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The effect of transcranial random
noise stimulation (tRNS) over
bilateral parietal cortex in visual
cross-modal conflicts

Jiahong Cui%3", Wenbo Yu?, Lei Hu?, Yuxuan Wang* & Zhihan Liu*

In complex sensory environments, visual cross-modal conflicts often affect auditory performance. The
inferior parietal cortex (IPC) is involved in processing visual conflicts, namely when cognitive control
processes such as inhibitory control and working memory are required. This study investigated the
effect of bilateral IPC tRNS on reducing visual cross-modal conflicts and explored whether its efficacy
is dependent on the conflict type. Forty-four young adults were randomly allocated to receive either
active tRNS (100-640 Hz, 2-mA for 20 min) or sham stimulation. Participants repeatedly performed
tasks in three phases: before, during, and after stimulation. Results showed that tRNS significantly
enhanced task accuracy across both semantic and non-semantic conflicts compared to sham, as well as
a greater benefit in semantic conflict after stimulation. Correlation analyses indicated that individuals
with lower baseline performance benefited more from active tRNS during stimulation in the non-
semantic conflict task. There were no significant differences between groups in reaction time for each
conflict type task. These findings provide important evidence for the use of tRNS in reducing visual
cross-modal conflicts, particularly in suppressing semantic distractors, and highlight the critical role of
bilateral IPC in modulating visual cross-modal conflicts.
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Abbreviations

tRNS Transcranial random noise stimulation
IPC Inferior parietal cortex

tES Transcranial electrical stimulation
tDCS Transcranial direct current stimulation
tACS Transcranial alternating current stimulation
hf-tRNS  High-frequency tRNS

EHI Edinburgh Handedness Inventory

BDI Beck Depression Inventory

STAI-Y State-Trait Anxiety Inventory

WM Working memory

PASAT Paced auditory serial addition test

RT Reaction time

In daily life, we often encounter environments rich with both visual and auditory stimuli. Audiovisual cross-
modal conflicts occur when auditory and visual information do not match or contradict each other'. Although
these conflicts are often mild, they significantly impact specific populations, such as the elderly and individuals
with neurological impairments, affecting their daily life quality>. Audiovisual cross-modal conflicts manifest
in two types: visual cross-modal conflicts (auditory targets with visual distractors), and auditory cross-modal
conflicts (visual targets with auditory distractors). To effectively resolve conflicts, the top-down processes of
cognitive control help us inhibit irrelevant stimuli (i.e., inhibitory control) while maintaining the relevant
information (i.e., working memory, WM)3.
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An asymmetrical behavioral performance has been reported between visual and auditory cross-modal
conflicts*. Visual cross-modal conflicts tend to impair auditory task performance more significantly than vice
versa>®. The different filtering mechanisms in each modality, as well as the strong modality bias of the visual, may
explain the asymmetrical interference effect of the distractors®.

Neuroimaging studies have reported the crucial role of frontoparietal cortex activation in inhibiting
interference during cognitive tasks”®. Most of them emphasize the prefrontal regions’!!, particularly the
dorsolateral prefrontal cortex and ventrolateral prefrontal cortex, while the parietal region has been relatively
understudied despite evidence suggesting inferior parietal cortex (IPC) activity as the critical neural bases
underlying inhibiting interference®!2. Some evidence suggests that the primary contribution of the IPC is
associated with WM storage”!*1°, Prefrontal regions play an important role in top-down control processing>®,
which supports active information storage in the IPC and contributes to inhibiting interference from
sensory representations”'>. On the other hand, the role of IPC has also been related to inhibiting irrelevant
information!¢~18. Investigations involving both healthy individuals!® and clinical populations? have illustrated
that the inhibition or impairment of either the left or right IPC leads to poorer task performance in inhibiting
visual distractors.

Our earlier research has shown increased bilateral IPC activation during an auditory WM task with semantic
visual distractors®. Notably, changes in IPC activation (i.e., the difference between the no-distractor and
distractor conditions) were positively correlated with changes in task performance improvements. Similarly,
a functional near-infrared spectroscopy study implicated activation of the right ventrolateral prefrontal cortex
in non-semantic visual cross-modal conflict processing, and the changes in bilateral IPC activation were also
linked with inhibition of semantic and non-semantic distractors'>. These findings suggest that the IPC and
prefrontal cortex have equally important roles in reducing cross-modal conflicts, with increased IPC excitability
closely associated with inhibiting the interference effect of visual cross-modal distractors.

Transcranial electrical stimulation (tES), including techniques like transcranial direct current stimulation
(tDCS) and transcranial alternating current stimulation (tACS), is a promising tool for understanding the role
of various cortical areas and enhancing cognitive functions?"?2. Some meta-analysis reviews have reported the
effects of tDCS and tACS on improving working memory and inhibitory control performance, but the effect
sizes are small?»?%, Meanwhile, its application has mainly targeted prefrontal regions, neglecting the potential
benefits of parietal stimulation.

Transcranial random noise stimulation (tRNS), a relatively new tES technique, is rapidly gaining popularity®.
It delivers alternating currents with constantly changing polarity at random frequencies, often described as “white
noise” due to its constant power spectral density across the specified frequency range. The signal is drawn from
a Gaussian distribution with a mean current of zero. It can modulate brain excitability by using an alternating
current randomly selected from a predefined range of intensities, notably effective in high-frequency tRNS
(hf-tRNS) from 100 to 640 Hz?®. Despite the fact that the mechanisms underlying tRNS remain incompletely
understood, some studies have reported that tRNS can induce significant and dependable neuromodulatory
effects on neural plasticity and behavioral outcomes®>?’. There are two primary proposed mechanisms for tRNS.
One mechanism enhances brain activity through stochastic resonance, which raises neural firing thresholds and
increases neuronal responsiveness to stimuli?®. The other mechanism shortens the hyperpolarization phase by
prolonging the opening time of voltage-gated sodium channels, thereby altering neuronal excitability and firing
patterns®®. By modulating neuronal excitability in the IPC, a key region involved in inhibiting cross-modal
conflicts, tRNS may enhance the suppression of irrelevant stimuli, thereby facilitating more efficient conflict
resolution. Since the first tRNS study described its effect on the motor cortex, it has demonstrated effectiveness
in many areas, such as perception’, learning®!, and higher cognitive function?®. Compared to other forms of
tES, tRNS may generate more intense effects on behavior and longer-lasting performance improvements®. In
addition, the polarity-independent characteristic of tRNS allows it to use both electrodes to simultaneously
stimulate different cortical areas®?. Furthermore, its advantages, such as less pain and greater tolerance, contribute
to the successful blinding of participants in studies®**2. Despite promising research results, its effectiveness in
modulating higher cognitive processes is variable (e.g., reported positive effects in working memory??, inhibitory
control**, and attention??, as well as null effects*®*?) and further exploration is necessary. To our best knowledge,
none of the previous tES studies targeting the bilateral IPC have examined its role in visual cross-modal conflict
tasks.

In summary, this is the first study to select the bilateral IPC as the stimulation brain area to explore the
effect of hf-tRNS in semantic and non-semantic visual cross-modal conflicts. This contributes to the effective
use of this technique for clinical applications and a better understanding of the specific contribution of IPC in
reducing visual cross-modal conflicts. In this study, we chose the paced auditory serial addition test (PASAT) as
the auditory target task, with the single digit as the semantic visual distractor and the WAIS-III Digit Symbol-
Coding as the non-semantic visual distractor®!2. This allowed us to evaluate bilateral IPC activity and classify the
conflict type based on the distractors (digits or symbols) in the task. Based on previous studies, we hypothesized
that active tRNS might improve task performance both during and after stimulation, with potentially greater
benefit in semantic conflicts.

Results
Participants performed the visual cross-modal conflict tasks with two conflict types (semantic and non-semantic)
across three phases (baseline, online, and offline), and were randomly assigned to either the tRNS or sham group.

Demographic characteristics of active tRNS and sham groups
Four participants were excluded from the analysis due to incomplete participation or problems with task
performance. The final sample comprised 40 young participants, 20 in the tRNS group (mean age =23.80 years,
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Sham (n=20) | tRNS (n=20)

Mean (SD) Mean (SD) Statistics | p-value
Age 23.05 (0.94) 23.80 (1.58) t=-1.83 |0.078
Gender: n (%)
Male 9 (45.00) 11 (55.00) x>=0.10 | 0.752
Female 11 (55.00) 9 (45.00)
EHI 92.61 (13.35) | 88.83(16.82) |t=0.78 0.436
Education 16.90 (0.72) 16.75 (1.02) t=0.53 0.594
BDI 4.4 (3.15) 4.0 (3.29) t=0.39 0.697
STAI-Y
STAIY-1 27.45 (5.24) 27.50 (5.42) t=-0.03 |0.977
STAIY-2 30.00 (6.18) 27.95 (5.38) t=1.12 0.271
Working memory ability
Digit-Forward | 6.85 (0.37) 6.60 (0.50) t=1.80 |0.081
Digit-Backward 5.15(1.27) 5.60 (1.14) t=-1.12 |0.246
Tapping-Forward | 3.95 (0.89) 3.50 (1.10) t=1.42 0.163
gj‘f&‘;ﬁé 440 (0.68)  |4.10(1.25) |t=094 |0.354

Table 1. Baseline characteristics for participants. tRNS, transcranial random noise stimulation; SD, standard
deviation; EHI, Edinburgh Handedness Inventory; BDI, Beck Depression Inventory; STAI-Y, state-trait anxiety
inventory.

Group
Sham (n=20) tRNS (n=20)
Conlflict type | Time Accuracy(%, SD) | RT(M, SD) Accuracy(%, SD) | RT(M, SD)
Non. Baseline 92.82 (2.58) 87335 (221.90) | 91.70 (2.76) 911.54 (228.46)
semantic Online 92.18 (2.69) 846.73 (219.42) | 94.20 (2.34) 876.20 (235.16)
conflict task 5 e 94.14 (2.35) 835.24 (215.83) | 94.31 (2.34) 880.17 (226.60)
Baseline 90.80 (2.89) 909.72 (219.90) | 91.15 (2.84) 944.70 (229.27)
fg:ﬁ“irc‘?fask Online 91.44 (2.80) 888.77 (225.14) | 93.79 (2.41) 935.59 (232.19)
Offline 91.44 (2.80) 895.14 (222.16) | 95.06 (2.17) 924.70 (225.74)

Table 2. Mean (SD) accuracy and RT for each conflict type by time and group. tRNS, transcranial random
noise stimulation; RT, reaction time; M, mean; SD, standard deviation.

SD=1.58) and 20 in the sham group (mean age=23.05 years, SD=0.95). Table 1 summarizes the demographic
characteristics and shows no significant differences between the tRNS and sham groups in age, gender, Edinburgh
Handedness Inventory (EHI) scores, Beck Depression Inventory (BDI) scores, State-Trait Anxiety Inventory
(STAI-Y) scores, or WM ability. Additionally, participants maintained a focused gaze on visual distractors
during tasks, with an average fixation ratio of 91.45%.

Visval cross-modal conflict task
Accuracy Table 2 shows the average task performance, including accuracy (percentage of correct responses) and
reaction time (RT), for each conflict type at all assessment phases in both groups. No significant differences in
baseline accuracy or RT were found between the tRNS and sham groups across each task (p >0.05). Significant
main effects of time were observed, with increased accuracy during both the online ($=0.22, CI = [0.04, 0.41],
p=0.018) and offline phases (p=0.35, CI = [0.16, 0.54], p<0.001). The interaction between group and time
revealed significantly greater accuracy improvements in the tRNS group compared to sham during the online
(B=0.36, CI =[0.10, 0.63], p=0.005) and offline phases ($=0.39, CI = [0.12, 0.66], p=0.003). Post-hoc analyses
indicated significant increases in accuracy from baseline to online in both the semantic conflict task (f = -0.39,
CI [-0.78, -0.00], corrected p=0.042) and the non-semantic conflict task (p = -0.42, CI [-0.81, -0.02], corrected
p=0.033) (see Fig. 1a; Table 3). Furthermore, there was a significant increase in accuracy from baseline to offline,
with a larger improvement observed in the semantic conflict task (p = -0.66, CI [-1.06, -0.25], corrected p <0.001)
compared to the non-semantic conflict task (B = -0.44, CI [-0.84, -0.04], corrected p=0.023). Regarding group
comparison, the tRNS group revealed significantly higher accuracy than the sham group during the offline phase
of the semantic conflict task (f = -0.66, CI [-1.21, -0.10], corrected p=0.020), with no significant differences
observed in other phases or for the non-semantic conflict task (all corrected p=>0.186).

RT Significant reductions in RT were observed during both online (f =-70.84, CI = [-91.42, -50.25], p <0.001)
and oftline phases ( = -120.98, CI = [-156.01, -84.74], p <0.001). The semantic conflict task showed longer RTs
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Fig. 1. Behavioral results. (a) Accuracy as percentage of correct responses and (b) mean reaction time for
PASAT with non-semantic and with semantic distractor task, including post-hoc tests with emmeans. Error
bars indicate confidence intervals. Significance indicates (*) =p<0.05, (**)=p<0.01, (***) =p<0.001.

Baseline - Online, sham | 0.09 [-0.29,0.48] |0.836 | 88.67 [55.61,121.73] | <0.001
Baseline - Online, tRNS | -0.42 [-0.81,-0.02] | 0.033 | 73.67 [40.46, 106.89] | <0.001
Non-semantic Baseline - Offline, sham | -0.24 [-0.64,0.17] |0.335 |163.19 |[110.90,215.49] | <0.001
conflict task Baseline - Offline, tRNS | -0.44 [-0.84,-0.04] | 0.023 | 98.96 [46.48,151.43] | <0.001
Offline - Online, sham | 0.33 [-0.07,0.73] |0.117 |-7453 | [-107.61, -41.44] | <0.001
Offline - Online, tRNS | 0.02 [-0.39,0.44] |0.99 |-2529 |[-5837,7.80] | 0.201
Baseline - Online, sham | -0.17 [-0.44,0.29] |0.509 | 82.22 [49.07,115.37] | <0.001
Baseline - Online, tRNS | -0.39 [-0.78,-0.00] | 0.042 | 38.08 (5.61,71.99] <0.001
Semantic conflict task Baseline - Offline, sham | -0.07 [-0.44,0.29] |0.880 |140.10 | [87.75,192.45] | <0.001
Baseline - Offline, tRNS | -0.66 [-1.06,-0.25] | <0.001 | 79.26 [26.90,131.63] | <0.001
Offline - Online, sham | -0.10 [-0.48,0.28] |0.805 |-57.88 | [-91.00,-24.76] |0.015
Offline - Online, tRNS | 0.26 [-0.16,0.69] |0.296 |-40.46 |[-73.54,-7.37] |0.010

Table 3. Post-hoc tests for accuracy and reaction time in each conflict type by time and group. tRNS,
transcranial random noise stimulation.

compared to the non-semantic conflict task (f =46.49, CI = [36.79, 56.20], p <0.001), indicating higher cognitive
demands for semantic conflict. The interaction between group and time revealed significant RT reductions
across the entire task in the tRNS group compared to sham during the online (f=29.21, CI = [6.99, 51.41],
p=0.010) and offline phases (f =62.54, CI = [-2.39, 45.17], p=0.001). Additionally, the interaction among group,
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time, and conflict type showed a significant effect during the online phase compared to baseline (p=28.42, CI =
[2.67,54.13], p=0.030), suggesting differential effects of tRNS on non-semantic versus semantic conflict tasks in
the online phase. Post-hoc tests indicated significant improvements across all three assessment phases in both
groups (Offline > Online > Baseline, all corrected p <0.01), except for the comparison between offline and online
phases in the tRNS group (p = -25.30, CI = [-58.37, 7.80], corrected p =0.200), indicating a gradual improvement
in RT over time, and the online effect of tRNS may have sped up the improvement of non-semantic conflict so
that it reached the offline level faster (see Fig. 1b; Table 3). However, there were no significant group differences
in all assessment phases for both tasks (all corrected p>0.089), suggesting that the interaction between group
and time was largely influenced by overall time-related improvements rather than by specific group differences.

Relationship between task performance at baseline and changes in each evaluation period in
both groups

Significant negative correlations were observed between baseline accuracy and changes only in the online phase
of the non-semantic conflict task for the tRNS group (r = -0.46, corrected p=0.033) (Fig. 2). No significant
correlations were found for the offline phase of the non-semantic conflict task, nor for any phase of the semantic
conflict task in the tRNS group (all corrected p>0.05). Similarly, no significant correlations were observed in
either phase for either task in the sham group (all corrected p>0.05).

Adverse effects and blinding

None of the participants reported significant adverse effects. Perception of stimulation did not significantly
differ between the tRNS and sham groups (see Table 4). In the blinding assessment, 35.0% of participants in the
tRNS group guessed they received real stimulation, 45.0% guessed placebo, and 20.0% were uncertain. In the
sham group, 40.0% guessed received real stimulation, 40.0% guessed placebo, and 20.0% were uncertain. There
was no significant difference in guessing between the sham and tRNS groups (x2=0.18, p=0.744).

Discussion

This study investigated the effect of a single-session tRNS over the bilateral IPC on visual cross-modal
conflicts involving semantic and non-semantic conflict types, assessed at online and offline phases. Our
results confirmed our hypothesis that tRNS significantly enhances task performance in both types of visual
conflicts, highlighting its effectiveness in modulating cognitive processes related to cross-modal conflicts.
Namely, the tRNS effect improved task accuracy during both online and offline phases, contrasting with
no significant changes observed in the placebo condition. Furthermore, in the offline phase, the tRNS
group showed a significant and larger task accuracy increase in the semantic conflict task compared to the

Il 1 L 1 L l 1 Il

® y =-0.46x + 45.52
=-0.62
Py Corrected p = 0.033

85 90 95 100
Baseline accuracy (%)

Fig. 2. Scatterplots for relationship between baseline task accuracy and changes in the online phase of the non-
semantic conflict task for the tRNS group. The straight and curved lines indicate the mean and 95% confidence
interval, respectively.
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Sham (n=20) | tRNS (n=20)

n (%) n (%) Statistics | p-value
Blinding
Felt stimulated | 8 (40.00) 7 (35.00) x> =0.18 |0.744
Siiﬁ;‘e‘d 8 (40.00) 9 (45.00)
Unkown 4(20.00) 4(20.00)
Sensation questionnaire
Pinching 3 (15.00) 1 (5.00) )(2 =111 |0.292
Pain 1 (5.00) 2 (10.00) x> =036 | 0.547
Burning 0 0 NA NA
Warmth/Heat | 1 (5.00) 2 (10.00) Xz =0.36 | 0.547
Metallic 0 1 (5.00) x> =103 | 0311
Fatigue 3 (15.00) 2 (10.00) Xz =0.23 |0.633

Table 4. The assessment of blinding success and sensation. tRNS, transcranial random noise stimulation.

non-semantic conflict task and the sham group. A gradual decrease in RT in both groups was observed,
with no significant group differences. Additionally, correlations between baseline accuracy and changes in
both online and offline phases for both conflict tasks were only found in the tRNS group but not in sham.
These findings suggest that tRNS over the IPC enhances cognitive processes involved in resolving cross-
modal conflicts, with a particular effect on improving task accuracy, especially in the semantic conflict
task.

Our results extend previous studies by demonstrating the effect of tRNS on reducing cross-modal
conflict, with increased accuracy during the online and offline phases of both conflict tasks, highlighting
its common effect in processing visual conflicts. This improvement likely results from tRNS modulating
IPC excitability to enhance inhibitory control, helping to suppress irrelevant distractors. The IPC plays
a critical role in resolving cross-modal conflicts, with its activation linked to better inhibition of visual
distractors®!2. Previous research has demonstrated that tRNS can enhance performance in tasks requiring
visual discrimination!!, attention®®, and WM?*. Compared to tDCS, tRNS is more effective and reliable
for enhancing WM performance in healthy individuals** and in people with attention deficit hyperactivity
disorder®. Shalev et al.** further demonstrated that hf-tRNS over bilateral posterior parietal cortices
enhanced selectivity in visual attentional processing and improved individuals’ ability to prioritize targets
over visual distractors. Similarly, Conto et al.?® reported a significant improvement in the suppression
of task irrelevant visual information and facilitated learning of the trained visual task after hf tRNS over
bilateral parietal cortices. Our findings are consistent with these studies**'*~*2, confirm that effective
modulation of the parietal cortex can significantly improve task performance during conflicts®43,
particularly in the inhibition of cross-modal distractors®!2. On the other hand, sensory processing
of task-relevant information may also be enhanced by tRNS, as proposed by the stochastic resonance
hypothesis*. This suggests that tRNS enhances the signal-to-noise ratio, improving the quality of sensory
processing of relevant information, which allows participants to better prioritize stimuli and filter out
distractors, ultimately leading to better performance on conflict tasks. Thus, the observed improvement
in task performance across both conflict tasks likely reflects a combination of enhanced inhibitory control
and improved sensory processing of relevant stimuli.

In the online and offline phases, the post-hoc tests revealed that active tRNS significantly improved task
accuracy in both conflict tasks. This is consistent with the literature indicating the tRNS effect on improving
inhibitory control and WM., as well as studies targeting the parietal cortex>>%° and its role in cross-modal
conflict processing®. A meta-analysis of tRNS*? synthesized evidence from behavioral and physiological
studies, suggesting that tRNS produces both online and offline effects that enhance neural processing
during and after stimulation, respectively. Although the exact mechanism by which tRNS affects neural
structures is unknown, the observed online benefits are likely driven by an increase in the signal-to-
noise ratio within the IPC*. Meanwhile, long-lasting effects may arise from the modulation of neuronal
excitability by voltage-gated sodium channels, resulting in changes similar to long-term potentiation. Our
results suggest that tRNS effectively promoted spontaneous neuronal firing and long-term potentiation
in the bilateral IPC, resulting in enhanced processing of visual cross-modal conflicts, with sustained
improvements observed in the offline phase. Moreover, we observed a larger improvement in the accuracy
of the semantic conflict task after active tRNS compared to the non-semantic conflict task. These results
indicate the critical role of the target position in optimizing tRNS efficacy. As mentioned above, bilateral
IPC activation increased during the inhibition of visual semantic cross-modal distractors®, while the
right ventrolateral prefrontal cortex activated when visual non-semantic cross-modal distractors were
inhibited!%. Our results are in agreement with the idea that bilateral IPC modulation has a larger impact
on inhibiting semantic conflicts. Additionally, compared to the sham group, tRNS produced a significant
improvement in the semantic conflict task during the offline phase, further emphasizing its specific effect
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on inhibiting semantic conflict. This is also in line with the stochastic resonance theory, which suggests
that tRNS may have a stronger effect on more difficult tasks, such as the semantic conflict task?®%,

The negative correlation between baseline accuracy and performance changes in the online phase of the
non-semantic conflict task within the tRNS group suggests that individuals with lower initial performance
levels may benefit more from tRNS, likely due to an enhanced signal-to-noise ratio in neural processing*.
This is consistent with previous findings of tRNS over the inferior frontal cortex in an emotion perception
task®®, indicating inter-individual variability in the tRNS effect®. Interestingly, no significant correlations
were found for either the semantic conflict or the offline phase of the non-semantic conflict task,
indicating that tRNS effects are task-specific and timing-dependent. Moreover, no significant correlations
were found in the sham group, further highlighting the effectiveness of tRNS in enhancing performance
in visual cross-modal conflict and supports its role as a targeted intervention for cognitive enhancement.
These results suggest the need to consider baseline cognitive capacity and task characteristics when
designing tRNS interventions for cognitive enhancement.

On the other hand, previous studies have presented contrasting findings regarding the efficacy of tRNS in
inhibition®®%’. For instance, Brauer et al. found no significant effect of tRNS over the right inferior frontal
gyrus at 1 mA with a full frequency range (0.1-640 Hz) for 30 min®, while Sallard et al. similarly reported
null effects of hf-tRNS over the bilateral inferior frontal gyrus at 1 mA for 10 min®”. These results may
arise from variations in stimulation protocols, such as frequency range, target position, current intensity,
and duration. In this study, we employed hf-tRNS, contrasting with Brauer et al.‘s use of full-frequency
tRNS. While the exact mechanisms by which high-frequency stimulation affects neural structures
remain unclear, there is growing evidence in the literature that high-frequency stimulation can effectively
modulate neuronal activity and induce clinically meaningful effects in humans®**!. Regarding the target
position, unlike the prefrontal regions chosen for their studies, our study selected bilateral IPC®!2. A
study using magnetic resonance spectroscopy found a link between parietal GABA and the inhibition
of task irrelevant information?®, suggesting that tRNS modulation of the parietal cortex may influence
the inhibition of distractors. Furthermore, their protocol’s lower current intensity or shorter stimulus
duration indicate that stronger and longer stimulation may be required to modulate neuronal excitability
and improve cognitive performance effectively?’. These differences in stimulation parameters highlight
the need to adapt tRNS protocols to specific cognitive tasks. Targeting the IPC with high-frequency
stimulation, a crucial region involved in cross-modal conflict resolution, could explain the robust effects
observed in this study.

In addition, both the tRNS and sham groups showed a gradual decrease in RT throughout the experiment,
likely attributable to the learning effect of repeated task performance. However, this improvement was
confined to RT and did not influence accuracy, as evidenced by the similar performance of the sham
group across all phases. Interestingly, there was no significant improvement in non-semantic conflicts
from offline to online, possibly due to the online tRNS effect, which accelerates RT improvement to the
offline level. Meanwhile, no significant difference in RT was found between the tRNS and sham groups,
suggesting that the current tRNS protocol did not directly impact processing speed. Instead, tRNS seemed
to facilitate accuracy-driven improvements. Since participants were instructed to prioritize accuracy over
speed, this may explain why the tRNS effect was more evident in accuracy than RT.

Despite the promising results, this study has several limitations. First, the sample size may limit the
generalizability of the findings. Second, although we controlled for baseline characteristics (e.g., age,
cognitive abilities), residual group differences may still influence the results. Third, the lack of a no-
distractor control condition (e.g., PASAT) makes it difficult to isolate the specific effects of tRNS on
conflict inhibition. Additionally, participants’ relatively high baseline accuracy (around 90%) may have
caused a ceiling effect, limiting the observed improvements. Finally, although the highest electric-field
strength was estimated to be in the IPC, stimulation may have also affected nearby regions, and the
potential influence of these adjacent areas on the results cannot be fully ruled out.

Conclusions

Taken together, our study provided behavioral evidence demonstrating that hf-tRNS over the bilateral
IPC enhances task accuracy during visual cross-modal conflict tasks, particularly for semantic conflict.
Correlation analyses showed a greater benefit for individuals with lower baseline performance in the
online phase of the non-semantic conflict task, suggesting that tRNS efficacy may vary depending on
baseline cognitive capacity and task characteristics. These findings contribute to a deeper comprehension
of the neurophysiological mechanisms underlying bilateral parietal cortex involvement in such processes.
Importantly, they advance our understanding of hf-tRNS as a potential therapeutic tool for improving
cognitive functions. This work paves the way for future studies to investigate how tRNS impacts the
neurophysiological features of each cross-modal conflict, as well as what differences and correlations
exist between these features and behavioral performance using EEG techniques. Future research should
be replicated with larger healthy and clinical populations, including control and more challenging
task conditions, to isolate the specific effects of tRNS on conflict inhibition. Investigating the optimal
stimulation parameters and long-term effects of tRNS will be key to understanding its clinical potential in
cognitive rehabilitation and enhancement.
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Experimental Phase

Methods
Participants
Forty-four young, healthy volunteers (22 males and 22 females), aged 21 to 25 years, participated in this study. The
sample size exceeded the minimum requirement of 28 participants for achieving 95% power, with a significance
level of 0.05, based on a medium effect size of 0.25 calculated using G*power. All participants were right-handed
(EHI >80 points*®), had normal vision and auditory abilities, and had no history of neurological or psychiatric
disorders. Prior to inclusion, participants were assessed for current psychopathology using two psychological
self-assessment scales (BDI and STAI-Y)*->!. A safety questionnaire for stimulation contraindications was also
administered to assess participants’ adverse effects, safety, and tolerability™.

The Biological and Medical Ethics Committee of Dalian University of Technology approved the experimental
protocol (approval number: DUTSFL230905-01), and all participants provided informed consent prior to their
participation in the study. All experiments were conducted in accordance with the Declaration of Helsinki.

Procedure

A double-blind, sham-controlled, parallel-group design was employed, randomly assigning participants to
receive either active tRNS or sham stimulation (see Fig. 3). Randomization was based on age, gender, and
WM ability assessed using (1) the forward and backward Corsi block tapping task, a measure of spatial WM
capacity®, and (2) the forward and backward digit-span tasks, a measure of verbal WM capacity®. Cognitive
assessments were conducted by a trained researcher.

Participants completed a practice session to minimize learning effects before the main experiment®’. The
experiment consisted of three phases: baseline (i.e., before stimulation), online (i.e., during stimulation), and
offline (i.e., after stimulation) (see Fig. 1). Eye tracking (Portable Duo, Eyelink, Canada) was used to monitor
fixation on visual distractors throughout the task. Finally, a sensation questionnaire about the success of blinding
and discomfort from tRNS was measured for the participants.

Experimental task

We used the PASAT as the auditory target task based on our previous findings®!2. PASAT is an important
and complex working memory test that requires high cognitive demands on multiple cognitive domains (i.e.,
attention, working memory, and information processing speed)®. Participants were randomly given a single
digit ranging from 1 to 9. They were asked to add the current digit to the previous digit and respond correctly
during inter-stimulus intervals. For visual distractors, we used the single digit as the semantic visual distractor
and the WAIS-III Digit Symbol-Coding as the non-semantic visual distractor. The experimental task was
programmed using E-Prime software (version 3.0). It included two conflict-type tasks: PASAT with semantic
visual distractor (i.e., semantic conflict task) and PASAT with non-semantic visual distractor (i.e., non-semantic
conflict task) (see Fig. 4). A block design was used, in which a 60 s task (semantic conflict task or non-semantic
conflict task) was interleaved with a 30 s rest period. Each stimulus lasted 500 ms, followed by a 1500 ms inter-
stimulus interval, with 29 responses required per block. Before, during, and after stimulation, each participant
completed 6 blocks, with three randomized repetitions of the two task types, for a total of 18 blocks. To minimize
potential learning effects, different versions of the tasks were used for each repetition. The primary outcomes
were task accuracy and RT.

consent tRNS-related
E adverse events
BDI 5 Task 3 assessment
STAI-Y . Sham stimulation
Safety (1min, 2mA) ? Blinding
: . Task | or ‘ Task
questionnaire ! \ assessment
: tRNS v
WM tests . (20min, 2mA, 100-640Hz) |
F—— 9min —— ———— 20min P 9min —— Time >

Fig. 3. Experimental procedure. The experimental tasks were performed before (baseline), during (online),
and after (offline) stimulation in each experimental phase. tRNS, transcranial random noise stimulation.
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Fig. 4. Experimental task design. Two types of experimental tasks: PASAT with semantic visual distractor
(middle) and PASAT with non-semantic visual distractor (right). PASAT, paced auditory serial addition Test.

Transcranial stimulation protocol

The stimulation was delivered using a DC-Stimulator Plus (neuroConn, Ilmenau, Germany) via a pair of saline-
soaked electrodes (5 cm x 7 cm, 0.9% NaCl) placed over the left and right IPC (P3 and P4) in accordance with the
international 10-20 system (see Fig. 5). The tRNS group received 2-mA peak-to-peak hf-tRNS (100-640 Hz) for
20 min, using the “noise HF” mode, which generates random, normally distributed current levels at a sampling
rate of 1280 samples/s. The resulting maximum current density was approximately 0.029 mA/cm? The electric
field distribution was modeled in SimNIBS (Version 4.0.1) to represent the peak intensity of the tRNS protocol,
as shown in Fig. 5b. In the sham condition, no current was delivered for 20 min except during the first 60 s (with
a 30 s ramp-up and -down) to keep participants blind to the condition®. The electrode impedances were kept
below 5 kQ during the stimulation.

Statistical analysis
All statistical analyses were done in R software (version 4.4.1). Baseline characteristics, WM ability, and sensation
questionnaire results were analyzed using t-tests or chi-square tests.

Task performance was analyzed using the Ime4 package. Namely, accuracy was analyzed using the function
glmer, and RT was estimated using the function Imer. The p-values were computed with the ImerTest package.
Group (sham or tRNS), time (baseline, online, and offline), conflict-type (semantic and non-semantic), and
their interactions were included as fixed effects. Participant ID and trial numbers were included as random
effects. Model fit was assessed using the Akaike Information Criterion. Post-hoc analyses were conducted using
the emmeans package with Bonferroni correction for multiple comparisons. Correlation analyses examined
relationships between accuracy (percentage of correct responses) at baseline and changes in each phase (offline-
baseline and online-baseline) using Pearson’s product-moment correlation, with a statistical correction method
suggested by Tu®’. The results were considered significant at p<0.05 (95% confidence interval).
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Fig. 5. Electrode placement and electric field distribution after stimulation. (a) Stimulation sites were localized
using EEG 10/20 system. Saline-soaked electrodes were placed over P3 and P4 for bilateral parietal and sham
stimulation. (b) Electric field distribution on the brain induced by parietal stimulation, modeled with SimNIBS
(Version 4.0.1) software at peak intensity.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
upon reasonable request.
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