

The concurrent increase in HF-HRV and higher working-memory accuracy under anodal
HD-tDCS may reflect a relationship between executive functioning and parasympathetic
regulation. Although no significant improvement was observed in inhibitory control accuracy,
this pattern is broadly consistent with previous evidence linking higher vagally mediated HRV
to superior executive functioning (Forte et al., 2021; Luque-Casado et al., 2016). Accordingly,
these findings should not be interpreted as evidence of improved inhibitory control, but rather
as indicating an association between autonomic regulation and selected aspects of executive
functioning. This interpretation is consistent with previous reports showing concurrent changes
in vagally mediated autonomic regulation and cognitive performance during prefrontal
stimulation (Nikolin et al., 2017; Schmaufler et al., 2022). The increase in HF-HRV observed
during task performance under anodal HD-tDCS over the DLPFC is also consistent with
previous findings (Nikolin et al., 2017) and suggests that autonomic and cognitive changes may
occur concurrently during left DLPFC stimulation. More broadly, this pattern is compatible with
emerging evidence that HRV may change following a single session of anodal tDCS

(SchmauBer et al., 2022).

Additional findings broadly consistent with the NIM emerged from the significant
correlations observed in the anodal condition, whereby higher HF-HRV was associated with
faster RTs on the Stroop task and with both higher accuracy and faster RTs on the N-Back task.
These associations suggest a possible relationship between autonomic regulation and
performance across selected executive tasks, particularly working memory and conflict-
processing performance. Comparable associations were not observed in the sham condition.
However, because the strength of the correlations was not formally compared across stimulation
conditions, this pattern should be interpreted cautiously and cannot be considered evidence of a

condition-specific association.



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

34

It should be noted that previous research examining the relationship between tDCS and

HRV has yielded mixed results. For example, Gu et al. (2022) reported that anodal HD-tDCS
over the left DLPFC applied at rest (i.e., without a concurrent task) was associated with higher
indices of sympathetic activity (higher LF power and LF/HF ratio), rather than parasympathetic
activation. In contrast, Vandermeeren et al. (2010) found no significant changes in HRV when
stimulation was applied over the midline frontal cortex with an extracephalic reference
electrode. Consistent with this variability, a recent systematic review by SchmauBer et al. (2022)
reported small-to-medium effect sizes for associations between brain stimulation and HRV
outcomes. Notably, the studies included in that review largely differed in stimulation montages,
task contexts (rest vs. active engagement), and HRV indices, which may contribute to variability
in the reported findings. Taken together, the available evidence suggests that heterogeneity
across studies may be related to a combination of contextual and methodological factors,
including stimulation parameters, cognitive demands, and physiological measurement
approaches (Shaffer & Ginsberg, 2017; Vergallito et al., 2022). Future research should continue
to systematically examine these variables when investigating associations between tDCS and

autonomic regulation.

Lastly, the absence of significant differences in self-reported affect across stimulation
conditions, as measured by the PANAS, aligns with previous findings reporting limited mood
effects following a single session of prefrontal stimulation in healthy individuals (Nitsche et al.,
2012; Remue et al., 2016). Thus, the cognitive and autonomic effects observed in the present

study were not accompanied by significant changes in subjective affect.

Limitations

One limitation of the present study is that autonomic regulation was assessed exclusively
using HF-HRV. HF-HRV was selected a priori as the primary autonomic outcome because it is
a well-established index of cardiac vagal activity and the HRV measure most closely aligned

with the NIM framework (e.g., Pawling et al., 2024; Thayer et al., 2009) and previous HD-tDCS
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research (Nikolin et al., 2017). Accordingly, the study was designed to test hypotheses
specifically related to HF-HRV rather than to provide a comprehensive characterisation of
autonomic function. Although additional HRV metrics (e.g., RMSSD or SDNN) may provide
complementary information, they were not prespecified outcomes. Furthermore, the raw inter-
beat interval files and complete Kubios outputs required to derive these indices retrospectively
were no longer available, precluding their reliable calculation using the same analytical pipeline
adopted for the primary outcome. Future studies incorporating a broader autonomic assessment
will be important to determine whether similar patterns are observed across HRV indices.

Despite counterbalancing procedures, the repeated administration of cognitive tasks
within a single session may have introduced practice effects, potentially contributing to changes
in performance independently of stimulation condition. Although differential changes were
reflected in significant interaction effects, some aspects of the observed patterns may also have
been influenced by baseline variability across sessions. Future studies employing alternate task
versions or longer washout intervals may help to more clearly distinguish practice-related
changes from differences associated with stimulation condition.

Another limitation of the present study is the relatively wide age range of the sample (19—
75 years). Age-related differences in cortical structure, neuroplasticity, and baseline cognitive
functioning may be associated with variability in responses to HD-tDCS (Fujiyama et al., 2014;
Ghasemian-Shirvan et al., 2022; Indahlastari et al., 2021). To explore this issue, additional linear
regression analyses were conducted using age as a continuous predictor of the differential
stimulation effect (AA) for HF-HRYV, Stroop reaction time, Stroop accuracy, N-Back reaction
time, and N-Back accuracy. None of these associations reached statistical significance (all p >
417; Supplementary Table S4). However, the present study was designed and powered to
investigate within-subject stimulation effects rather than age-related moderation effects, and
these exploratory null findings should therefore be interpreted cautiously. Future studies with

larger and more age-balanced samples should specifically examine age as a potential moderator
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of cognitive and autonomic responses observed under HD-tDCS.

Finally, stimulation targeted exclusively the left DLPFC using a 4 x 1 HD montage. While
this configuration is designed to provide greater focality (Datta et al., 2008), it limits
generalisability to right hemispheric or bilateral stimulation protocols. Future research should
examine potential lateralisation effects and compare focal with conventional montages to clarify
whether stimulation-related patterns vary according to hemispheric target and electrode

configuration.

Conclusion

In summary, the present findings indicate that anodal HD-tDCS targeting the left DLPFC
was associated with higher working-memory accuracy, differences in executive-task
performance, and increased HF-HRV during task engagement. The association observed
between HF-HRYV and cognitive outcomes under anodal stimulation may reflect a relationship
between autonomic regulation and executive performance. Overall, the findings suggest that
cognitive-control performance and neurocardiac regulation may vary concurrently during
anodal HD-tDCS over the left DLPFC.

These preliminary findings warrant further investigation of HD-tDCS in healthy
individuals. Future studies should examine the reproducibility and persistence of these patterns,
clarify the mechanisms that may underlie them, and determine whether similar patterns are
observed in clinical populations characterised by executive and autonomic dysregulation, such

as Parkinson’s disease and Tourette syndrome.

Author Contributions
Conceptualisation, Methodology, Software, Assessment, Data collection, Data Curation,
Visualisation: [name]. Writing—Original Draft, Formal Analysis, Validation: [name], [name].

Writing—Review & Editing: [name]. Supervision: [name].



807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

37

Acknowledgments

We would like to express our gratitude to all the participants who took part in this research
study and extend our thanks to the technicians and colleagues who contributed materials or
assistance to the research, particularly Dr [name], Dr [name] and [name] for their valuable

support. This study was self-funded and did not receive external grants or funding.

Conflict of Interest Statement

The authors declare no conflicts of interest.

Funding information

No funding was received for conducting this study.

Data Accessibility

The dataset supporting the findings of this study is publicly available on the Open Science
Framework (OSF) at [link]. The repository contains the final dataset corresponding to the
analyses reported in the present manuscript. Earlier exploratory variables not included in the

reported analyses have been removed to ensure consistency with the submitted version.

Declaration of Al-assisted technologies in the manuscript preparation process

During the preparation of this manuscript, the authors used an Al-based language model to
improve language clarity and readability. After using this tool/service, the authors reviewed and
edited the content as needed and take(s) full responsibility for the content of the published

article.



830
831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

38

References
Abedanzadeh, R., Alboghebish, S., & Barati, P. (2021). The effect of transcranial direct

current stimulation of dorsolateral prefrontal cortex on performing a sequential dual task: A
randomized experimental study. Psicologia, Reflexdao e Critica, 34(1), 30.

https://doi.org/10.1186/s41155-021-00195-8;

Appelhans, B. M., & Luecken, L. J. (2006). Heart rate variability as an index of regulated
emotional  responding.  Review of  General  Psychology, 10(3), 229-240.

https://doi.org/10.1037/1089-2680.10.3.229;

Barbey, A. K., Koenigs, M., & Grafman, J. (2013). Dorsolateral prefrontal contributions
to human working memory. Cortex; a journal devoted to the study of the nervous system and

behavior, 49(5), 1195-1205. https://doi.org/10.1016/j.cortex.2012.05.02;

Baumert, A., Buchholz, N., Zinkernagel, A., Clarke, P., MacLeod, C., Osinsky, R., &
Schmitt, M. (2020). Causal underpinnings of working memory and stroop interference control:
Testing the effects of anodal and cathodal tDCS over the left DLPFC. Cognitive, Affective &

Behavioral Neuroscience, 20(1), 34—48. https://doi.org/10.3758/s13415-019-00726-y;

Benarroch, E. E. (1993). The central autonomic network: Functional organization,
dysfunction, and perspective. Mayo Clinic  Proceedings, 68(10), 988-1001.

https://doi.org/10.1016/s0025-6196(12)62272-1;

Benarroch, E. E. (1997). The central autonomic network. In P. A. Low (Ed.), Clinical autonomic

disorders (2nd ed., pp. 17-23). Lippincott-Raven;

Breit, S., Kupferberg, A., Rogler, G., & Hasler, G. (2018). Vagus nerve as modulator of
the brain-gut axis in psychiatric and inflammatory disorders. Frontiers in Psychiatry, 9, 44.

https://doi.org/10.3389/fpsyt.2018.00044;


https://doi.org/10.1186/s41155-021-00195-8
https://doi.org/10.1016/s0025-6196(12)62272-1
https://doi.org/10.3389/fpsyt.2018.00044h

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

39

Brunoni, A. R., Vanderhasselt, M. A., Boggio, P. S., Fregni, F., Dantas, E. M., Mill, J. G.,
Lotufo, P. A., & Benseior, 1. M. (2013). Polarity-and valence-dependent effects of prefrontal
transcranial direct current stimulation on heart rate variability and salivary cortisol.

Psychoneuroendocrinology, 38(1), 58-66. https://doi.org/10.1016/j.psyneuen.2012.04.020;

Brunoni, A. R., & Vanderhasselt, M.-A. (2014). Working memory improvement with non-
invasive brain stimulation of the dorsolateral prefrontal cortex: A systematic review and meta-

analysis. Brain and Cognition, 86, 1-9. https://doi.org/10.1016/j.bandc.2014.01.008;

Carnevali, L., Pattini, E., Sgoifo, A., & Ottaviani, C. (2020). Effects of prefrontal
transcranial direct current stimulation on autonomic and neuroendocrine responses to
psychosocial stress in healthy humans. Stress, 23(1), 26-36.

https://doi.org/10.1080/10253890.2019.1625884;

Chan, M. M. Y,, Yau, S. S. Y., & Han, Y. M. Y. (2021). The neurobiology of prefrontal
transcranial direct current stimulation (tDCS) in promoting brain plasticity: A systematic review
and meta-analyses of human and rodent studies. Neuroscience and Biobehavioral Reviews, 125,

392-416. https://doi.org/10.1016/j.neubiorev.2021.02.035;

Clarke, P. J. F., Van Bockstaele, B., Marinovic, W., Howell, J. A., Boyes, M. E., &
Notebaert, L. (2020). The effects of left DLPFC tDCS on emotion regulation, biased attention,
and emotional reactivity to negative content. Cognitive, Affective & Behavioural Neuroscience,

20(6), 1323-1335. https://doi.org/10.3758/s13415-020-00840-2;

Cristofori, 1., Cohen-Zimerman, S., & Grafman, J. (2019). Executive functions.
Handbook of Clinical Neurology, 163, 197-219. https://doi.org/10.1016/B978-0-12-804281-

6.00011-2;

Dantas, E. M., Sant'Anna, M. L., Andredo, R. V., Gongalves, C. P., Morra, E. A., Baldo,

M. P, Rodrigues, S. L., & Mill, J. G. (2012). Spectral analysis of heart rate variability with the


https://doi.org/10.1016/j.psyneuen.2012.04.020
https://doi.org/10.1080/10253890.2019.1625884h
https://doi.org/10.3758/s13415-020-00840-2

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

40

autoregressive method: What model order to choose? Computers in Biology and Medicine,

42(2), 164—170. https://doi.org/10.1016/j.compbiomed.2011.11.004;

Datta, A., Elwassif, M., Battaglia, F., & Bikson, M. (2008). Transcranial current
stimulation focality using disc and ring electrode configurations. Journal of Neural

Engineering, 5(2), 163. https://doi.org/10.1088/1741-2560/5/2/007;

Della Longa, L., Dragovic, D., & Farroni, T. (2021). In touch with the heartbeat:
newborns' cardiac sensitivity to affective and non-affective touch. International Journal of
Environmental Research and Public Health, 18(5), 2212.

https://doi.org/10.3390/ijerph18052212;

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behavior Research

Methods, 39(2), 175-191. https://doi.org/10.3758/bf03193146;

Feeser, M., Prehn, K., Kazzer, P., Mungee, A., & Bajbouj, M. (2014). Transcranial direct
current stimulation enhances cognitive control during emotion regulation. Brain Stimulation,

7(1), 105-112. https://doi.org/10.1016/.brs.2013.08.006;

Ferguson, H. J., Brunsdon, V. E. A., & Bradford, E. E. F. (2021). The developmental
trajectories of executive function from adolescence to old age. Scientific Reports, 11(1), 1382.

https://doi.org/10.1038/s41598-020-80866-1;

Fertonani, A., & Miniussi, C. (2017). Transcranial electrical stimulation: What we know
and do not know about mechanisms. The Neuroscientist, 23(2), 109-123.

https://doi.org/10.1177/1073858416631966;

Forte, G., Favieri, F., & Casagrande, M. (2019). Heart rate variability and cognitive
function: A systematic  review.  Frontiers in  Neuroscience, 13, 710.

https://doi.org/10.3389/thins.2019.00710;


https://doi.org/10.1016/j.compbiomed.2011.11.00h
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/j.brs.2013.08.006
https://doi.org/10.3389/fnins.2019.00710

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

41
Forte, G., Morelli, M., & Casagrande, M. (2021). Heart rate variability and decision-

making: Autonomic responses in making decisions. Brain Sciences, 11(2), 243.

https://doi.org/10.3390/brainscil 1020243;

Frau, L., Cazzato, V., McGlone, F., & Bruno, D. (2022). The effects of multimodal
training on working memory in younger and older adults. The Cognitive Psychology Bulletin,

7, 23-35; https://10.53841/bpscog.2022.1.7.23;

Fregni, F., Boggio, P. S., Nitsche, M., Bermpohl, F., Antal, A., Feredoes, E., Marcolin, M.
A., Rigonatti, S. P, Silva, M. T., Paulus, W., & Pascual-Leone, A. (2005). Anodal transcranial
direct current stimulation of prefrontal cortex enhances working memory. Experimental Brain

Research, 166(1), 23-30. https://doi.org/10.1007/s00221-005-2334-6;

Frings, C., Brinkmann, T., Friehs, M. A., & van Lipzig, T. (2018). Single session tDCS
over the left DLPFC disrupts interference processing. Brain and Cognition, 120, 1-7.

https://doi.org/10.1016/j.bandc.2017.11.005;

Fujiyama, H., Hyde, J., Hinder, M. R., Kim, S.-J., McCormack, G. H., Vickers, J. C., &
Summers, J. J. (2014). Delayed plastic responses to anodal tDCS in older adults. Frontiers in

Aging Neuroscience, 6, Article 115. https://doi.org/10.3389/fhagi.2014.00115;

Ghasemian-Shirvan, E., Mosayebi-Samani, M., Farnad, L., Kuo, M.-F., Meesen, R. L. J.,
& Nitsche, M. A. (2022). Age-dependent non-linear neuroplastic effects of cathodal tDCS in

the elderly population: A titration study. Brain Stimulation, 15(2), 296-305;

Gbadeyan, O., Doherty, C. P., Taylor, J. L., & Suarez, C. (2016). Modulation of adaptive
cognitive control by prefrontal High-Definition transcranial direct current stimulation in
Humans. Journal of Neuroscience, 36(50), 12530-12537.

https://doi.org/10.1523/JINEUROSCI.1652-16.2016;


https://doi.org/10.53841/bpscog.2022.1.7.23
https://doi.org/10.1007/s00221-005-2334-6
https://doi.org/10.1016/j.bandc.2017.11.005

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

42
Ghasemi, A., & Zahediasl, S. (2012). Normality tests for statistical analysis: a guide for

non-statisticians. International Journal of Endocrinology and Metabolism, 10(2), 486—489.

https://doi.org/10.5812/ijem.3505;

Grandperrin, Y., Grosprétre, S., Nicolier, M., Gimenez, P., Vidal, C., Haffen, E., &
Bennabi, D. (2020). Effect of transcranial direct current stimulation on sports performance for
two profiles of athletes (power and endurance) (COMPETE): A protocol for a randomised,
crossover, double-blind, controlled exploratory trial. Trials, 21, 461.

https://doi.org/10.1186/s13063-020-04412-0;

Guo, H., Zhang, Z., Da, S., Sheng, X., & Zhang, X. (2018). High-definition transcranial
direct current stimulation (HD-tDCS) of left dorsolateral prefrontal cortex aftects performance
in Balloon Analogue Risk Task (BART). Brain and Behavior, 8(2), e00884.

https://doi.org/10.1002/brb3.884;

Habel, U., Klein, M., Kellermann, T., Shah, N. J., & Schneider, F. (2005). Same or
different? Neural correlates of happy and sad mood in healthy males. Neurolmage, 26(1), 206—

214. https://doi.org/10.1016/j.neuroimage.2005.01.014;

Hill, A. T., Fitzgerald, P. B., & Hoy, K. E. (2016). Effects of anodal transcranial direct
current stimulation on working memory: A systematic review and meta-analysis of findings
from healthy and neuropsychiatric populations. Brain Stimulation, 9(2), 197-208.

https://doi.org/10.1016/j.brs.2015.10.006;

Imburgio, M. J., & Orr, J. M. (2018). Effects of prefrontal tDCS on executive function:
Methodological considerations revealed by meta-analysis. Neuropsychologia, 117, 156—166.

https://doi.org/10.1016/j.neuropsychologia.2018.04.022;

Indahlastari, A., Hardcastle, C., Albizu, A., Alvarez-Alvarado, S., Boutzoukas, E. M.,

Evangelista, N. D., Hausman, H. K., Kraft, J., Langer, K., & Woods, A. J. (2021). A systematic


https://doi.org/10.1016/j.neuropsychologia.2018.04.022

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

43
review and meta-analysis of transcranial direct current stimulation to remediate age-related

cognitive decline in healthy older adults. Neuropsychiatric Disease and Treatment, 17, 971—

990. https://doi.org/10.2147/NDT.S259499;

Jacobson, L., Koslowsky, M., & Lavidor, M. (2012). tDCS polarity effects in motor and
cognitive domains: a meta-analytical review. Experimental Brain Research, 216(1), 1-10.

https://doi.org/10.1007/s00221-011-2891-9;

Ke, Y., Wang, N., Du, J., Kong, L., Liu, S., Xu, M., An, X., & Ming, D. (2019). The
Effects of Transcranial Direct Current Stimulation (tDCS) on working memory training in
healthy = young  adults. Frontiers in  Human  Neuroscience, 13, 19.

https://doi.org/10.3389/fnhum.2019.0019;

Kim, H. G., Cheon, E. J., Bai, D. S., Lee, Y. H., & Koo, B. H. (2018). Stress and Heart
Rate Variability: A meta-analysis and review of the literature. Psychiatry Investigation, 15(3),

235-245. https://doi.org/10.30773/pi.2017.08.17;

Kirchner, W. K. (1958). Age differences in short-term retention of rapidly changing
information. Journal of Experimental Psychology, 55(4), 352-358.

https://doi.org/10.1037/h0043688;

Ko, D.-K., Lee, H., Kim, D.-I., Park, Y.-M., Kang, N., et al. (2024). Transcranial direct
current stimulation improves heart rate variability: A systematic review and meta-analysis.
Progress in  Neuropsychopharmacology & Biological Psychiatry, 134, 111072.

https://doi.org/10.1016/j.pnpbp.2024.111072;

Kredlow, A. M., Fenster, R. J., Laurent, E. S., Ressler, K. J., & Phelps, E. A. (2022).
Prefrontal cortex, amygdala, and threat processing: Implications for PTSD.

Neuropsychopharmacology, 47(1), 247-259. https://doi.org/10.1038/s41386-021-01155-7;


https://doi.org/10.3389/fnhum.2019.0019
https://doi.org/10.1037/h0043688
https://doi.org/10.1038/s41386-021-01155-7

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

44
Kuehne, M., Schmidt, K., Heinze, H. J., & Zaehle, T. (2019). Modulation of emotional
conflict processing by High-Definition Transcranial Direct Current Stimulation (HD-TDCS).

Frontiers in Behavioral Neuroscience, 13, 224,

Kuo, H. I., Bikson, M., Datta, A., Minhas, P., Paulus, W., Kuo, M. F., & Nitsche, M. A.
(2013). Comparing cortical plasticity induced by conventional and high-definition 4 x 1 ring
tDCS: a  neurophysiological  study.  Brain  Stimulation, 6(4), 644-648.

https://doi.org/10.1016/j.brs.2012.09.010;

Leon-Correa, E., Ruhnau, P., Balani, A., Qureshi, A., Tse, D., & Makris, S. (2026a).
Boosting brainpower in ageing: Task-specific and transfer effects of tDCS-enhanced working
memory training. Cognitive, Affective, & Behavioral Neuroscience, 26, 965-987.

https://doi.org/10.3758/s13415-026-01408-2;

Leon-Correa, E., Balani, A., Qureshi, A., Tse, D., & Makris, S. (2026b). Left DLPFC
involvement in verbal working memory in ageing: A cTBS—ERP study. Neuropsychologia, 231,

Article 109553. https://doi.org/10.1016/j.neuropsychologia.2026.109553;

Lu, H., Gong, Y., Huang, P., Zhang, Y., Guo, Z., Zhu, X., & You, X. (2021). Effect of
repeated Anodal HD-tDCS on executive functions: Evidence From a pilot and single-blinded
fNIRS study. Frontiers in Human Neuroscience, 14, 583730.

https://doi.org/10.3389/fnhum.2020.583730;

Luque-Casado, A., Perales, J. C., Cardenas, D., & Sanabria, D. (2016). Heart rate
variability and cognitive processing: The autonomic response to task demands. Biological

Psychology, 113, 83-90. https://doi.org/10.1016/j.biopsycho.2015.11.013;

Makovac, E., Thayer, J. F., & Ottaviani, C. (2017). A meta-analysis of non-invasive brain

stimulation and autonomic functioning: Implications for brain-heart pathways to cardiovascular


https://doi.org/10.3389/fnhum.2020.583730
https://doi.org/10.1016/j.biopsycho.2015.11.013

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

45
disease.  Neuroscience  and  Biobehavioral = Reviews, 74(Pt B), 330-341.

https://doi.org/10.1016/j.neubiorev.2016.05.001;

Martin, D. M., Liu, R., Alonzo, A., Green, M., Player, M. J., Sachdev, P., & Loo, C. K.
(2013). Can transcranial direct current stimulation enhance outcomes from cognitive training?
A randomized controlled trial in healthy participants. [International Journal of

Neuropsychopharmacology, 16(9), 1927-1936. https://doi.org/10.1017/S1461145713000539;

Mather, M., & Thayer, J. (2018). How heart rate variability affects emotion regulation
brain networks.  Current  Opinion in  Behavioural  Sciences, 19, 98-104.

https://doi.org/10.1016/j.cobeha.2017.12.017;

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D.
(2000). The unity and diversity of executive functions and their contributions to complex
"Frontal Lobe" tasks: a latent variable analysis. Cognitive psychology, 41(1), 49-100.

https://doi.org/10.1006/cogp.1999.0734;

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex
function. Annual review of neuroscience, 24, 167-202.

https://doi.org/10.1146/annurev.neuro.24.1.167;

Millisecond Software. (2023). Inquisit 6 (Version 6) [Computer software].

https://www.millisecond.com;

Mohammadpoor Faskhodi, M., Fernandez-Chimeno, M., & Garcia-Gonzilez, M. A.
(2023). Arousal detection by using ultra-short-term heart rate variability (HRV) analysis.

Frontiers in Medical Engineering, 1, 1209252, https://doi.org/10.3389/fmede.2023.1209252;

Molavi, P., Aziziaram, S., Basharpoor, S., Atadokht, A., Nitsche, M. A., & Salehinejad,
M. A. (2020). Repeated transcranial direct current stimulation of dorsolateral-prefrontal cortex

improves executive functions, cognitive reappraisal emotion regulation, and control over


https://doi.org/10.1016/j.cobeha.2017.12.017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

46
emotional processing in borderline personality disorder: A randomized, sham-controlled,
parallel-group study. Journal of  Affective  Disorders, 274, 93-102.

https://doi.org/10.1016/j.jad.2020.05.007;

Mulquiney, P. G., Hoy, K. E., Daskalakis, Z. J., & Fitzgerald, P. B. (2011). Improving
working memory: exploring the effect of transcranial random noise stimulation and transcranial
direct current stimulation on the dorsolateral prefrontal cortex. Clinical Neurophysiology,

122(12), 2384-2389. https://doi.org/10.1016/j.clinph.2011.05.009;

Munoz, M. L., van Roon, A., Riese, H., Thio, C., Oostenbroek, E., Westrik, 1., de Geus,
E. J., Gansevoort, R., Lefrandt, J., Nolte, I. M., & Snieder, H. (2015). Validity of (ultra-) short
recordings for heart rate variability measurements. PloS one, 10(9), e0138921.

https://doi.org/10.1371/journal.pone.0138921;

Nee, D. E., Brown, J. W., Askren, M. K., Berman, M. G., Demiralp, E., Krawitz, A., &
Jonides, J. (2013). A meta-analysis of executive components of working memory. Cerebral

cortex (New York, N.Y. : 1991), 23(2), 264-282. https://doi.org/10.1093/cercor/bhs007;

Nicolini, P., Malfatto, G., & Lucchi, T. (2024). Heart Rate Variability and Cognition: A
Narrative Systematic Review of Longitudinal Studies. Journal of Clinical Medicine, 13(1),

280. https://doi.org/10.3390/jcm13010280;

Nikolin, S., Boonstra, T. W., Loo, C. K., & Martin, D. (2017). Combined effect of
prefrontal transcranial direct current stimulation and a working memory task on heart rate

variability. PloS one, 12(8), e0181833. https://doi.org/10.1371/journal.pone.0181833;

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. The Journal of Physiology, 527 Pt 3(Pt

3), 633-639. https://doi.org/10.1111/.1469-7793.2000.t01-1-00633 .x;


https://doi.org/10.1016/j.jad.2020.05.007

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

47
Nitsche, M. A., & Paulus, W. (2001). Sustained excitability elevations induced by

transcranial DC motor cortex stimulation in humans. Neurology, 57(10), 1899-1901.

https://doi.org/10.1212/WNL.57.10.1899;

Nitsche, M. A., Nitsche, M. S., Klein, C. C., Tergau, F., Rothwell, J. C., & Paulus, W.
(2003a). Level of action of cathodal DC polarisation induced inhibition of the human motor
cortex. Clinical Neurophysiology, 114(4), 600-604. https://doi.org/10.1016/s1388-

2457(02)00412-1;

Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N.,
Henning, S., Tergau, F., & Paulus, W. (2003b). Pharmacological modulation of cortical
excitability shifts induced by transcranial direct current stimulation in humans. Journal of

Physiology, 553, 293-301. https://doi.org/10.1113/jphysi0l.2003.049916;

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., Paulus,
W., Hummel, F., Boggio, P. S., Fregni, F., & Pascual-Leone, A. (2008). Transcranial direct
current stimulation: State of the art 2008. Brain stimulation, 1(3), 206-223.

https://doi.org/10.1016/j.brs.2008.06.004;

Nitsche, M. A., Koschack, J., Pohlers, H., Hullemann, S., Paulus, W., & Happe, S. (2012).
Effects of frontal transcranial direct current stimulation on emotional state and processing in

healthy humans. Frontiers in Psychiatry, 3, 58. https://doi.org/10.3389/fpsyt.2012.00058;

Oldfield R. C. (1971). The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia, 9(1), 97—-113. https://doi.org/10.1016/0028-3932(71)90067-4;
ry. pSy g p g

Palm U, Reisinger E, Keeser D, Kuo M- F, Pogarell O, Leicht G, et al. (2013) Evaluation
of sham transcranial direct current stimulation for randomized, placebo-controlled clinical

trials. Brain Stimulation 6: 690-695;


https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/0028-3932(71)90067-4

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

48
Parkin, B. L., Warriner, K., & Walsh, V. (2017). Gunslingers, poker players, and chickens

1: Decision making under physical performance pressure in elite athletes. Progress in Brain

Research, 234,291-316. https://doi.org/10.1016/bs.pbr.2017.08.001;

Pawling, R., McGlone, F., & Walker, S. C. (2024). High frequency heart rate variability
is associated with sensitivity to affective touch. Physiology & Behavior, 283, 114600.

https://doi.org/10.1016/j.physbeh.2024.114600;

Perrotta, D., Bianco, V., Berchicci, M., Quinzi, F., & Perri, R. L. (2021). Anodal tDCS
over the dorsolateral prefrontal cortex reduces stroop errors. A comparison of different tasks
and designs. Behavioural Brain Research, 405:113215.

https://doi.org/10.1016/;.bbr.2021.113215;

Polania, R., Nitsche, M. A., & Ruff, C. C. (2018). Studying and modifying brain function
with  non-invasive  brain  stimulation. — Nature  Neuroscience, 21(2), 174-187.

https://doi.org/10.1038/s41593-017-0054-4;

Ragland, J. D., Turetsky, B. 1., Gur, R. C., Gunning-Dixon, F., Turner, T., Schroeder, L.,
Chan, R., & Gur, R. E. (2002). Working memory for complex figures: an fMRI comparison of

letter and fractal n-back tasks. Neuropsychology, 16(3), 370-379;

Remue, J., Backen, C., & De Raedt, R. (2016). Does a single neurostimulation session
really affect mood in healthy individuals? A systematic review. Neuropsychologia, 85, 184—

198. https://doi.org/10.1016/j.neuropsychologia.2016.03.012;

Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A., & Safety of TMS Consensus
Group (2009). Safety, ethical considerations, and application guidelines for the use of
transcranial magnetic stimulation in clinical practice and research. Clinical Neurophysiology,

120(12), 2008-2039. https://doi.org/10.1016/j.clinph.2009.08.016;


https://doi.org/10.1016/j.clinph.2009.08.016

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

49
Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2011). Screening

questionnaire before TMS: An update. Clinical Neurophysiology, 122(8), 1686.

https://doi.org/10.1016/j.clinph.2010.12.037;

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmdller, J., Carpenter, L.
L., Cincotta, M., Chen, R., Daskalakis, J. D., Di Lazzaro, V., Fox, M. D., George, M. S., Gilbert,
D., Kimiskidis, V. K., Koch, G., [lmoniemi, R. J., Lefaucheur, J. P., Leocani, L., ... basis of this
article began with a Consensus Statement from the IFCN Workshop on "Present, Future of
TMS: Safety, Ethical Guidelines", Siena, October 17-20, 2018, updating through April 2020
(2021). Safety and recommendations for TMS use in healthy subjects and patient populations,
with updates on training, ethical and regulatory issues: Expert Guidelines. Clinical
neurophysiology. International Federation of Clinical Neurophysiology, 132(1), 269-306.

https://doi.org/10.1016/j.clinph.2020.10.003;

Sallard, E., Mouthon, M., De Pretto, M., & Spierer, L. (2018). Modulation of inhibitory
control by prefrontal anodal tDCS: A crossover double-blind sham-controlled fMRI study. PloS

one, 13(3), €0194936. https://doi.org/10.1371/journal.pone.0194936;

Sandberg, P., Ronnlund, M., Nyberg, L., & Stigsdotter Neely, A. (2014). Executive
process training in young and old adults. Neuropsychology, 21(5), 577-605.

https://doi.org/10.1080/13825585.2013.839777,;

Saturnino, G. B., Antunes, A., & Thielscher, A. (2015). On the importance of electrode

parameters for shaping electric field patterns generated by tDCS. Neuroimage, 120, 25-35;

SchmaufBler, M., Hoffmann, S., Raab, M., & Laborde, S. (2022). The effects of
noninvasive brain stimulation on heart rate and heart rate variability: A systematic review and
meta-analysis. Journal of  Neuroscience Research, 100(9), 1664—1694.

https://doi.org/10.1002/jn1.25062;


https://doi.org/10.1016/j.clinph.2010.12.037
https://doi.org/10.1371/journal.pone.0194936
https://doi.org/10.1080/13825585.2013.839777
https://doi.org/10.1002/jnr.25062

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

50
Shafter, F., McCraty, R., & Zerr, C. L. (2014). A healthy heart is not a metronome: an

integrative review of the heart's anatomy and heart rate variability. Frontiers in Psychology, 5,

1040. https://doi.org/10.3389/fpsyg.2014.01040;

Shaffer, F., & Ginsberg, J. P. (2017). An overview of heart rate variability metrics and

norms. Frontiers in Public Health, 5, 258. https://doi.org/10.3389/fpubh.2017.00258;

Shekhawat, G. S., & Vanneste, S. (2018). High-definition transcranial direct current
stimulation of the dorsolateral prefrontal cortex for tinnitus modulation: A preliminary trial.

Journal of Neural Transmission, 125(2), 163—171. https://doi.org/10.1007/s00702-017-1808-6;

Smith, R., Thayer, J. F., Khalsa, S. S., & Lane, R. D. (2017). The hierarchical basis of
neurovisceral integration. Neuroscience and  Biobehavioral —Reviews, 75, 274-296.

https://doi.org/10.1016/j.neubiorev.2017.02.003;

Spangler, D. P., Gamble, K. R., McGinley, J. J., Thayer, J. F., & Brooks, J. R. (2018).
Intra-individual variability in vagal control is associated with response inhibition under

stress. Frontiers in Human Neuroscience, 12, 475. https://doi.org/10.3389/fnhum.2018.00475;

Stankovi¢, M., Zivanovi¢, M., Bjeki¢, J., & Filipovi¢, S. R. (2021). Blinding in tDCS
studies: Correct end-of-study guess does not moderate the effects on associative and working

memory. Brain Sciences, 12(1), 58. https://doi.org/10.3390/brainsci12010058;

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Journal of

Experimental Psychology, 18(6), 643—662. https://doi.org/10.1037/h0054651;

Tarvainen, M. P., Niskanen, J. P., Lipponen, J. A., Ranta-Aho, P. O., & Karjalainen, P. A.
(2014). Kubios HRV--heart rate variability analysis software. Computer Methods and Programs

in Biomedicine, 113(1), 210-220. https://doi.org/10.1016/j.cmpb.2013.07.024;


https://doi.org/10.3389/fnhum.2018.00475
https://doi.org/10.1037/h0054651

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

51
Thayer, J. F., & Lane, R. D. (2000). A model of neurovisceral integration in emotion

regulation and  dysregulation. Journal of  Affective  Disorders, 61(3), 201-

216. https://doi.org/10.1016/S0165-0327(00)00338-4;

Thayer, J. F., & Friedman, B. H. (2004). A neurovisceral integration model of health
disparities in aging. In N. B. Anderson, R. A. Bulatao, & B. Cohen (Eds.), Critical perspectives

on racial and ethnic differences in health in late life (pp. 567-603). National Academies Press;

Thayer, J. F., Hansen, A. L., Saus-Rose, E., & Johnsen, B. H. (2009). Heart rate variability,
prefrontal neural function, and cognitive performance: the neurovisceral integration perspective
on self-regulation, adaptation, and health. Annals of Behavioural Medicine, 37(2), 141-153.

https://doi.org/10.1007/s12160-009-9101-z;

Thayer, J. F., & Lane, R. D. (2009). Claude Bernard and the heart-brain connection:
further elaboration of a model of neurovisceral integration. Neuroscience and Biobehavioral

Reviews, 33(2), 81-88. https://doi.org/10.1016/j.neubiorev.2008.08.004;

Thayer, J. F., Ahs, F., Fredrikson, M., Sollers, J. J., 3rd, & Wager, T. D. (2012). A meta-
analysis of heart rate variability and neuroimaging studies: implications for heart rate variability
as a marker of stress and health. Neuroscience and Biobehavioral Reviews, 36(2), 747-756.

https://doi.org/10.1016/j.neubiorev.2011.11.009;

Vandermeeren, Y., Jamart, J., & Ossemann, M. (2010). Effect of tDCS with an
extracephalic reference electrode on cardio-respiratory and autonomic functions. BMC

Neuroscience, 11, 38. https://doi.org/10.1186/1471-2202-11-38;

Vergallito, A., Feroldi, S., Pisoni, A., & Romero Lauro, L. J. (2022). Inter-Individual
Variability in tDCS Effects: A narrative review on the contribution of stable, variable, and

contextual factors. Brain Sciences, 12(5), 522. https://doi.org/10.3390/brainsci12050522;


https://psycnet.apa.org/doi/10.1016/S0165-0327(00)00338-4
https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.1186/1471-2202-11-38

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

52

Villamar, M. F., Volz, M. S., Bikson, M., Datta, A., Dasilva, A. F., & Fregni, F. (2013).
Technique and considerations in the use of 4x1 ring high-definition transcranial direct current
stimulation  (HD-tDCS).  Journal of Visualized  Experiments, (77), €50309.

https://doi.org/10.3791/50309;

Watson, D., Clark, L. A., & Tellegen, A. (1988). Development and validation of brief
measures of positive and negative affect: the PANAS scales. Journal of Personality and Social

Psychology, 54(6), 1063-1070. https://doi.org/10.1037//0022-3514.54.6.1063;

Welch, P. D. (1967). The use of fast Fourier transform for the estimation of power spectra:
A method based on time averaging over short, modified periodograms. /EEE Transactions on

Audio and Electroacoustics, 15(2), 70-73. https://doi.org/10.1109/TAU.1967.1161901;

Wiegand, A., Sommer, A., Nieratschker, & Plewnia, C. (2019). Improvement of cognitive
control and stabilization of affect by prefrontal transcranial direct current stimulation (tDCS).

Scientific Reports, 9, 6797. https://doi.org/10.1038/s41598-019-43234-2;

Zawertailo, L., Zhang, H., Rahmani, N., Rajji, T. K., & Selby, P. (2022). Active versus
sham transcranial direct current stimulation (tDCS) as an adjunct to varenicline treatment for
smoking cessation: Study protocol for a double-blind single dummy randomized controlled

trial. PloS one, 17(12), €0277408. https://doi.org/10.1371/journal.pone.0277408,;

Zhang, Y., L1, X., Guo, Y., Zhang, Z., Xu, F., Xiang, N., Qiu, M., Xiao, Q., Wang, P., &
Shi, H. (2022). Dorsolateral Prefrontal Activation in Emotional Autobiographical Task in
Depressed and Anxious College Students: An fNIRS Study. International Journal of
Environmental Research and Public Health, 19(21), 14335.

https://doi.org/10.3390/ijerph192114335;

Zhou, Y., Xiao, G., Chen, Q., Wang, Y., Wang, L., Xie, C., Wang, K., & Chen, X.

(2023). High-Definition Transcranial Direct Current Stimulation improves decision-making


https://doi.org/10.3791/50309
https://doi.org/10.1038/s41598-019-43234-2

53
1180  ability: a study based on EEG. Brain Sciences, 13(4), 640.

1181  https://doi.org/10.3390/brainscil 3040640.

1182

1183  Supplemental material
1184

1185  Blinding assessment

1186 At the end of each session, participants were asked to indicate whether they believed they
1187  had received anodal or sham stimulation to evaluate the effectiveness of sham blinding
1188  (Stankovic et al., 2021). In the first visit, 33% of participants correctly identified the stimulation
1189  condition, whereas 41% did so in the second visit. Binomial tests indicated that the proportion
1190  of correct guesses did not differ significantly from chance level (50%) at either visit (all p >

1191 .05), suggesting that blinding was preserved.

1192 To assess whether perceived stimulation condition influenced behavioural outcomes, we
1193  computed a speed—accuracy trade-off index for both the Stroop and N-Back tasks. Independent-
1194  samples comparisons between participants who correctly guessed the stimulation condition and
1195  those who did revealed no evidence of performance differences (two-sided p-values ranging
1196  from .28 to .95). These findings indicate that task performance was not associated with

1197  participants’ beliefs about stimulation type.

1198  Table S1. Pre-tDCS Baseline Comparisons Between Sham and Anodal Sessions

1199
Baseline Anodal Mean + Bonferroni-adjusted
Sham Mean + SD )/ Cohen’s d
outcome SD )/

HF-HRV
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Baseline Anodal Mean + Bonferroni-adjusted
Sham Mean + SD Cohen’s d
outcome SD P
Stroop 50.830+9.475  51.478+9.156 102 612 0.280
N-Back 51.137+9.169  52.815+8.987 .019 114 0.411
Stroop task
1076.708 +
RT (ms) 1084.181 + 152.354 726 1.000 0.059
166.652
Accuracy (%)  80.778 £5.962  81.306 +6.610 .649 1.000 0.077
N-Back task
1492.972 +
RT (ms) 1455.269 + 135.319 146 .876 0.248
122.324
61.204 +
Accuracy (%)  58.982 £9.148 .081 486 0.299
9.125
1200
1201  Note. Values are presented as mean = SD. HF-HRV = high-frequency heart rate variability;
1202  baseline HF-HRV represents values obtained during the pre-tDCS phase and is reported
1203  separately for the Stroop and N-Back task periods. Stroop reaction time represents the mean
1204  across congruent and incongruent trials, and accuracy represents the percentage of correct
1205  responses across Stroop trials. N-Back reaction time represents the mean across the 0-, 1-, and
1206  2-back conditions, and accuracy represents the percentage of correct responses averaged across
1207  the three workload conditions. Sham and anodal pre-tDCS values were compared using two-
1208 tailed paired-samples t-tests. Bonferroni-adjusted p values were calculated across the six
1209  physiological and cognitive baseline comparisons. Cohen’s d was calculated using the standard
1210  deviation of the paired differences. SD = standard deviation; RT = reaction time.
1211
1212 Summary: Supplementary baseline comparisons indicated that none of the physiological
1213  or cognitive measures differed significantly between the sham and anodal sessions after
1214  Bonferroni correction (all adjusted p > .114). Although the unadjusted comparison for HF-HRV
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during the N-Back task reached significance (p = .019), this difference did not remain

significant after correction (padjusted = .114).

Table S2. Comparison of Stroop reaction time-change (ART) scores between sham and
anodal

Condition ART Mean £+ SD (ms) Mean difference 95% CI t35) p Cohen’sd
Sham -9.750 £ 17.067
Anodal  —18.903 £ 11.502 9.153 [3.077, 15.229] 3.058 .004 0.510

Note. ART was calculated as the difference between during-tDCS RT and pre-tDCS RT;
therefore, negative values indicate faster reaction times during stimulation relative to baseline.
Stroop RT represents the mean reaction time across congruent and incongruent trials. The mean
difference represents ART Sham — ART Anodal. The comparison was performed using a two-
tailed paired-samples t-test. CI = confidence interval; RT = reaction time; SD = standard
deviation.

Summary: Stroop reaction times decreased from pre- to during-tDCS in both stimulation
conditions, but the reduction was significantly greater in the anodal condition than in the sham
condition, t(35) = 3.058, unadjusted p = .004, Bonferroni-adjusted p =.012, Cohen’s d = 0.510.

This indicates a larger pre-to-during reduction in RT under anodal stimulation.

Table S3. Correlation between baseline Stroop reaction time and change (ART) in
reaction time

Stimulation condition Pearson’s r p

Sham -.072 677

Anodal 127 462

Note. Pearson correlations examined the association between baseline Stroop RT and ART
separately within each stimulation condition. ART was calculated as during-tDCS RT minus
pre-tDCS RT. RT = reaction time

Summary: Baseline Stroop reaction time was not significantly associated with ART in

either the sham condition (r = —.072, p = .677) or the anodal condition (r = .127, p = .462).
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Thus, there was no evidence that participants with slower baseline responses systematically

showed larger subsequent reductions in RT.

Table S4. Linear Regression Analyses Examining Age as a Predictor of Differential
Stimulation Effects

Outcome B (Age) SE B R? F(1,34)p
HF-HRV 0.020 0.0270.127 0.016 0.560 .460
Stroop RT 0.115 0.1400.140 0.019 0.675 .417

Stroop Accuracy —0.002 0.020 -0.018 <.001 0.011  .918
N-Back RT —0.079 0.206 —0.066 0.004 0.148 .703

N-Back Accuracy 0.034  0.0790.074 0.005 0.188 .667

Note. For each outcome, change scores (A) were calculated separately for the anodal and sham
conditions as during-tDCS minus pre-tDCS. Differential change scores (AA) were then
calculated as AAnodal minus ASham. Separate linear regression analyses were performed for
each outcome, with AA as the dependent variable and age (years) as the continuous predictor.
HF-HRYV represents high-frequency heart rate variability averaged across the Stroop and N-
Back task periods. Stroop outcomes were averaged across congruent and incongruent trials,
whereas N-Back outcomes were averaged across the 0-, 1-, and 2-back conditions. B =
unstandardized regression coefficient; SE = standard error; p = standardised regression
coefficient; R? = proportion of variance in the differential stimulation effect explained by age;
RT = reaction time.

Summary: Age was not significantly associated with the differential stimulation effect for
HF-HRV (B =0.020, p = .460), Stroop RT (B =0.115, p=.417), Stroop accuracy (B =—-0.002,
p =.918), N-Back RT (B =-0.079, p=.703), or N-Back accuracy (B =0.034, p=.667). Across
outcomes, age explained less than 2% of the variance in the differential stimulation effect (R?
<.019). These exploratory analyses therefore did not provide evidence that the magnitude of
the differential pre-to-during stimulation effect systematically varied as a function of age within
the present sample. Given that the study was not designed or powered to examine age-related
moderation, these null findings should be interpreted cautiously.
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