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Noninvasive brain stimulation (NIBS) techniques, including transcranial direct current stimulation (tDCS) and transcranial random noise stimulation (tRNS), are emerging as promising tools for enhancing cognitive functions by modulating brain activity and enhancing cognitive functions. Despite their potential, the specific and combined effects of tDCS and tRNS on brain functions, especially regarding functional connectivity, cortical inhibition, and memory performance, are not well-understood. This study aims to explore the distinct and combined impacts of tDCS and tRNS on these neural and cognitive parameters. Using a within-subject design, ten participants underwent four stimulation conditions: sham, tDCS, tRNS, and combined tDCS + tRNS. We assessed the impact on resting-state functional connectivity, cortical inhibition via Cortical Silent Period (CSP), and visuospatial memory performance using the Corsi Block-tapping Test (CBT). Our results indicate that while tDCS appears to induce brain lateralization, tRNS has more generalized and dispersive effects. Interestingly, the combined application of tDCS and tRNS did not amplify these effects but rather suggested a non-synergistic interaction, possibly due to divergent mechanistic pathways, as observed across fMRI, CSP, and CBT measures. These findings illuminate the complex interplay between tDCS and tRNS, highlighting their non-additive effects when used concurrently and underscoring the necessity for further research to optimize their application for cognitive enhancement.
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1 Introduction

Noninvasive brain stimulation (NIBS) techniques, such as transcranial direct current stimulation (tDCS) and transcranial random noise stimulation (tRNS), have gained significant research attention for their potential in augmenting cognitive functions and discovering mechanisms and treatments in neurological diseases (Marshall et al., 2005; Fregni et al., 2006; Liebetanz et al., 2006; Brunoni et al., 2019). These techniques modulate brain functions by influencing neuronal excitability and regulating the activity of specific cerebral regions, consequently impacting the brain’s functional networks (Esmaeilpour et al., 2020).

tDCS utilizes low-intensity direct current to influence neuronal activity. Its precise mechanism is still under investigation (Bestmann and Walsh, 2017). Generally, it is thought that tDCS may affect the resting membrane potential of neurons (Radman et al., 2009; Kronberg et al., 2017), thereby affecting neuronal excitability and synaptic plasticity (Marquez-Ruiz et al., 2012; Stagg et al., 2018). Additionally, the polarity of the electrodes used in tDCS (anodal or cathodal) represents the direction of these effects, with anodal stimulation presumably leading to an increase in excitability and cathodal stimulation resulting in decreased excitability (Nitsche et al., 2005; Li et al., 2019).

tRNS, another stimulation protocol similar to tDCS, uses alternating current at random frequencies, as opposed to a constant current (van der Groen et al., 2022). The hypothesized mechanism of tRNS is to induce stochastic resonance by enhancing the level of neuronal noise (van der Groen and Wenderoth, 2016). Both tDCS and tRNS havebeen associated with increased cortical excitability and improving cognitive performance, although the underlying mechanisms are thought to differ due to its current nature (Nitsche et al., 2008; Terney et al., 2008; Moliadze et al., 2010).

The integration of tDCS with tRNS is commonly referred to as tRNS with a DC bias. While the underlying mechanisms are still unknown, several potential mechanisms, such as synergistic modulation of cortical excitability, enhanced synaptic plasticity, and augmented stochastic resonance, have been proposed (Ho et al., 2015; Peña et al., 2023). This combined paradigm is relatively novel, as existing NIBS research primarily focuses on either tDCS or tRNS alone. Few studies have explored their interaction, and to our best knowledge, none have yet investigated their synergistic effects using neuroimaging approaches.

The objective of this research was to investigate the distinct and combined effects of tDCS and tRNS when applied to the temporal cortex, a critical region for memory functions. Employing a within-subject design, our investigation extended to evaluating the impacts of these neuromodulatory techniques on resting-state functional connectivity among key cerebral regions. The rationale for focusing on the resting-state condition lies in its direct reflection of the brain’s intrinsic response to electrical stimulation. This approach bypassed the variables associated with task performance enhancement and was instrumental in clarifying the broader network functionality and activity within the brain (Mondino et al., 2019). In addition, our study recorded the effects of these stimulation protocols on cortical inhibition and visuospatial memory performance, thus offering a holistic view of their modulatory capabilities.



2 Materials and methods


2.1 Participants

Ten male participants (ages 21–25 years) from the student population were recruited on campus. All participants reported to be healthy with no history of neurological disorders or contraindication to transcutaneous electric stimulation, transcranial magnetic stimulation (TMS) or magnetic resonance imaging (MRI). This study was performed in accordance with the ethical guidelines and was approved by the Institutional Review Board of National Cheng Kung Hospital, Tainan, Taiwan. Informed consent was obtained from all participants prior to the experiments.



2.2 Designs

A single-blind, placebo-controlled, within-subject design, deploying a randomized controlled trial framework was conducted to understand the effects of two distinct NIBS modalities: tDCS and tRNS. Ten participants underwent four different intervention conditions in a randomized order: sham, tDCS, tRNS, and tDCS + tRNS, each for a duration of 15 min. The study was structured into separate sessions for functional magnetic resonance imaging (fMRI) and for the Cortical Silent Period (CSP)/Corsi Block-Tapping (CBT) tests. Between these sessions, a one-week washout period was incorporated to reduce potential carryover effects. The fMRI sessions were designed to assess the immediate impact of stimulation on brain connectivity, whereas the CSP and CBT tests in different sessions evaluated cortical inhibition and cognitive memory performance, respectively. Additionally, a more extended washout period of over 1 month was strategically placed between different stimulation conditions to further ensure data integrity (Figure 1A).
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FIGURE 1
 Overview of the study design investigating the effects and interactions of tDCS and tRNS. (A) Illustration of the placebo-controlled, within-subject experimental design for four conditions: sham, tDCS, tRNS, and combined tDCS + tRNS, with a minimum one-month interval between each condition. (B) Electrode placement on the temple region, with the anodal on the left side. (C) Representation of defined cerebral cortex regions, including L-FC, left frontal cortex; R-FC, right frontal cortex; L-CC, left central cortex; R-FC, right central cortex; L-TC, left temporal cortex; R-TC, right temporal cortex; L-PC, left parietal cortex; R-PC, right parietal cortex; L-OC, left occipital cortex; R-OC, right occipital cortex. (D) Computational simulation of electric field distribution during temporal transcranial direct current stimulation (tDCS).




2.3 Stimulation protocol

NIBS was delivered using an MR-compatible, battery-driven stimulator (neuroConn, Germany). A pair of 5 × 7 cm2 rubber electrodes, coated with conductive gel, ensured that contact impedance remained below 50 kΩ. For both tDCS and tRNS modalities, electrodes were positioned to target the temporal cortex (Figure 1B), with electrode placement on either side of the temple area, equivalent to the EEG locations FT9 for the anode and FT10 for the cathode. An electric field simulation obtained using the COMETS Toolbox (version 2.0) (Lee et al., 2017) confirmed that this montage was appropriate to entrain neural activity in the temporal cortex (Figure 1D). According to the design, 1 mA tDCS, 2 mA (peak-to-peak amplitude) tRNS with frequencies ranging from 100 to 640 Hz, or combined these two conditions, was applied for 15 min with a 15-s ramp-up/down phase. For sham, only ramp-up/down phases with no stimulation were applied.



2.4 Cortical silent period (CSP) testing

Cortical silent period was assessed using single-pulse transcranial magnetic stimulation (TMS) over the left motor cortex. The procedure was implemented using a MagStim 200 stimulator (Magstim Co. Ltd., United Kingdom). Participants were required to maintain a 40% maximum force grip with their right hand while the EMG activity of the thenar muscle was recorded. The resting motor threshold was established before measurements, and the TMS pulse was set to 120% of this threshold. EMG signals were recorded at a sampling rate of 2 kHz using an EMG100C amplifier (Biopac System, Inc., United States). The CSP duration, indicative of GABAb-mediated cortical inhibition, was estimated by an automated algorithm (Julkunen et al., 2013).

Despite the primary stimulation site in our study was the temporal cortex, the broad electric field distribution inherent in transcranial electrical stimulation techniques like tDCS and tRNS can affect regions beyond the targeted area, including the motor cortex. This influence of electrical currents extends to areas susceptible to neuromodulatory effects, even those not directly under the electrodes. This methodological choice is supported by analogous approaches in epilepsy research, where changes in motor threshold and MEP are used to assess the impact of treatments across the brain, highlighting the systemic effects of therapeutic interventions (Badawy et al., 2013). Using CSP allows us to infer the effects of stimulation on cortical inhibition broadly, given current limitations in directly measuring such effects in non-motor regions like the temporal cortex. This approach underscores the exploratory nature of our study, aiming to broaden the understanding of how different forms of brain stimulation interact and affect neural function across the cortex.



2.5 Corsi block-tapping (CBT) test

The CBT test consisted of encoding and recalling phases, designed to assess memory and sequencing capabilities. The initial span was set to 2 blocks, increasing by one after two successful trials and continuing until the participant failed two consecutive trials at the same level. During the encoding phase, participants memorized the sequence of color-changing blocks on the screen. In the recalling phase, they were required to select the blocks in the same or reverse order. The CBT performance was quantified as the sum of spanned blocks correctly recalled across all difficulty levels. We also recorded the reaction time. The interference conditions aimed to challenge the working memory further during the encoding phase. The completed blocks, accuracies, and reaction times were recorded for analysis.



2.6 MRI data acquisition

MRI scans were performed on a 3.0T GE 750 scanner (GE Healthcare Systems) equipped with an 8-channel head coil to ensure high-resolution data capture. Structural brain images were captured using a T1-weighted inversion prepared 3D spoiled gradient echo (IR-SPGR) sequence. This sequence provided detailed anatomical information with a field of view (FOV) of 224 × 224 mm2, a time of repetition (TR) of 7.7 ms, a time of echo (TE) of 2.9 ms, and an image matrix of 224 × 224, resulting in 170 sagittal slices with each 1 mm thick. For functional imaging, a T2-weighted echo-planar imaging (EPI) sequence was implemented, optimized for resting-state fMRI, with a TR of 2000 ms, TE of 30 ms, and a flip angle set at 90 degrees. This functional protocol acquired 40 axial slices with an in-plane resolution of 64 × 64 and a slice thickness of 3 mm, generating 240 volumes per subject.



2.7 Image preprocessing

MRI data preprocessing was performed using SPM12 in MATLAB R2022b (MathWorks, Inc., United States). We first applied slice time correction, followed by realignment protocols to mitigate effects of participant motion. A 6 mm FWHM Gaussian kernel was employed for spatial smoothing, enhancing signal-to-noise ratios and normalizing for inter-individual anatomical variations. Co-registration was done to align functional EPI with structural scans, while bias-field correction adjusted for magnetic field inconsistencies, thereby refining signal quality for subsequent connectivity analyses. In addition, functional data were denoised using a standard denoising pipeline built in the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012).



2.8 Connectivity analyses

Regional and network-based analyses were performed using the CONN toolbox in MATLAB (Whitfield-Gabrieli and Nieto-Castanon, 2012), with the Harvard-Oxford atlas employed for defining Regions of Interest (ROIs). In the regional analysis, 10 brain regions were delineated based on anatomical location: left and right frontal (L-FC, R-FC), central (L-CC, R-CC), temporal (L-TC, R-TC), parietal (L-PC, R-PC), and occipital cortices (L-OC, R-OC) (see Figure 1C and Supplementary Table S1). We computed a 10×10 correlation difference matrix by subtracting the pre-stimulation correlation matrix from the post-stimulation one to assess the global effects of electrical stimulation on connectivity. Further, we evaluated lateralization and dispersion by assigning scores to each brain region based on p-values derived from two-way repeated measures ANOVA: regions with p < 0.1 received three points, regions with 0.1 < p < 0.2 received two points, and regions with 0.2 < p < 0.3 received one point. The dispersion was gauged by the cumulative scores across regions. Lateralization was determined by subtracting the cumulative score of the right hemisphere from that of the left hemisphere.

Network-based analysis was conducted on seven large-scale networks using the first 32 regions in the Harvard-Oxford atlas, including the default mode, sensorimotor, visual, salience, dorsal attention, frontoparietal, and language networks (Supplementary Table S1). For each network, nodes’ connectivity values were averaged, yielding a 7 × 7 correlation difference matrix that offered insights into network-specific connectivity changes following stimulation.



2.9 Statistical analysis

We employed a 2 × 2 (tDCS x tRNS) two-way repeated measures ANOVA for analyzing fMRI and CBT data. However, for the CSP results, due to poor quality in two specific data sessions from two different subjects, we resorted to a standard two-way ANOVA, as the incomplete data precluded the use of a repeated measures approach. We then did a post-hoc comparison between sham and tDCS/tRNS for the conditions that have strong interaction (p < 0.1) from ANOVA results.

We further analyzed the fMRI results from the statistical analysis for investigating the relationship between different brain regions. To explore the extent of alterations induced by stimulation, we examined the observed changes based on p-values. Confidence levels were set with thresholds at p < 0.1 for high confidence, 0.1 < p < 0.2 for moderate confidence, and 0.2 < p < 0.3 for lower confidence.

Based on the confidence levels, functional connectivity brain maps can be visualized. Weights were assigned to each brain region pair according to their p-values, which were then used to calculate lateralization scores for both the left and right hemispheres. Furthermore, large-scale resting-state brain networks were analyzed using the same statistical model. By applying this two-way repeated measures ANOVA, we could assess the broader network-level effects of tDCS and tRNS.




3 Results


3.1 Impact of temporal tRNS and tDCS on resting state functional connectivity

In order to investigate the effects of tDCS, tRNS and their interaction, we first employed data visualization and initial exploratory analysis. Using paired-t test on the change of connectivity to see the data at first glance, we found there was a statistically significant level in the change of connectivity between the left central cortex (L-CC) and the left temporal cortex (L-TC) after tDCS, labeled as “D1” in our analysis, t (9) = −2.294, p = 0.047, and tRNS, labeled as “R2,” t (9) = −3.024, p = 0.014, interventions (Figure 2A). These preliminary findings provide a hint that the functional connectivity in some brain regions might be affected by either modality.
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FIGURE 2
 Comparison of connectivity changes under different stimulation conditions. (A) Box plot illustrating the connectivity changes between the left central cortex (L-CC) and the left temporal cortex (L-TC), identified as D1 for tDCS and R2 for tRNS. Exploratory paired-t tests, compared to the sham condition, reveal statistically significant changes for tDCS (D1, p = 0.047) and tRNS (R2, p = 0.014) interventions. However, these initial significant effects dissipated when analyzed using a two-way repeated measures ANOVA. (B) Box plot showing connectivity changes between the left frontal cortex (L-FC) and the left temporal cortex (L-TC). Neither the exploratory paired-t tests nor the two-way repeated measures ANOVA showed statistically significant differences in any condition when compared to sham.


However, when the analysis was extended to include all four stimulation conditions (sham, D1, R2, and D1 + R2) using a two-way repeated measures ANOVA, the previously significant effects were no longer present. The result suggests that the impact of tDCS and tRNS on brain connectivity might be more complex and nuanced than originally presumed. Particularly, the interaction effects between tDCS and tRNS approached marginal significance [F (1,9) = 4.564, p = 0.061, [image: image] = 0.102] indicating a potential interplay between the two modalities that did not quite reach conventional levels of statistical significance. In addition, Figure 2B shows that even neighboring brain regions could exhibit varying responses to the same electrical stimulation, indicating that the effects were not uniformly distributed across the cortex. Despite the absence of statistical significance, our findings suggest a spatial pattern in functional connectivity to the effects of tDCS and tRNS.

To further visualize these effects, we created a brain-wide map that reveals the change induced by stimulation. Based on various p-value thresholds as an exploratory approach, these maps revealed that tDCS influenced the right hemisphere more than the left one (Figure 3). In contrast, the impact of tRNS was more dispersed and slightly left-lateralized. The most interesting observations came from the interaction effects, where a significant proportion of brain region pairs (7 pairs) exhibited changes with a high degree of confidence (90%). These changes were not confined to any specific region, indicating a widespread influence of combined stimulation.

[image: Figure 3]

FIGURE 3
 Brain connectivity maps based on p-values from two-way repeated measures ANOVA. (A) the main effects of tDCS on brain connectivity, indicating right hemisphere lateralization. (B) The main effects of tRNS, revealing a more dispersed impact that is slightly right-lateralized. (C) The interaction effects between tDCS and tRNS, highlighting that 7 regions exhibited changes with a high degree of confidence (p < 0.1). Lines connecting different brain regions indicate the strength of connectivity changes, with color of the lines representing statistical significance levels (refer to the legend for specific p-values). The underlying brain regions are demarcated on the map, color-coded according to (Figure 1C) for identification.




3.2 Dispersion and lateralization of brain connectivity following tDCS and tRNS stimulation

Our findings demonstrate distinct influences of tDCS and tRNS on brain connectivity. We assessed the dispersion of effects across different brain regions following electrical stimulation. As shown in Figure 4A, after tDCS stimulation, only two brain regions had scores exceeding three, suggesting limited dispersion. In contrast, the tRNS and combined stimulation conditions had a more extensive impact; tRNS influenced five regions with scores above three, and the combined condition affected eight regions. Notably, these affected regions constitute 80% of the total brain regions examined, highlighting a broader range of influence in the combined condition scenarios.

[image: Figure 4]

FIGURE 4
 Analysis of dispersion and lateralization of brain connectivity after intervention. (A) The bar chart shows the scores for each brain region, highlighting the main effects of tDCS, tRNS, and their interaction. Specifically, it shows a total score of 20 for the tDCS effect, 38 for the tRNS effect, and 72 for the interaction effect. These scores reflect the extent of dispersion across the brain regions following each stimulation condition. (B) The bar chart demonstrates the degree of lateralization for the main effects of tDCS, tRNS, and their interaction. Lateralization is calculated by subtracting the right hemisphere’s score from the left hemisphere’s score. The main effect of tDCS is characterized by right hemisphere lateralization, whereas the main effect of tRNS and the interaction between tDCS and tRNS exhibit a slight left hemisphere lateralization.


Moreover, Figure 4B shows that tDCS stimulation resulted in a pronounced lateralization towards the right hemisphere, with the lateralization score being 14 points higher than that of the left hemisphere. Conversely, both tRNS and the tDCS + tRNS condition exhibited a preference for left hemisphere lateralization, with a 6-point higher score than the right hemisphere.



3.3 Non-synergetic effects of combined tRNS and tDCS

Our statistical analysis suggested a potential interaction between tRNS and tDCS when applied simultaneously on the temporal cortex. To further explore the interplay of these modalities, we employed interaction plots, selectively highlighting brain region pairs with p-values under 0.1 (Figure 5A). These plots illustrate that in the majority of anterior brain regions, tRNS outperformed tDCS in modifying connectivity when each was used separately. Intriguingly, the addition of tDCS to tRNS appeared to diminish the effects. On the other hand, for pairs in the posterior regions, an inverse relationship was observed, suggesting a complex and region-specific dynamic between these stimulation methods.

[image: Figure 5]

FIGURE 5
 Interaction effects of tDCS and tRNS on the connectivity changes. This figure illustrates the interaction effects based on the results of a two-way repeated measures ANOVA. Panels (A–G) display selected brain region pairs where p-values fell below the 0.1 threshold, indicating notable interaction effects between tDCS and tRNS. (A) Interaction effect between the left frontal cortex (L-FC) and the left central cortex (L-CC). (B) Interaction between the right frontal cortex (R-FC) and the left parietal cortex (L-PC). (C) Interaction between the right frontal cortex (R-FC) and the right parietal cortex (R-PC). (D) Interaction between the left central cortex (L-CC) and the left temporal cortex (L-TC). (E) Interaction between the left central cortex (L-CC) and the right temporal cortex (R-TC). (F) Interaction between the left parietal cortex (L-PC) and the right occipital cortex (R-OC). (G) Interaction between the left occipital cortex (L-OC) and the right occipital cortex (R-OC).




3.4 Influence of temporal tRNS and tDCS on resting state large scale brain networks

Using a two-way repeated measures ANOVA, we assessed the impacts and potential interactions of tDCS and tRNS on 7 large-scale brain networks. As shown in Table 1, tDCS demonstrated a tendency to affect the visual network, whereas tRNS exhibited a mild influence on both the default mode network and the frontoparietal network; however, these effects did not reach statistical significance. Contrary to the outcomes of the regional analyses, when tDCS and tRNS were administered concurrently, no particular interaction effects on large-scale brain networks were detected, indicating that the combined neuromodulatory approach does not synergistically alter network-level connectivity.



TABLE 1 The F-values and p-values from two-way repeated measures ANOVA with factors of tDCS and tRNS.
[image: Table1]



3.5 Modulation of cortical inhibition by temporal tRNS and tDCS

Our study expanded beyond examining functional connectivity to investigate cortical inhibition post-stimulation using the Cortical Silent Period (CSP) metric, as illustrated in Figure 6A. During our analysis, data from two sessions were excluded due to poor signal quality. This exclusion necessitated a modification in our statistical approach; instead of employing a two-way repeated measures ANOVA, we opted for a two-way ANOVA as a viable alternative.

[image: Figure 6]

FIGURE 6
 Analysis of the CSP changes under different stimulation conditions. (A) The box plot presents the variations in the Cortical Silent Period (CSP) across different stimulation settings. Following the exclusion of outliers, a two-way ANOVA was conducted, revealing a statistically significant main effect of tRNS, as indicated by F (1,26) = 4.24 and p = 0.049. Additionally, a marginal interaction was observed between tDCS (D1) and tRNS (R2), with F (1,26) = 4.14 and p = 0.052. (B) The interaction effects of tDCS and tRNS on CSP alterations. Notably, tRNS stimulation resulted in a prolonged CSP, whereas the addition of tRNS to tDCS did not produce a cumulative effect, indicating a nuanced interplay between these stimulation methods.


The initial analysis using this two-way ANOVA did not indicate significant changes. However, upon refining our analysis to exclude outliers, we observed a statistically significant main effect of tRNS, with F (1,26) = 4.24 and p = 0.049. Additionally, there was a notable interaction between tDCS and tRNS, indicated by F (1,26) = 4.14 and p = 0.052. The interaction plot, as shown in Figure 6B, suggests that the inhibitory effect induced by tRNS was more pronounced. Interestingly, the combined application of tRNS and tDCS yielded effects similar to those observed with tDCS alone. We then did paired-t tests with the original data, and we found that there was a marginal significance between sham and tRNS conditions [t (9) = 2.059, p = 0.078].



3.6 Evaluating the impact of temporal tRNS and tDCS on cognitive memory performance

Figure 7 displays the CBT performance under various task conditions, measuring the number of blocks completed and reaction times. The dataset represents nine participants due to the absence of one subject’s data. Analysis conducted through a two-way repeated measures ANOVA revealed a statistically significant main effect of tDCS on CBT performance in the Forward Interference (FI) condition [F (1,8) = 14.235, p = 0.005, [image: image] = 0.080], indicating an improvement in performance without altering reaction times. No statistically significant interaction effect on performance was detected; however, reaction times were significantly affected by the interaction [F (1,8) = 5.839, p = 0.042, [image: image] = 0.128].

[image: Figure 7]

FIGURE 7
 Comparison of CBT performance and reaction time under different stimulation conditions. (A) The blocks were selected in the same order. (B) The blocks were selected in the reverse order. (C) The blocks were selected in the same order with interference. (D) The blocks were selected in the reverse order with interference.


In the backward (B) task condition, stimulation did not significantly differentiate performance outcomes, yet tRNS notably reduced reaction times [F (1,8) = 22.659, p = 0.001, [image: image] = 0.124]. This effect was not replicated with the tDCS or the tDCS + tRNS combination. A similar trend was observed under backward interference (BI) conditions, where the main effect of tRNS approached marginal statistical significance [F (1,8) = 3.781, p = 0.088, [image: image] = 0.107]. We then did a paired-t test for reaction time, we found that there is a statistically significant effect between sham and tDCS [t (9) = −2.687, p = 0.027] and a marginal significance between sham and tRNS [t (9) = −2.059, p = 0.075].




4 Discussion

The aim of this study was to investigate the effects and interactions of tDCS and tRNS over the temporal cortex, revealing a wide range of impacts on functional connectivity. Our exploratory statistical analysis helped identify relationships between brain regions under different protocols of stimulation, providing valuable insights for further research.

During stimulation, the electric field distribution for traditional electrode montages is widespread, indicating a broad area of influence for electrical stimulation (Dasilva et al., 2012). It has been observed that activation induced by electrical stimulation is not confined to the region of stimulation (Baudewig et al., 2001; Stagg et al., 2009), suggesting a broader range of effects due to extensive field distribution or factors related to functional connectivity (Ghobadi-Azbari et al., 2021; Bouchard et al., 2023). Traditional region of interest (ROI) analysis, which often selects small regions as seeds assuming independence among them, might overlook potential covariates or interactions within local areas (Bouchard et al., 2023). Given these considerations, our study employed an analysis method that averages data over larger brain regions—each composed of multiple ROIs. While this approach inherently reduces the sensitivity of detecting subtle changes, making statistical significance more challenging to achieve, it decreases the risk of false positives and enhances our ability to detect genuine, widespread neural effects. Accordingly, we adopted a p-value threshold of 0.1 to accommodate the reduced effect size and increased noise reduction, balancing the need for statistical rigor with the exploratory nature of our study. This methodological choice allows for a more comprehensive understanding of the complex and extensive impacts of electrical stimulation on functional connectivity.

We reported that tDCS primarily induced right-sided lateralization, while tRNS led to a slight leftward shift, affecting a broader range of brain areas. This finding suggests a potential mechanistic conflict between tDCS and tRNS, possibly due to their distinct mechanisms. A closer examination reveals that in anterior brain regions, tRNS alone slightly surpassed tDCS in effectiveness. However, when both were applied together, their combined effect seemed to reduce compared to their individual applications. The scenario flipped in posterior brain regions, where individual applications of tDCS or tRNS underperformed compared to sham stimulation, but their combination shows improved efficacy. This pattern suggests that the observed effects might not stem directly from electrical stimulation but rather from an induced reorganization in functional connectivity, affecting even areas not directly stimulated.

When applying paired-t tests to (tDCS, sham) and (tRNS, sham) groups with p < 0.05 as the threshold for brain mapping, the results depicted in Figure 8 reveal pronounced lateralization effects induced by tDCS, which differ from those observed in the 2×2 statistical analysis in Figure 3. Notably, Figure 8 does not include data from the combined tDCS and tRNS stimulation, highlighting the discrepancy. This suggests that the complex, nonlinear interactions between tDCS and tRNS result in interactions that are not straightforwardly additive but rather interact in a more intricate and potentially compensatory manner.

[image: Figure 8]

FIGURE 8
 Brain connectivity map according to the p-values from paired-t tests between sham and tDCS/tRNS conditions. (A) The main effects of tDCS on brain connectivity, indicating left hemisphere lateralization. (B) The main effects of tRNS, revealing a more dispersed impact. The underlying brain regions are demarcated on the map, color-coded according to Figure 1C for identification.


Specifically, while tDCS typically enhances cortical excitability and induces lateralization towards the stimulated hemisphere, the addition of tRNS appears to modify this effect. tRNS, known for increasing neuronal noise and possibly enhancing dispersion across the cortex, may dilute or even reverse the directional excitatory effects of tDCS. This could result from the stochastic resonance introduced by tRNS, which competes with the focal excitatory influence of tDCS, leading to unexpected patterns of brain activation. Consequently, the lateralization effects observed with tDCS alone are not replicated when tRNS is added, suggesting a potentially antagonistic interaction between these neuromodulatory techniques.

The results from tRNS alone align with those from the 2 × 2 repeated measures ANOVA, indicating consistent effects across analyses when tRNS is applied independently. Further exploration through advanced modeling and a broader range of stimulation parameters is recommended to unravel the underlying mechanisms of these interactions.

Some studies for brain modeling assume that the brain responds in a monotonic and linear manner (Bikson et al., 2015). However, our study indicates that this assumption may require reevaluation. This perspective is supported by various dose–response studies (Giordano et al., 2017; Jamil et al., 2017), which also suggest the need for a revised understanding of brain response dynamics in the context of electrical stimulation. These studies collectively challenge the conventional linear response models and reveal the complexity of brain reactions to neuromodulatory interventions.

In relation to CSP results, we explored the combined influence of tDCS and tRNS on cortical inhibition. CSP is often less emphasized compared to cortical excitability typically assessed through Motor Evoked Potentials (MEP), but it is crucial due to the sensitivity of tDCS/tRNS-induced plasticity to GABAb receptors, with evidence suggesting prolonged stimulation can alter GABAb levels (Stagg et al., 2014; Bachtiar et al., 2015; Chaieb et al., 2015). The existing research on the impact of tDCS on CSP has shown mixed results; one study indicates anodal tDCS shortens CSP (Tremblay et al., 2013), whereas another finds no significant effect (Suzuki et al., 2012). Our study contributes to this discourse by demonstrating an increase in CSP with tDCS application. These discrepancies may arise from varying stimulation parameters and locations, highlighting the necessity for further investigations into the relationship between these parameters and CSP effects.

Comparing our findings with MEP results, prior studies have consistently demonstrated that both tDCS and tRNS enhance cortical excitability (Nitsche et al., 2008; Terney et al., 2008; Moliadze et al., 2010). However, when used in combination, these modalities yield more complex outcomes, sometimes contradicting the results observed with tRNS alone (Terney et al., 2008; Ho et al., 2015). This inconsistency suggests that the effects of these stimulations may vary based on different parameter combinations, and the precise underlying mechanisms require additional exploration (Bikson et al., 2018; Esmaeilpour et al., 2018; van der Groen et al., 2022). Notably, Bergmann et al. (2009) reported that the application of both tDCS and tDCS combined with transcranial alternating current stimulation (tACS) increases MEP amplitude during stimulation, indicating a possible overlap in mechanisms with tRNS.

The CBT test serves as an evaluative measure for visuospatial working memory, offering insights into the effects of electrical stimulation on working memory and response times. Our data indicate that tDCS enhances performance specifically in tasks requiring forward interference processing, whereas tRNS seems to improve reaction times in tasks with backward condition demands. These outcomes indicate a nuanced effectiveness of electrical stimulation in cognitive enhancement. The literature presents a spectrum of results, with certain studies reporting enhancements in learning performance (Fertonani et al., 2011; Brem et al., 2018) and working memory (Mulquiney et al., 2011; Holmes et al., 2016; Murphy et al., 2020) attributable to tDCS or tRNS. Our study corroborates these findings to some extent yet highlights the necessity for further investigation.

Additionally, Ke et al. (2024) suggest that the effectiveness of tRNS might be more pronounced under conditions of increased cognitive demand. This proposition is supported by our findings in the CBT, where tRNS notably enhanced reaction times specifically in the backward task condition, which poses a greater cognitive challenge compared to the forward task condition. This observation suggests the potential for tRNS effects to become more apparent when cognitive systems are actively engaged, aligning with the notion that neuromodulation outcomes may vary significantly with the cognitive load during stimulation. Further comparative analysis with the work of Murphy et al. (2020), who conducted electrical stimulation alongside a memory task, implies that the interaction of cognitive load and stimulation can significantly influence neuromodulatory effects (Murphy et al., 2020). Unlike their study, where stimulation and cognitive tasks were simultaneous, our approach measured cognitive performance separately from stimulation, possibly contributing to the observed differences in outcomes. This contrast highlights the potential for tRNS and tDCS to interact differently with cognitive processes depending on the presence or absence of concurrent cognitive demands. Thus, integrating a variety of neuroimaging techniques and cognitive assessments in future research could provide a more comprehensive understanding of how electrical stimulation affects the brain.

Furthermore, our observations from resting-state fMRI, CSP and CBT collectively indicate an intriguing non-synergistic interaction between tDCS and tRNS, potentially rooted in their different underlying mechanisms (Heitz and Schall, 2012). tDCS seems to enhance accuracy in attentional tasks by forging new neural pathways or reinforcing existing connections within the brain’s network (Coffman et al., 2012; Morales-Quezada et al., 2015; Miler et al., 2018). In contrast, tRNS appears to improve response speed by modulating neural synchronization through the mechanism of stochastic resonance – a process of adding subtle noise to enhance the brain’s non-linear system transmission (Schwarzkopf et al., 2011; Popescu et al., 2016; Ghin et al., 2018). However, their simultaneous application might lead to a decrease in overall efficacy, suggesting a complex interplay between their respective mechanisms (Lema et al., 2021).

Finally, the interaction effects of tDCS and tRNS on the temporal cortex reveal the significance of the choice of stimulation site, suggesting that the precise location of electrical stimulation may differentially influence cognitive functions. This implication necessitates additional research to ascertain the full scope of these neuromodulatory techniques and to refine their application for therapeutic purposes.



5 Limitations

While this research offers valuable insights into the effects of tDCS and tRNS on the temporal cortex, there are several limitations. Firstly, while our study utilized a within-subject design to minimize inter-individual variability and enhance the reliability of our findings, the homogeneity of the participant group (all male students) and the small sample size might still impact the generalizability of the results. Additionally, our analysis confirmed that the connectivity results were robust across various p-value thresholds, reinforcing the consistency of our findings despite the sample size (Figure 9). Secondly, our focus solely on the temporal cortex using only resting-state functional connectivity may limit the applicability of our results to other brain areas and cognitive outcomes. Lastly, the initial exploration of the combined effects of tDCS and tRNS highlighted the need for more extensive, diverse research to fully understand their interactions. Future studies addressing these limitations are crucial for a comprehensive understanding of noninvasive brain stimulation techniques.

[image: Figure 9]

FIGURE 9
 The number of statistically significant connectivity pairs identified at varying p-value thresholds, ranging from 0 to 0.3. The x-axis represents the p-value thresholds, and the y-axis indicates the count of significant connections. Separate lines are plotted for each stimulation condition: tDCS (blue), tRNS (yellow), and the combined tDCS+tRNS (green).




6 Conclusion

This study provides a comprehensive examination of the effects of tDCS and tRNS on the temporal cortex. Our observations across resting-state fMRI, CSP, and CBT indicate non-synergistic interactions between these two forms of brain stimulation, revealing the nuanced interplay of these two modalities. Overall, this study contributes to understanding the potential of tDCS and tRNS in cognitive enhancement and neurological disorder treatments, setting a foundation for future investigations in the field of noninvasive brain stimulation.
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