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Background: Single-pulse transcranial magnetic stimulation (spTMS) applied to the Early Visual Cortex (EVC) has demonstrated the ability to suppress the perception on visual targets, akin to the effect of visual masking. However, the reported spTMS suppression effects across various studies have displayed inconsistency.

Objective: We aim to test if the heterogeneity of the spTMS effects can be attributable to variations in experimental factors.

Methods: We conducted a meta-analysis using data collected from the PubMed and Web of Science databases spanning from 1995 to March 2024. The meta-analysis encompassed a total of 40 independent experiments drawn from 33 original articles.

Results: The findings unveiled an overall significant spTMS suppression effect on visual perception. Nevertheless, there existed substantial heterogeneity among the experiments. Univariate analysis elucidated that the spTMS effects could be significantly influenced by TMS intensity, visual angle of the stimulus, coil type, and TMS stimulators from different manufacturers. Reliable spTMS suppression effects were observed within the time windows of −80 to 0 ms and 50 to 150 ms. Multivariate linear regression analyses, which included SOA, TMS intensity, visual angle of the stimulus, and coil type, identified SOA as the key factor influencing the spTMS effects. Within the 50 to 150 ms time window, optimal SOAs were identified as 112 ms and 98 ms for objective and subjective performance, respectively. Collectively, multiple experimental factors accounted for 22.9% (r = 0.3353) and 39.9% (r = 0.3724) of the variance in objective and subjective performance, respectively. Comparing univariate and multivariate analyses, it was evident that experimental factors had different impacts on objective performance and subjective performance.

Conclusion: The present study provided quantitative recommendations for future experiments involving the spTMS effects on visual targets, offering guidance on how to configure experimental factors to achieve the optimal masking effect.
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1 Introduction

Transcranial magnetic stimulation (TMS) can generate transient magnetic pulses to intervene specific areas of the brain, impacting cognitive functions associated with the intervened brain regions (De Graaf et al., 2014). In 1989, Amassian and colleagues first discovered that a single-pulse TMS (spTMS), applied to the early visual cortex (EVC), asynchronized to the visual target onset, could suppress the perception on the target (Amassian et al., 1989). Since then, extensive studies have investigated the suppression effects of single-pulse TMS on visual perception applied on the EVC (De Graaf et al., 2011a; Koivisto and Silvanto, 2012; Wang et al., 2022). A consistent view suggests that the spTMS works similarly to a visual mask, suppressing the perception on visual targets through a feedforward or feedback projection between the EVC and the higher visual cortex (De Graaf et al., 2014; Hurme et al., 2017). Therefore, spTMS can serve as a novel technique to study the neural mechanism of visual perception.

While spTMS is a reliable masking technique, its specific effects may not be consistently observed across studies. For instance, the spTMS suppression has been observed at different stimulus onset asynchronies (SOA) to the visual target across studies. Previous review articles have proposed a U-shaped suppression with the maximum effect observed between 80 ms and 130 ms (Kammer, 2007), and other dips of suppression occurs around -50 ms, 30 ms, 100 ms and 200 ms (De Graaf et al., 2014). However, the discovery of those dips come from different studies. A dip in one study may not be observed in another. Besides, although most studies demonstrated a suppression effect, some studies have reported enhanced visual perception under spTMS with low magnetic intensity (Abrahamyan et al., 2015), or when spTMS was applied 150 ms or 200 ms before the visual stimulus onset (Mulckhuyse et al., 2011). Some studies revealed an spTMS-induced blindsight (Allen et al., 2014) but some others did not (Koivisto et al., 2010, 2021). Some studies suggested spTMS produced retinotopically specific effects (Jacobs et al., 2014) but other studies also found non-retinotopically effects (Kammer et al., 2005; Salminen-Vaparanta et al., 2014). Retinotopic specific effects pertain to the scenario where visual stimuli are presented either at the location where a spTMS phosphene was generated (Wang et al., 2022) or contralateral to the TMS site (Koivisto et al., 2012). These inconsistencies may due to the fact that different studies adopted different experimental factors. As a consequence, a variety of experimental factors may influence the spTMS effects on visual perception, including SOA, TMS intensity, visual angle of the stimulus, the eccentricity of the stimulus, the placement of TMS coil, the type of TMS coil and TMS stimulators.

In order to systematically investigate which and how the experimental factors influence the spTMS effects, a reasonable approach is to conduct a meta-analysis using data from previous spTMS studies. Compared to the previous review articles (Kammer, 2007; De Graaf et al., 2014), such a meta-analysis can further quantify the impact of experimental factors and investigates potential interactions among them. We aim to provide a comprehensive measurement on the impact of the experimental factors on the spTMS effects in visual perception over EVC.

In the current study, we investigated the spTMS effects applied to EVC, to determine if there is a significant suppression on visual perception and whether this suppression exhibits significant heterogeneity across studies. Then, we examined whether this heterogeneity, i.e., the variations in the spTMS suppression, is correlated with experimental factors, including SOA, TMS Intensity, visual angle of the stimulus, the eccentricity of the stimulus, sample size, the year of publication, coil type and TMS stimulators. Among these factors, SOA is special as previous researches have shown that it does not linearly correlate with the spTMS effects. Therefore, we employed multiple regression analysis to identify the optimal SOA (see method for details) and investigated whether the combination of multiple experimental factors can significantly predict the spTMS suppression effects. These findings could provide a suggestion on the adoptions of experimental factors in the future spTMS studies.

Some of the experimental factors were not included in the analysis, such as the types of visual stimuli and the coil placement (retinotopic or non-retinotopic). Visual stimuli differed across experiments and were task-related. For instance, when the visual stimuli comprised dots, the task might involve judging the number of dots (Hurme et al., 2017), or discerning their motion direction (Laycock et al., 2007). When the task entailed discriminating stimulus direction, the visual stimuli could be bars (Koivisto et al., 2021) or arrows (Jacobs et al., 2012a). As a result, these visual stimuli could not be clearly categorized. Regarding coil placement, although most studies asserted that visual stimuli were located in the receptive field disrupted by TMS stimulation, many did not furnish sufficient evidence. For instance, some studies presented visual stimuli contralateral to the coil placement (Jacobs et al., 2014), while others positioned visual stimuli either to the left or right of fixation with the TMS phosphene appeared at fixation (Perini et al., 2012). Thus, there lacks a definitive standard to distinctly differentiate between retinotopic and non-retinotopic conditions.

In addition, some studies have investigated two types of visual perception: one based on forced-choice tasks, such as discriminating the orientation of arrows or motion directions, detecting whether an object appeared. And another based on subjective ratings of stimulus visibility through self-reported. These two types of tasks allow us to investigate the objective performance under unconscious conditions. It explores whether participants can detect the features of visual targets with an accuracy higher than the chance level, even when they subjectively report not seeing the visual target. If yes, it suggests that spTMS intervention exhibits a phenomenon similar to blindsight. We compared the effect sizes of the studies that measure both the types of tasks to examine whether spTMS can reliably induce blindsight.



2 Method


2.1 Study selection

To begin with, we conducted a systematic search on PubMed and Web of Science using various combinations of keywords: (“primary visual cortex” or “early visual cortex”) and (“TMS” or “transcranial magnetic stimulation”). We limited our literature selection to articles published from 1995 to March 2024. This was because during the literature search process, we found that articles related to transcranial magnetic stimulation (TMS) before 1995 usually did not use the term “TMS,” but instead used “magnetic coils (MC).” Therefore, we believe that 1995 was an important milestone in the development of TMS technology. Next, we screened titles and abstracts, then conducted a full-text search. In addition, we reviewed the references of previous review articles (Kammer, 2007; Kammer, 2008; De Graaf et al., 2014; Tapia and Beck, 2014) to ensure the inclusion of relevant articles. Please refer to Figure 1 for details of the literature screening process.
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FIGURE 1
 Flowchart depicting the search and selection procedure utilized for the meta-analysis.




2.2 Eligibility criteria

1. Original research articles that were published in peer-reviewed English journals.

2. The participants are healthy adults.

3. The inclusion criterion encompassed articles published between 1995 and March 2024.

4. Online TMS was administered to the early visual cortex.

5. The TMS protocols employed was single-pulse stimulation.

6. The experimental results included behavioral performance on the visual task and baseline (no-TMS, vertex or ipsilateral spTMS).

7. All relevant data were either reported in the manuscripts, provided by the authors upon our request, or could be extracted from the graphs presented in the articles.



2.3 Data extraction

After conducting the literature search, we identified a total of 33 articles that met the above criteria, encompassing 40 experiments (Table 1). Among these articles, 32 of them provided data on objective visual performance, and 15 of them provided data on the subjective visual performance. The spTMS effects on visual perception were extracted separately for both objective measurements [e.g., reaction time (RT), accuracy (ACC) and d-prime] and subjective measurements [e.g., perceptual awareness scale (PAS)]. In cases where both ACC and RT were reported in a study, we used the ACC results. It was worth noting that different studies used varying chance levels for ACC, which could introduce bias in the effect sizes across studies. To address this issue, we standardized the spTMS effects based on the respective chance levels.



TABLE 1 Articles included.
[image: Table1]

In terms of the measurements on the objective visual performance, data were obtained from all 39 experiments, resulting in a total of 930 outcomes from both experimental and control groups. Control groups (including no-TMS, TMS coil positioned at the vertex, or TMS coil positioned over the brain region ipsilateral to the visual stimulus) were utilized as a baseline for assessing the effects of spTMS. The measurements on the subjective visual performance were obtained from 18 experiments, comprising 574 outcomes. An outcome is a set of measurements of the mean score ([image: image]), the standard deviation (Si), and the sample size (ni) of the spTMS effects, either from the objective or subjective performance. These experimental factors include: SOA, TMS intensity (the percentage of the maximum stimulator output), visual angle of the stimulus(°), the eccentricity of the stimulus(°) relative to the fixation, sample size, the year of publication, coil type, and TMS stimulators. Coil types were categorized as either circular or figure-of-eight coils, and TMS stimulators were categorized according to their respective manufacturers.

To obtain the above outcomes, for each experiment, we conducted a thorough full-text review to extract relevant information. In cases where the studies did not directly report the required data, we manually extracted the relevant information from the graphs presented in the papers using Plot Digitizer software.1 If necessary, we reached out to the authors of the respective articles to obtain any missing or inaccessible data of interest that could not be obtained from the published articles.



2.4 Computing the effect sizes

The spTMS effect sizes were calculated using Hedges’ g (Cheung, 2015), which was an improvement on Cohen (1992), based on the above extracted outcomes. Hedges’ g is determined by dividing the standardized mean difference from studies that used two independent groups, i.e., the experimental and the control groups, by the within-groups standard deviation (pooled across groups), and applying a correction factor (J) to address bias in small sample sizes (Michael Borenstein et al., 2009).

The formula for Cohen’s d is

[image: image]

In which [image: image] and [image: image] are the sample means of the experimental and control groups, respectively, and [image: image] is the within-groups standard deviation:
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In which [image: image] and [image: image] are the sample sizes of the two groups, and [image: image] and [image: image] are the standard deviations of the two groups. The correction factor [image: image] is calculated as:
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In which [image: image] is the degrees of freedom used to estimate [image: image], which equals to [image: image]. And the Hedges’ g is calculated as

[image: image]

Finally, 465 and 287 effect sizes were obtained for objective visual performance and subjective visual performance, respectively. In order to control the influence of different types of stimuli on spTMS effects within the same experiment, we averaged the effect sizes of stimuli with varying types while keeping all relevant experimental factors constant. Thus, each of these effect sizes measures the spTMS effects for a specific combination of experimental factors within each experiment, unaffected by the type of stimulus. We referred to the effect sizes as factor-based spTMS effect sizes. In the end, we obtained 316 and 194 factor-based spTMS effect sizes for objective and subjective performance, respectively. Subsequently, for the evaluation of the overall spTMS effects in each experiment, we computed the average effect size for each experiment and denoted it as experiment-based spTMS effect sizes. The experiment-based spTMS effect size is calculated as:

[image: image]

In which [image: image] represents the number of effect sizes within an experiment, and [image: image] represents the effect size of the [image: image] effect size.

The variance of the experiment-based spTMS effect size is given by

[image: image]

In which [image: image] and [image: image] represent the variances of the [image: image] and the [image: image] effect sizes, and [image: image] is the correlation between the [image: image] and [image: image] effect sizes. Since all the effect sizes in one experiment were obtained from the same group of participants, they were not independent to each other. Therefore, when calculating the variance, we took into account the correlation among the effect sizes. But due to insufficient prior information, an accurate correlation was unable to estimate. We assumed that the [image: image] was 0.50 (Michael Borenstein et al., 2009) although the analysis.



2.5 Meta-analysis

First, to investigate whether there is a significant spTMS suppression across studies, we conducted a z-test on the experiment-based spTMS effect sizes. Then, we analyzed the variance of the spTMS effects to evaluate the degree of heterogeneity, i.e., the differences across studies. However, the variance included both the true variation in effect sizes and the random error. Thus, the Q statistic was performed to investigate whether there is a heterogeneity across studies, and considering a p-value less than 0.01 indicating significant heterogeneity. In addition, the I2 statistic was reported to indicate the ratio of true heterogeneity to total observed variation. It demonstrated the signal to noise ratio that revealed the size ratio between true heterogeneity and heterogeneity caused by random errors. I2 values of 25, 50, and 75% represent low, moderate, and high heterogeneity, respectively (Higgins et al., 2003). Finally, we used a funnel plot to assess potential bias in the meta-analysis and conducted leave-one-study-out sensitivity analyses to evaluate the stability of the meta-analysis results.

Next, we investigated the impact of experimental factors on the spTMS effects. This analysis was performed on the factor-based spTMS effect sizes. Univariate analysis was performed to investigate the impact of different experimental factors on the factor-based spTMS effect sizes. For factors in continuous forms, including TMS intensity, visual angle of the stimulus, the eccentricity of the stimulus, sample size, and the year of publication, we assessed the linear correlation between the degrees of the spTMS effects and those factors. And for factors in classifiable forms, including coil type and TMS stimulators, we used independent samples t-tests or analysis of variance to analyze whether there were significant differences of the spTMS effects among those factors.

To determine the reliability of the spTMS suppression at various SOAs, we employed a sliding window method with a window length of 20 ms. The window was moved in 10 ms steps, spanning from -100 ms to 300 ms relative to the target onset. By using this approach, we were able to capture fine-grained changes in the spTMS effects over time. The factor-based spTMS effect sizes within each time window from all included experiments were collected. We then conducted two statistical tests: (1) Fisher’s exact test to determine the significance of the spTMS effects compared to zero; and (2) a two-sample t-test, comparing the spTMS effects with the baseline effects. The baseline effects were defined as the collection of factor-based spTMS effects occurring after 250 ms relative to the target onset.

To further our investigation, we sought to determine if there is an optimal SOA for the spTMS effects within different time windows, and whether the combination of multiple experimental factors can reliably predict the spTMS effects. To address these questions, we utilized multiple linear regression analysis. This analysis was performed within the previously identified time window where spTMS was reliably effective. To determine the optimal SOA for the most accurate prediction in each time window, for each iteration, one time point was designated as the supposed optimal SOA. Then the absolute differences between the supposed optimal SOA and all the time points within the time window was defined as the SOA factors. Next, the SOA factors and all the other factors were standardized (z-scored) and subjected to multiple linear regression analysis. To ensure robustness, we employed cross-validation using the leave-one-study-out method. In each iteration of the cross-validation, data from one study were set aside as the test set, while the data from all other studies constituted the training set. The model was then trained based on the training set to derive a multiple linear model, which was subsequently applied to the test data to predict the spTMS effects. This process was repeated for all iterations in the cross-validation, and the correlation coefficient (r value) between the actual and predicted spTMS effects was calculated. Within each time window, an r value was calculated for each time point. The time point with the highest r value was identified as the optimal SOA, as it offered the most accurate prediction for the spTMS effects when considered alongside other experimental factors. By adopting this comprehensive approach, we aimed to identify the optimal SOA and assess the influence of multiple experimental factors on predicting the spTMS effects.




3 Results


3.1 Meta-analysis of the spTMS effects

We utilized random-effects models to evaluate the experiment-based spTMS effects for both objective and subjective performance. The results demonstrated that the spTMS had an overall suppression effect on objective performance (overall effect = −0.52, 95% CI: −0.70, −0.35), which was significantly differed from zero (z = −5.82, p < 0.0001; Figure 2A). There was a significant heterogeneity across experiments (Cochran’s Q = 154.47, I2 = 75.4%, p < 0.0001). The funnel plot analysis (Figure 3) demonstrated a symmetrical distribution of studies, suggesting no significant publication bias among the included studies (p = 0.229) as indicated by Egger’s asymmetry test. The sensitivity analysis revealed that excluding individual studies did not result in a significant change in the overall results when compared to the analysis that included all studies (Figure 4). This indicated the stability of the meta-analysis results and supported the reliability of the findings.

[image: Figure 2]

FIGURE 2
 Forest plot. Experiment-based effect sizes for objective performance (A) and subjective performance (B). Each square corresponds to an individual experiment’s effect size estimate, with the size of the square reflecting the experiment’s weight. The horizontal line represents the 95% confidence interval (CI). The diamond shape at the bottom represents the overall effect size estimate. The vertical solid line at 0 indicates the null effect. CI, Confidence interval; I2, Indicators that measure the heterogeneity; Hedges’ g, Effect size indicators.
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FIGURE 3
 The funnel plot demonstrates the absence of significant bias in the meta-analysis.


[image: Figure 4]

FIGURE 4
 Sensitivity plot. By systematically excluding the data from one experiment at a time, the overall effect size for the remaining experiments (k – 1) can be computed and compared to the overall effect size when considering all experiments (k).


The findings regarding subjective performance were similar to those regarding objective performance. There was a significant spTMS suppression on subjective performance (overall effect = −0.85, 95% CI: −1.12, −0.57; z = −6.04, p < 0.0001), as well as a significant heterogeneity (Cochran’s Q = 82.56, I2 = 79.4%, p < 0.0001), as illustrated in Figure 2B. However, due to the limited number of studies available for subjective performance, bias and sensitivity analysis were not conducted.



3.2 Impact of the individual experimental factor on the spTMS effects

The impact of the individual experimental factor on the factor-based spTMS effect sizes was investigated. These factors included TMS intensity, visual angle of the stimulus, the eccentricity of the stimulus, sample size, the year of publication, coil type, TMS stimulators, and SOA. Figures 5A–E presented the correlation between the objective performance and the experimental factors in continuous forms. TMS intensity, visual angle of the stimulus and sample size were significantly correlated with the spTMS effects. Increasing TMS intensity exhibited a trend of enhancing the spTMS masking effects (r = −0.2556, p < 0.0001). Conversely, as visual angle of the stimulus increased, there was a gradual attenuation of the spTMS masking effects (r = 0.1776, p < 0.01). And as the sample size increased, the spTMS suppression effects weakened (r = 0.1495, p < 0.01). The eccentricity of the stimulus and the year of publication were not significantly correlated with the spTMS effects. Figures 5F,G showed the impact of the experimental factors in classifiable forms on the objective performance. The results demonstrated that the spTMS effects with the circular coils was found to be more negative compared to the figure-of-eight coils (independent samples t-test, t = 3.60, p < 0.0001). The comparison of the effect sizes was conducted among different TMS stimulators (Magstim, NexStim, Medtronic, MagVenture, Cadwell), considering the known differences in intensity generated by the Medtronic and Magstim systems (Thielscher and Kammer, 2004). The results demonstrated that studies using the Cadwell stimulators exhibited the strongest negative effects, which was significantly different from the effects observed with the other four stimulators.

[image: Figure 5]

FIGURE 5
 The impacts of experimental factors on the objective performance. (A) TMS intensity (n = 314); (B) Visual angle of the stimulus (n = 287); (C) The eccentricity of the stimulus (n = 274); (D) Sample size (n = 314); (E) The year of publication (n = 316); (F) Coil type; (G) TMS stimulators. The shaded area and error bar represent the 95% confidence interval; All the p-values were Bonferroni Corrected.


Figure 6 illustrated the impact of various experimental factors on subjective performance. The spTMS effects showed significant correlations with TMS intensity, visual angle of the stimulus, the eccentricity of the stimulus and the publication year. The spTMS masking effects increased with higher TMS intensity (r = −0.4128, p < 0.0001) and more recent publications (r = −0.2215, p < 0.01), and decreased with larger visual angle of the stimulus (r = 0.2856, p < 0.001) and larger the eccentricity of the stimulus (r = 0.1542, p < 0.05). Due to the uneven sample sizes of experiments employing figure-of-eight and circular coils in the subjective performance (figure-of-eight: 15 experiments with a total of 164 data points; circular: 3 experiments with 30 data points), the Bootstrap method was employed to perform 1,000 iterations with replacement for each of the two samples. In each iteration, 30 data points were randomly drawn from each sample to ensure the equivalence in sample size. The result showed that circular coils produced the stronger spTMS suppression effect (t = 170.65; df = 999; p < 0.0001) than the figure-of-eight. Furthermore, significant differences were observed in sample sizes across different TMS stimulators, making it inappropriate to analyze the impact of TMS stimulators on the spTMS effects.

[image: Figure 6]

FIGURE 6
 The impacts of experimental factors on subjective performance. (A) TMS intensity (n = 194); (B) Visual angle of the stimulus (n = 165); (C) The eccentricity of the stimulus (n = 163); (D) Sample size (n = 192); (E) The year of publication (n = 194); (F) Coil type. The shaded area and error bar represent the 95% Cl.


Reliable suppression of spTMS effects was observed within two time windows: −80 to 0 ms and 50 to 150 ms, for both objective and subjective performance (Figure 7). Within both time windows, the spTMS suppression was either greater than the null or greater than the baseline spTMS effects. In studies that examined both objective and subjective performance, the effect sizes of the two were subtracted within each sliding time window. However, the fisher’s exact test did not detect any significant difference compared to the null hypothesis, indicating the impact of spTMS on the objective and subjective visual performance when applied to EVC did not show significant differences.

[image: Figure 7]

FIGURE 7
 The impacts of SOA on the spTMS effects. (A) Objective performance (n = 316); (B) Subjective performance (n = 194); (C) The difference between subjective and objective performance (n = 184). The red asterisks indicate significant differences in effect sizes when compared to a value of 0. The black asterisks indicate significant differences in effect sizes when compared to the baseline. The color bar represents the sample size within each time window.




3.3 Impact of the multiple experimental factors on the spTMS effects

We conducted multivariate linear regression analyses within −80 to 0 ms, and 50 to 150 ms time windows, to investigated the impact of the multiple experimental factors on the spTMS effects. Experimental factors that were found to significantly impact spTMS effects, such as SOA, TMS intensity, visual angle of stimulus and coil type, were included in the analysis. However, due to variations in sample sizes across coil types in subjective performances, this factor was not included in the subjective multivariate regression model. To address interactions among experimental factors, the following steps were taken: pairwise correlation analyses were initially conducted among the factors. Subsequently, significant interaction terms were integrated into the multiple regression model as control variables. The interactions between SOA and visual angle of the stimulus, as well as between TMS intensity and coil type, were integrated in the objective multivariate regression model. The interactions between SOA and visual angle of the stimulus, and between TMS intensity and visual angle of the stimulus, were integrated in the subjective multivariate regression model.

We identified the optimal SOAs within two distinct time windows: a pre-stimulus window from −80 to 0 ms and a post-stimulus window from 50 to 150 ms. In the pre-stimulus time window, the optimal SOA was not identified, because the multivariate regression model failed to predict the spTMS effects for any time point assumed to be the optimal SOA (Figures 8A). Within the 50 to 150 ms time window, the optimal SOAs for objective performance and subjective performance were found to be 112 ms and 98 ms, respectively (Figures 8B,C). We subsequently converted SOAs into absolute time differences relative to the aforementioned optimal SOAs and incorporated them as variables in the multivariate regression analysis.

[image: Figure 8]

FIGURE 8
 Multiple experimental factors. (A) Searching for the optimal SOA of objective performance (left) and subjective performance (right) between −80 to 0 ms; (B) Objective performance between 50 to 100 ms; (C) Subjective performance between 50 to 100 ms. Left: searching for the optimal SOA; Right: prediction of the model at the optimal SOA; The shaded area represents the 95% Cl.


In the case of objective performance, the model accounted for 22.9% of the variation in the spTMS effects within the 50 to 150 ms time window (p < 0.0001). According to this model, the predicted effect sizes exhibited a significant correlation with the actual effect sizes (Pearson r = 0.3353, p < 0.0001). In order to compare the relative impact of each parameter, we conducted multiple regression analyses on all the data, discarding the leave-one-paper-out method. The results demonstrated that the spTMS suppression in objective performance can be significantly predicted by the SOA (β = 0.1720, p < 0.01), TMS intensity (β = −0.5972, p < 0.01) and visual angle of the stimulus (β = 0.5420, p < 0.01). In terms of subjective performance, the model explained 39.9% of the variance (p < 0.0001), and the predicted effect sizes were also significantly correlated with the actual effect sizes (Pearson r = 0.3724, p < 0.0001). The SOA (β = 0.3336, p < 0.001) and visual angle of the stimulus (β = −2.0371, p < 0.05) retained significant predictability for the spTMS suppression (Table 2).



TABLE 2 Multiple linear regression.
[image: Table2]




4 Discussion

The current study conducted a meta-analysis to explore the impact of various experimental factors on spTMS applied over the EVC in visual perception. The study uncovered two key findings. First, in line with previous studies (De Graaf et al., 2012, 2014; Jacobs et al., 2012b; Hurme et al., 2017), spTMS consistently suppresses visual perception, in both objective performance and subjective performance. However, substantial heterogeneity exists across different studies due to varied experimental factors employed. Through univariate analysis, the suppression effect of spTMS was significantly correlated with SOA, TMS intensity, visual angle of the stimulus, coil type and TMS stimulators. The multiple regression model revealed a combination of experimental factors could predict the spTMS effects on objective performance and subjective performance. These findings offer quantitative guidance for configuring experimental factors in future studies to optimize spTMS effects. Second, we found differences in the influences of combined experimental factors on spTMS effects between objective and subjective performance.


4.1 Stimulus onset asynchronies

In a previous review article (De Graaf et al., 2014), various SOAs were identified as effective for the spTMS masking. These SOAs included the classical 80-130 ms dip, the pre-stimulus −50-0 ms dip, a ~ 30 ms dip, and a late 200 ms dip. In the current study, results reaffirmed the stability of the classical and pre-stimulus dips across different studies. Furthermore, within the classical dip, spTMS applied at 112 ms was identified as the optimal SOA for objective performance. At this optimal SOA, the correlation between predicted spTMS effects and actual spTMS effects was maximized. It was supposed that the classical dip delineated the timing at which visual information enters and exits the EVC (Amassian et al., 1989). More recent studies have leaned toward the idea that such an optimal timing for spTMS intervention pertains to interrupting a feedback processing of visual information (Kammer, 2008; Hurme et al., 2019).

Within the pre-stimulus time window, significant spTMS effects were also observed between −80 and 0 ms. Previous studies suggested that spTMS may induce a specific state in the occipital cortex unfavorable for subsequent information processing and may disrupt expectations or attentional processes (Laycock et al., 2007). However, unlike the classical dip, the pre-stimulus dip varies across different studies. Jacobs et al. (2012a,b) found that the pre-stimulus dip primarily occurred within −80 to -40 ms. Other studies have subdivided this time window into two distinct dips: dip 0 (~ − 50/~ − 40 ms) and dip X (~ − 10 ms) (De Graaf et al., 2014). Dip 0 exhibited significant suppression effects that were not specific to spatial location after eliminating blinks (De Graaf et al., 2015). Conversely, dip X exhibited specificity based on the TMS site and the position of the visual stimulus (Corthout et al., 2003). However, the optimal SOA within this time window was not identified in the current study. This may indicate that within the pre-stimulus time window, the impact of SOA on spTMS effects is unstable and related to the specific experimental tasks. Nonetheless, it is also plausible that the limited data points within the pre-stimulus time window may also lead to the failure to identify the optimal SOA.

This study did not uncover any significant effects of spTMS in the ~30 ms dip, which was proposed to be caused by the disruption of feedforward processing of visual information. While some previous studies have reported the existence of the 30 ms dip (Corthout et al., 1999a,b; Salminen-Vaparanta et al., 2012), this phenomenon has not been consistently replicated in other studies (Camprodon et al., 2010; Allen et al., 2014; Koivisto et al., 2017; Wang et al., 2022). Several studies have posited that it takes around 50-60 ms for visual information to arrive at the primary visual cortex, casting doubt on the likelihood of the ~30 ms dip occurring (Baseler and Sutter, 1997; Di Russo et al., 2002; Vanni et al., 2004). Additionally, it has been suggested that the color of the visual stimulus influences the efficacy of visual suppression (Emmanouil et al., 2013). Furthermore, Paulus et al. conducted an experiment employing achromatic stimuli and proposed that the ~30 ms dip might be attributed to the earlier involvement of the magnocellular pathway compared to the parvocellular pathway (Paulus et al., 1999). These findings suggest that the~30 ms time window could be stimulus-specific. The late 200 ms dip did not exhibit significant effects across studies either. This may be due to the observation that this dip appears to occur primarily in response to relatively complex stimuli or tasks involving figure-background segregation (Heinen et al., 2005; Camprodon et al., 2010), or in visual search experiments that rely on joint features (Koivisto and Silvanto, 2012). Such a dip cannot be consistently reproduced when using simple or static stimuli (Koivisto et al., 2012; Jacobs et al., 2012a,b).



4.2 The interaction of TMS intensity, TMS stimulators and coil type

The spTMS suppression effects became more pronounced as TMS intensity increased, which aligns with previous studies (De Graaf et al., 2011a, 2014; Silvanto et al., 2017). Visual stimuli elicited varying levels of activation in neurons within the visual cortex. Neural populations responsible for processing the visual stimulus exhibited more pronounced activation compared to those not involved in processing it. Such a pattern of neural activities enables specific stimulus recognition. Some studies have suggested that low-intensity spTMS was adequate for activating neurons only relevant to the stimulus, thus enhancing behavioral performance (Silvanto and Cattaneo, 2021). Conversely, high-intensity spTMS activated neural populations that are typically less activated, disrupting the pattern of neural activity for stimulus recognition (Abrahamyan et al., 2015). Thus, as the intensity of TMS increases, the signal-to-noise ratio gradually decreases, and the impact of spTMS on visual performance shifts from facilitation to suppression (Pellegrini et al., 2018; Silvanto and Cattaneo, 2021). However, the maximum stimulator output (MSO) varied across TMS stimulators from different manufacturers (Van Doren et al., 2015). We were unable to obtain the MSO for each TMS stimulator used in the respective studies. Therefore, defining TMS intensity as the percentage of MSO may not have yielded accurate results.

This study revealed that the CadWell stimulator exhibited the strongest spTMS suppression effects, significantly outperforming Magstim, NexStim, Medtronic, and MagVenture stimulators (Figure 5G). Three factors account for this variance. Firstly, there are variations in magnetic field intensity among different stimulators. Research has demonstrated that Medtronic stimulators produced a stronger field strength compared to Magstim stimulators (Thielscher and Kammer, 2004; Lang et al., 2006). Secondly, TMS stimulators from different manufacturers may possess distinct characteristics in terms of the generated pulses (Kammer et al., 2001). Studies have shown that spTMS effects on neurons can be influenced by factors such as the waveform of the pulses delivered by the stimulator (Brasil-Neto et al., 1992), as well as the geometric shape and orientation of the induced electric field (Amassian et al., 1992). Thirdly, studies employing different stimulators also shown significant differences in the application of TMS intensity. In experiments using the Cadwell stimulator, the selected TMS intensity, expressed as percentage of MSO, was significantly higher than that used NexStim, Medtronic, and MagVenture stimulators (Figure 9A).
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FIGURE 9
 Interaction analysis. (A) The differences in TMS intensity among different TMS stimulators (Red star: Significant difference compared to CadWell; Green star: Significant difference compared to Magstim; All the p-values were Bonferroni Corrected.) (B) The differences in TMS intensity between coil types; (C) The proportion of different coil types used in different TMS stimulators; (D) The correlation between the visual angle and eccentricity of the stimulus (n = 284). The shaded area and error bar represent the 95% Cl.


It is noteworthy that the spTMS effects are also influenced by the type of the coil used. Circular coils produced stronger suppression effects compared to figure-of-eight coils (Figures 5F, 6F). Figure-of-eight coils deliver maximum TMS intensity at the intersection of their two circular coils, concentrating the stimulation deeply in a localized area. In contrast, circular coils yielded peak TMS intensity in a central ring, affecting a broader area (Jalinous, 1991; Deng, et al., 2013). However, the choice of coil type was also associated with the selection of TMS intensities and stimulators. Researchers tended to use stronger TMS intensities when employing circular coils (Figure 9B). Studies utilizing CadWell stimulators exclusively employed circular coils (Figure 9C).

Thus, in the studies included in the current meta-analysis, because of the associations among TMS intensity, TMS stimulator and coil type, the spTMS effects cannot be attributed solely to any one of them. The interactions among the three factors need to be considered in the multivariate linear regression analysis.



4.3 The visual angle and eccentricity of the stimulus

The suppression effect of spTMS increased as visual angle of stimulus decreased (Figures 5B, 6B). Previous studies rarely directly investigated the impact of visual angle of stimulus on the spTMS effects. This intriguing phenomenon may also be attributed to spTMS preferentially activating neural populations with lower levels of activation, which reduces the signal-to-noise ratio (Silvanto and Muggleton, 2008). As visual angle of the stimulus decreased, the corresponding activated brain regions also decreased in size (Stacchi and Caldara, 2022). Consequently, when applying spTMS, it may disrupt the entire brain regions associated with a small stimulus but only affect part of the brain regions corresponding to a relatively large stimulus. As a result, spTMS appears to be more effective at masking a small stimulus.

The current study did not uncover a significant correlation between the eccentricity of the stimulus and the spTMS effects in objective performance. However, a noticeable association was observed between the eccentricity and the visual angle of the stimulus (Figure 9D). Directly interpreting the relationship between eccentricity and the visual angle of the stimulus was challenging, as the selection of both factors depends on specific experimental tasks. Future research should explore the influence of eccentricity on the spTMS effects, as well as its relationship with the visual angle of the stimulus and experimental tasks.



4.4 The differences between objective and subjective performance

The phenomenon where objective performance under conditions of invisibility remained higher than the chance level was termed as spTMS-induced blindsight (Railo and Koivisto, 2012; Koenig and Ro, 2019). In this study, no differences were observed between objective and subjective performance of spTMS effects (Figure 7C). However, it cannot be simply interpreted as the absence of spTMS-induced blindsight, because whether spTMS can induce blindsight depends on various factors, such as stimulus features (size, color, static or dynamic), the precision of TMS site, and task complexity. Railo and Hurme proposed TMS may induce blindsight of stimulus presence or location. However, the current study could not investigate this due to the limited relevant data points (n = 16) on such tasks (Railo and Hurme, 2021). Additionally, there has been debate on the approach to subjective consciousness assessment, with some arguing that individuals’ reported unconsciousness may not genuinely equate to a state of unconsciousness. In instances where graded scales were employed to assess subjective consciousness, the spTMS-induced blindsight was not observed (Koivisto et al., 2021).



4.5 The impact of multiple experimental factors

The current study employed a multiple linear regression model incorporating various factors. For objective performance, the interaction between SOA and visual angle of the stimulus, as well as the interaction between TMS intensity and coil type were controlled in the model. Results revealed that SOA, TMS intensity and visual angle of the stimulus collectively predicted the spTMS effects. In terms of subjective performance, the interaction between SOA and visual angle of the stimulus, as well as the interaction between TMS intensity and visual angle of the stimulus were controlled in the model. The multivariate regression model could significantly predict the spTMS effects. Among the experimental factors, SOA and visual angle of the stimulus reached significant levels. Furthermore, different experimental factors exhibited varying degrees of importance in predicting the spTMS effects, with SOA emerging as the most significant predictor for the spTMS suppression effects.

Coil type and TMS intensity were not significant in objective and subjective performance, respectively. This findings suggest that, in the context of the spTMS impacts, the individual predictive power of TMS intensity and coil type alone is insufficient. The significant role of these factors in univariate analysis is likely attributed to the interactions among these factors. Additionally, the significance of experimental factors differed between subjective and objective performance models. This result reveals differences in the influences of combined experimental factors on spTMS effects between objective and subjective performance.



4.6 Limitations

There are some limitations to the current study. Firstly, insufficient data posed a primary challenge when examining spTMS effects. The uneven distribution of sample sizes across different levels for several factors (such as sample size, the year of publication, coil type and TMS stimulators) potentially hindered a comprehensive understanding of spTMS effects. Particularly, low sample sizes for certain factors (such as TMS stimulators in subjective performance) may have led to null findings or even made statistical analysis infeasible. Additionally, key factors such as expectation levels and attention levels were not reported in many studies included in this meta-analysis, yet they were crucial for understanding the impact of TMS effects (Battistoni et al., 2017). Furthermore, the TMS baseline was essential for interpreting spTMS effects, but the use of different measurement methods (including no-TMS, TMS coil positioned at the vertex, or TMS coil positioned over the brain region ipsilateral to the visual stimulus) in various studies made analysis challenging.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

YZ: Data curation, Formal analysis, Investigation, Software, Visualization, Writing – original draft. BS: Formal analysis, Investigation, Visualization, Writing – original draft. XZ: Formal analysis, Validation, Writing – original draft. ZJ: Writing – review & editing. JZ: Conceptualization, Funding acquisition, Software, Supervision, Writing – original draft, Writing – review & editing. LL: Conceptualization, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by Grants from National Nature Science Foundation of China (62176045, 61773096), by the Program of Introducing Talents of Discipline to Universities (the 111 project B12027), Sichuan Province Science and Technology Innovation Cultivation Project (2022014).



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1351399/full#supplementary-material



Footnotes

1   
http://plotdigitizer.com




References

 Abrahamyan, A., Clifford, C. W., Arabzadeh, E., and Harris, J. A. (2015). Low intensity TMS enhances perception of visual stimuli. J. Brain Stimul. 8, 1175–1182. doi: 10.1016/j.brs.2015.06.012 

 Allen, C. P., Sumner, P., and Chambers, C. D. (2014). The timing and neuroanatomy of conscious vision as revealed by TMS-induced blindsight. J. J Cogn Neurosci. 26, 1507–1518. doi: 10.1162/jocn_a_00557 

 Amassian, V. E., Cracco, R. Q., Maccabee, P. J., Cracco, J. B., Rudell, A., and Eberle, L. (1989). Suppression of visual perception by magnetic coil stimulation of human occipital cortex. J. Electroencephalogr. Clin. Neurophysiol. 74, 458–462. doi: 10.1016/0168-5597(89)90036-1 

 Amassian, V. E., Eberle, L., Maccabee, P. J., and Cracco, R. Q. (1992). Modelling magnetic coil excitation of human cerebral cortex with a peripheral nerve immersed in a brain-shaped volume conductor: the significance of fiber bending in excitation. J. Electroencephalogr. Clin. Neurophysiol. 85, 291–301. doi: 10.1016/0168-5597(92)90105-k


 Baseler, H. A., and Sutter, E. E. (1997). M and P components of the VEP and their visual field distribution. J. Vision Res. 37, 675–690. doi: 10.1016/s0042-6989(96)00209-x 

 Battistoni, E., Stein, T., and Peelen, M. V. (2017). Preparatory attention in visual cortex. J. Ann. N. Y. Acad. Sci. 1396, 92–107. doi: 10.1111/nyas.13320


 Beckers, G., and Zeki, S. (1995). The consequences of inactivating areas V1 and V5 on visual motion perception. J. Brain. 118, 49–60. doi: 10.1093/brain/118.1.49 

 Brasil-Neto, J. P., Cohen, L. G., Panizza, M., Nilsson, J., Roth, B. J., and Hallett, M. (1992). Optimal focal transcranial magnetic activation of the human motor cortex: effects of coil orientation, shape of the induced current pulse, and stimulus intensity. J. Clin. Neurophysiol. 9, 132–136. doi: 10.1097/00004691-199201000-00014


 Camprodon, J. A., Zohary, E., Brodbeck, V., and Pascual-Leone, A. (2010). Two phases of V1 activity for visual recognition of natural images. J. Cogn. Neurosci. 22, 1262–1269. doi: 10.1162/jocn.2009.21253 

 Cattaneo, Z., Vecchi, T., Pascual-Leone, A., and Silvanto, J. (2009). Contrasting early visual cortical activation states causally involved in visual imagery and short-term memory. Eur J. Neurosci. 30, 1393–1400. doi: 10.1111/j.1460-9568.2009.06911.x 

 Cheung, M. W. L. (2015). “Computing effect sizes for meta-analysis” in Meta‐analysis: a structural equation modeling approach (New York: John Wiley and Sons).


 Cohen, J. (1992). A power primer. J. Psychol Bull. 112, 155–159. doi: 10.1037/0033-2909.112.1.155 

 Corthout, E., Hallett, M., and Cowey, A. (2003). Interference with vision by TMS over the occipital pole: a fourth period. J. Neuro-Oncol. 14, 651–655. doi: 10.1097/00001756-200303240-00026 

 Corthout, E., Uttl, B., Walsh, V., Hallett, M., and Cowey, A. (1999a). Timing of activity in early visual cortex as revealed by transcranial magnetic stimulation. J. Neuro-Oncol. 10, 2631–2634. doi: 10.1097/00001756-199908200-00035 

 Corthout, E., Uttl, B., Ziemann, U., Cowey, A., and Hallett, M. (1999b). Two periods of processing in the (circum)striate visual cortex as revealed by transcranial magnetic stimulation. J. Neuropsychol. 37, 137–145. doi: 10.1016/s0028-3932(98)00088-8 

 De Graaf, T. A., Cornelsen, S., Jacobs, C., and Sack, A. T. (2011a). TMS effects on subjective and objective measures of vision: stimulation intensity and pre- versus post-stimulus masking. J. Conscious Cogn. 20, 1244–1255. doi: 10.1016/j.concog.2011.04.012 

 De Graaf, T. A., Duecker, F., Fernholz, M. H., and Sack, A. T. (2015). Spatially specific vs. unspecific disruption of visual orientation perception using chronometric pre-stimulus TMS. J. Front Behav. Neurosci. 9:5. doi: 10.3389/fnbeh.2015.00005 

 De Graaf, T. A., Goebel, R., and Sack, A. T. (2012). Feedforward and quick recurrent processes in early visual cortex revealed by TMS? J. Neuro-Oncol. 61, 651–659. doi: 10.1016/j.neuroimage.2011.10.020 

 De Graaf, T. A., Herring, J., and Sack, A. T. (2011b). A chronometric exploration of high-resolution 'sensitive TMS masking' effects on subjective and objective measures of vision. J. Exp. Brain Res. 209, 19–27. doi: 10.1007/s00221-010-2512-z 

 De Graaf, T. A., Koivisto, M., Jacobs, C., and Sack, A. T. (2014). The chronometry of visual perception: review of occipital TMS masking studies. J. Neurosci. Biobehav. Rev. 45, 295–304. doi: 10.1016/j.neubiorev.2014.06.017 

 Di Russo, F., Martínez, A., Sereno, M. I., Pitzalis, S., and Hillyard, S. A. (2002). Cortical sources of the early components of the visual evoked potential. J. Hum. Brain Mapp. 15, 95–111. doi: 10.1002/hbm.10010


 Deng, Z. D., Lisanby, S. H., and Peterchev, A. V. (2013). Electric field depth-focality tradeoff in transcranial magnetic stimulation: simulation comparison of 50 coil designs. J. Brain Stimul. 6, 1–13. doi: 10.1016/j.brs.2012.02.005 

 Emmanouil, T. A., Avigan, P., Persuh, M., and Ro, T. (2013). Saliency affects feedforward more than feedback processing in early visual cortex. J. Neuropsychol. 51, 1497–1503. doi: 10.1016/j.neuropsychologia.2013.04.013 

 Heinen, K., Jolij, J., and Lamme, V. A. (2005). Figure-ground segregation requires two distinct periods of activity in V1: a transcranial magnetic stimulation study. J. Neuro-Oncol. 16, 1483–1487. doi: 10.1097/01.wnr.0000175611.26485.c8 

 Higgins, J. P., Thompson, S. G., Deeks, J. J., and Altman, D. G. (2003). Measuring inconsistency in meta-analyses. BMJ 327, 557–560. doi: 10.1136/bmj.327.7414.557 

 Hotson, J. R., and Anand, S. (1999). The selectivity and timing of motion processing in human temporo-parieto-occipital and occipital cortex: a transcranial magnetic stimulation study. J. Neuropsychol. 37, 169–179. doi: 10.1016/s0028-3932(98)00091-8 

 Hurme, M., Koivisto, M., Henriksson, L., and Railo, H. (2020). Neuronavigated TMS of early visual cortex eliminates unconscious processing of chromatic stimuli. J. Neuropsychol. 136:107266. doi: 10.1016/j.neuropsychologia.2019.107266 

 Hurme, M., Koivisto, M., Revonsuo, A., and Railo, H. (2017). Early processing in primary visual cortex is necessary for conscious and unconscious vision while late processing is necessary only for conscious vision in neurologically healthy humans. J. Neuro-Oncol. 150, 230–238. doi: 10.1016/j.neuroimage.2017.02.060 

 Hurme, M., Koivisto, M., Revonsuo, A., and Railo, H. (2019). V1 activity during feedforward and early feedback processing is necessary for both conscious and unconscious motion perception. J. Neuro-Oncol. 185, 313–321. doi: 10.1016/j.neuroimage.2018.10.058 

 Jacobs, C., de Graaf, T. A., Goebel, R., and Sack, A. T. (2012a). The temporal dynamics of early visual cortex involvement in behavioral priming. J. PLoS One 7:e48808. doi: 10.1371/journal.pone.0048808 

 Jacobs, C., de Graaf, T. A., and Sack, A. T. (2014). Two distinct neural mechanisms in early visual cortex determine subsequent visual processing. J. Cortex. 59, 1–11. doi: 10.1016/j.cortex.2014.06.017


 Jacobs, C., Goebel, R., and Sack, A. T. (2012b). Visual awareness suppression by pre-stimulus brain stimulation; a neural effect. J. Neuro-Oncol. 59, 616–624. doi: 10.1016/j.neuroimage.2011.07.090 

 Jalinous, R. (1991). Technical and practical aspects of magnetic nerve stimulation. J. Clin. Neurophysiol. 8, 10–25. doi: 10.1097/00004691-199101000-00004


 Kammer, T. (2007). Masking visual stimuli by transcranial magnetic stimulation. J. Psychol. Res. 71, 659–666. doi: 10.1007/s00426-006-0063-5


 Kammer, T. (2008). Visual masking by transcranial magnetic stimulation in the first 80 milliseconds. J. Adv. Cogn. Psychol. 3, 177–179. doi: 10.2478/v10053-008-0023-2 

 Kammer, T., Beck, S., Thielscher, A., Laubis-Herrmann, U., and Topka, H. (2001). Motor thresholds in humans: a transcranial magnetic stimulation study comparing different pulse waveforms, current directions and stimulator types. J. Clin. Neurophysiol. 112, 250–258. doi: 10.1016/s1388-2457(00)00513-7


 Kammer, T., Puls, K., Erb, M., and Grodd, W. (2005). Transcranial magnetic stimulation in the visual system. II. Characterization of induced phosphenes and scotomas. J. Exp. Brain Res. 160, 129–140. doi: 10.1007/s00221-004-1992-0 

 Koenig, L., and Ro, T. (2019). Dissociations of conscious and unconscious perception in TMS-induced blindsight. J. Neuropsychol. 128, 215–222. doi: 10.1016/j.neuropsychologia.2018.03.028


 Koivisto, M., Harjuniemi, I., Railo, H., Salminen-Vaparanta, N., and Revonsuo, A. (2017). Transcranial magnetic stimulation of early visual cortex suppresses conscious representations in a dichotomous manner without gradually decreasing their precision. J. Neuro-Oncol. 158, 308–318. doi: 10.1016/j.neuroimage.2017.07.011 

 Koivisto, M., Henriksson, L., Revonsuo, A., and Railo, H. (2012). Unconscious response priming by shape depends on geniculostriate visual projection. Eur. J. Neurosci. 35, 623–633. doi: 10.1111/j.1460-9568.2011.07973.x 

 Koivisto, M., Leino, K., Pekkarinen, A., Karttunen, J., Railo, H., and Hurme, M. (2021). Transcranial magnetic stimulation (TMS)-induced Blindsight of orientation is degraded conscious vision. J. Neurosci. 475, 206–219. doi: 10.1016/j.neuroscience.2021.08.025 

 Koivisto, M., Railo, H., and Salminen-Vaparanta, N. (2010). Transcranial magnetic stimulation of early visual cortex interferes with subjective visual awareness and objective forced-choice performance. J. Conscious Cogn. 20, 288–298. doi: 10.1016/j.concog.2010.09.001 

 Koivisto, M., and Silvanto, J. (2012). Visual feature binding: the critical time windows of V1/V2 and parietal activity. J. Neuro-Oncol. 59, 1608–1614. doi: 10.1016/j.neuroimage.2011.08.089 

 Lang, N., Harms, J., Weyh, T., Lemon, R. N., Paulus, W., Rothwell, J. C., et al. (2006). Stimulus intensity and coil characteristics influence the efficacy of rTMS to suppress cortical excitability. J. Clin. Neurophysiol. 117, 2292–2301. doi: 10.1016/j.clinph.2006.05.030


 Laycock, R., Crewther, D. P., Fitzgerald, P. B., and Crewther, S. G. (2007). Evidence for fast signals and later processing in human V1/V2 and V5/MT+: a TMS study of motion perception. J. Neurophysiol. 98, 1253–1262. doi: 10.1152/jn.00416.2007 

 Lloyd, D. A., Abrahamyan, A., and Harris, J. A. (2013). Brain-stimulation induced blindsight: unconscious vision or response bias? J. PLoS One 8:e82828. doi: 10.1371/journal.pone.0082828


 Michael Borenstein, L. V. H., Higgins, J. P. T., and Rothstein, H. R. (2009). Introduction to meta-analysis. Hoboken: Wiley.


 Mulckhuyse, M., Kelley, T. A., Theeuwes, J., Walsh, V., and Lavie, N. (2011). Enhanced visual perception with occipital transcranial magnetic stimulation. Eur. J. Neurosci. 34, 1320–1325. doi: 10.1111/j.1460-9568.2011.07814.x 

 Olkoniemi, H., Hurme, M., and Railo, H. (2023). Neurologically healthy Humans' ability to make saccades toward unseen targets. J. Neurosci. 513, 111–125. doi: 10.1016/j.neuroscience.2023.01.014 

 Paulus, W., Korinth, S., Wischer, S., and Tergau, F. (1999). Differential inhibition of chromatic and achromatic perception by transcranial magnetic stimulation of the human visual cortex. J. Neuro-Oncol. 10, 1245–1248. doi: 10.1097/00001756-199904260-00017


 Pellegrini, M., Zoghi, M., and Jaberzadeh, S. (2018). The effect of transcranial magnetic stimulation test intensity on the amplitude, variability and reliability of motor evoked potentials. J. Brain Res. 1700, 190–198. doi: 10.1016/j.brainres.2018.09.002 

 Perini, F., Cattaneo, L., Carrasco, M., and Schwarzbach, J. V. (2012). Occipital transcranial magnetic stimulation has an activity-dependent suppressive effect. J. Neurosci. 32, 12361–12365. doi: 10.1523/JNEUROSCI.5864-11.2012 

 Railo, H., Andersson, E., Kaasinen, V., Laine, T., and Koivisto, M. (2014). Unlike in clinical blindsight patients, unconscious processing of chromatic information depends on early visual cortex in healthy humans. J. Brain Stimul. 7, 415–420. doi: 10.1016/j.brs.2014.01.060 

 Railo, H., and Hurme, M. (2021). Is the primary visual cortex necessary for blindsight-like behavior? Review of transcranial magnetic stimulation studies in neurologically healthy individuals. J. Neurosci. Biobehav. Rev. 127, 353–364. doi: 10.1016/j.neubiorev.2021.04.038 

 Railo, H., and Koivisto, M. (2012). Two means of suppressing visual awareness: a direct comparison of visual masking and transcranial magnetic stimulation. J. Cortex. 48, 333–343. doi: 10.1016/j.cortex.2010.12.001


 Railo, H., Salminen-Vaparanta, N., Henriksson, L., Revonsuo, A., and Koivisto, M. (2012). Unconscious and conscious processing of color rely on activity in early visual cortex: a TMS study. J. Cogn. Neurosci. 24, 819–829. doi: 10.1162/jocn_a_00172 

 Ro, T., Breitmeyer, B., Burton, P., Singhal, N. S., and Lane, D. (2003). Feedback contributions to visual awareness in human occipital cortex. J. Curr. Biol. 13, 1038–1041. doi: 10.1016/s0960-9822(03)00337-3 

 Romei, V., Murray, M. M., Merabet, L. B., and Thut, G. (2007). Occipital transcranial magnetic stimulation has opposing effects on visual and auditory stimulus detection: implications for multisensory interactions. J. Neurosci. 27, 11465–11472. doi: 10.1523/jneurosci.2827-07.2007 

 Salminen-Vaparanta, N., Koivisto, M., Noreika, V., Vanni, S., and Revonsuo, A. (2012). Neuronavigated transcranial magnetic stimulation suggests that area V2 is necessary for visual awareness. J. Neuropsychol. 50, 1621–1627. doi: 10.1016/j.neuropsychologia.2012.03.015 

 Salminen-Vaparanta, N., Vanni, S., Noreika, V., Valiulis, V., Móró, L., and Revonsuo, A. (2014). Subjective characteristics of TMS-induced phosphenes originating in human V1 and V2. J. Cereb. Cortex. 24, 2751–2760. doi: 10.1093/cercor/bht131 

 Silvanto, J., Bona, S., and Cattaneo, Z. (2017). Initial activation state, stimulation intensity and timing of stimulation interact in producing behavioral effects of TMS. J. Neurosci. 363, 134–141. doi: 10.1016/j.neuroscience.2017.09.002 

 Silvanto, J., and Cattaneo, Z. (2021). Nonlinear interaction between stimulation intensity and initial brain state: evidence for the facilitatory/suppressive range model of online TMS effects. J. Neurosci. Lett. 742:135538. doi: 10.1016/j.neulet.2020.135538 

 Silvanto, J., and Muggleton, N. G. (2008). New light through old windows: moving beyond the "virtual lesion" approach to transcranial magnetic stimulation. J. Neuro-Oncol. 39, 549–552. doi: 10.1016/j.neuroimage.2007.09.008 

 Stacchi, L., and Caldara, R. (2022). Stimulus size modulates idiosyncratic neural face identity discrimination. J. Vis. 22:9. doi: 10.1167/jov.22.13.9 

 Tapia, E., and Beck, D. M. (2014). Probing feedforward and feedback contributions to awareness with visual masking and transcranial magnetic stimulation. J. Front. Psychol. 5:1173. doi: 10.3389/fpsyg.2014.01173 

 Thielscher, A., and Kammer, T. (2004). Electric field properties of two commercial figure-8 coils in TMS: calculation of focality and efficiency. J. Clin. Neurophysiol. 115, 1697–1708. doi: 10.1016/j.clinph.2004.02.019


 Van Doren, J., Langguth, B., and Schecklmann, M. (2015). TMS-related potentials and artifacts in combined TMS-EEG measurements: comparison of three different TMS devices. J. Neurophysiol. Clin. 45, 159–166. doi: 10.1016/j.neucli.2015.02.002 

 Vanni, S., Warnking, J., Dojat, M., Delon-Martin, C., Bullier, J., and Segebarth, C. (2004). Sequence of pattern onset responses in the human visual areas: an fMRI constrained VEP source analysis. J. Neuro-Oncol. 21, 801–817. doi: 10.1016/j.neuroimage.2003.10.047


 Wang, W., Zhou, T., Chen, L., and Huang, Y. (2022). A subcortical magnocellular pathway is responsible for the fast processing of topological properties of objects: a transcranial magnetic stimulation study. J. Hum Brain Mapp. 44, 1617–1628. doi: 10.1002/hbm.26162 


Copyright
 © 2024 Zhang, Song, Zhao, Jin, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-18-1351399-g006.jpg
-2

effect size

TMS Intensity (T)
‘Spearman r = - 0.4128; p < 0.0001

effect size

The eccentricity of the stimulus(°)

‘Spearman r = 0.1542; p < 0.05

effect size
~
h

J
. 2025

Publication year
Spearman r=-0.2215p < 0.01

effect size

effect size

2+

Visual angle of the stimulus (°)

‘Spearman r = 0.2856; p < 0.001

2]

-6

effect size

Sample size
Spearman r =0.0493; p = 04970

eight  circular
(164) (30)

P <0.0001





OPS/images/fnins-18-1351399-g005.jpg
24 2-
g0 g0 1
2 D -
H 3
3 H
5 24 5 2

44 TMS Intensity (T) 44 Visual angle of the stimulus (°)

Spearman r=- 02556, p < 00001 i
D

29 29
& 1 L0
I 6 I
g 3
% 5 24

. - .
4] The eccentricity of the stimulus(*) 4 " samplesize
Spearman 1= 0.0617; p = 0.3088 Spearman r=0.1495;p <001
F
24 eight circular
: @ Chow
00
®
=
i
@
g ‘E -0.5:
5 H
- £ .10
4 Publication year p<00001
‘Spearman r = - 0.0904; p = 0.1087
45

Magstim NexStim Medtronic MagVenture Cadwell
0.0m—a ) @) © 50,

effect






OPS/images/fnins-18-1351399-g008.jpg
0.0 0.4

0.1 0.2+
02+ 0.04
03 3 0.2
0.4 ' 0.4
0.5+ T T T 0.6 T T T 1
80 60 40 20 0 E! 60 40 20 0
SOA (n=50) SOA (n=36)
0.40- 2+
12me
035 H
£
030
Z
3 2]
0.25] g
=03
»<o0m

4 0 1 2
real effect

0.40- -~ 29
0.354 g
§ ]
030 3
K]
2
0.25+ 2
r=oara
p<oomn
b 1 ——T— 71—
50 75 100 125 150 2 o 1 2

Central time point(n =78) Actusl effect





OPS/images/fnins-18-1351399-g007.jpg
1
0
8
£
E -1
g
Al
3
0 50 00 150 300
TMS timing (ms)
1
0
8
51
&
m
2
3l
Jo 50 0 S0 10 150 200 250 300
TMS timing (ms)
2
1
0
8
5-1
g
2
3
i 5 L : ;
-100 -50 ] 50 100 150 200 250 300

TMS timing (ms)

50

30

30





OPS/images/fnins-18-1351399-g002.jpg
Hodgesy “
study (year) osC) waigh
1 N o ot o3 @017) 1918 052) 240
02 Francesca s ot . (2012) 13077, 051 240
050 (098.003) 292
019080, 023) 307
123(050, 159 233
01105, 039 296
‘a0 (091, 012) 282
‘a1 (052, 011 281
081 (4.06.0.16) 298
088 (418, 0.16) 284
11 Horry R ot . 2 2012) ‘039 (084, 006) 297
12 Mk Kotoso et ol o. . 2012) ‘027 (086, 012 312
007 (038, 051) 29
024 (095, 040) 229
“19(1.72.060) 276
16 Tatana Ak Emmanout ool 2. (2012) 14 (159,075 313
17 TomAG. ol 2011) 099 (159, 045) 273
16 Tom A do Gratt ol a 2011 ‘012(059, 034 295
19Tom A do Grat ot 5. Ex1. (2012) 1.46(1.96..095) 283
20Tom A do Graaatal.b. Exp2 2012) 051 (102, 001 281
21 Tony Ro ot (2009 108 (476,032) 227
226, Bockorsat . (1995) 036 (117, 046) 205
2R itson ot . (1999) 133 (241.020) 159
24 Erk Corthout ot . Exp. 1999) ‘0s7(172. 058) 143
25 6 Cohout ot . Exp2. 1999) 036 (1.0, 069) 160
] 083 (4.37,048) 300
023059, 010) 319
28 ionbo Wang ot ol (2022) ‘08132055 313
20 ko Humo ot .. Exg2. 2020) 100 (4.45.055) 297
00maA Loyool s, Exph, @013)  ————— B 342(508.176) 086
31 Oavid A Loyt . Exg2.2013) 281 (429.130) 102
32 20a otianeo ot . contl oxp (2009) 06503, 156) 166
33 Wi Kot ol . 2012) 087 (4.09,0.25) 305
34 Honry Ralo et b 014) ‘089 (45, 025) 247
35 Henny Raia st . 2012) 040005, 083) 303
36 Nina Simine-Vaparana ot . (2012) 057 (418, 005) 255
37 JUNASILVANTO e 1. (2017) ‘008 (048, 039) 309
28 JUHA SLVANTO oo Ex2. 2917) ’ ‘005 (044, 034 33
20 Hon Okerioms et 8. Exp. (2023) L ‘008403, 036) 178
Overal . -052(070,035) 10000
Heteogenay
- 0217, ochan's 0= 16447;1=38 (5 <00001 ) F = To4%
Tostof overaafct.-5.82:p < 00001
— i
2 N
Random-effects REML model
Hodgesty %
ik osw ot
[ ——— 0420035, 009) 5%
2 hrstomo dcobs ol b @012) 048100, 008) 597
3 st Jaconsat .. Exp1. 2014) orm0m 627
04 Chrstone Jcobs sl . Exs2. 2014) 0s(108,008) 608
05 ey Rosoatal 2 2012) on(m o st
08 ik Kotito ot oL . Exp. 2912) 015054, 020 655
07 ot Aot Emmarcu ot . Exp. (2013) —_— 248(ars 18 521
08 Tt Aot Emmaneui ot . Ex2. (2013) 616,108 652
TomAC. ol Qo1 az1s6,070) 565
10TomA.do Gratotl. . (2011) (om0 62
1 TomA.do Grattal. . Exp. 2012) 08(156,080) 616
12 Mk Koot b 2021) o208, 01) o2
13Dovi A Uopd el axpt 2013) e 2w 10 260
14 Dovi A Uoyd ot exp2 2015) 22sase.as)  2m
15 Mo Ko el ¢ 2910) ososn o 63
16 Honey Rako ot b @014) omeazam s
17 Nina Sk Vparana ot . 2012) 81802 sas
18 Hone Okcriomi ot . Exp1(2023) o9 (1on 009 319
085 (112.057) 10000

Testof oerafct .+ 604 p <00001

Random-effects REML model





OPS/images/fnins-18-1351399-g001.jpg
1983 records identified through
database searching.
PubMed: 1109
Web of Science: 874

27 records through the
references of previous review
articles.

1858 records excluded:
review/meta-analysis;

2010 records screened

non-TMS;
non-EVC.
120 studies excluded:
152 full-text articles assessed for non-healthy adults;
eligibility non-visual tasks;

no visual performance results;

no single-pulse TMS;

Incomplete data information;

lack of relevant experimental factors.

33 studies included in qualitative
‘meta-analysis

40 data points included in
quantitative meta-analysis






OPS/images/fnins-18-1351399-g004.jpg
01 Mikko Hurme et al. a

02 Francesca Perini etal.

03 Joan A. Camprodon et al

04 Vincenzo Romei et al

05 Arman Abrahamyan et al

06 Christopher P. G. Allen et al
07 Christianne Jacobs et al. a
08 Christianne Jacobs et al. b

09 Christianne Jacobs et al. ¢. Expl
10 Christianne Jacobs et al. ¢. Exp2.
11 Henry Railo et al. a

12 Mika Koivisto et al. a. Expl

13 Robin Laycock et al. Expl.

14 Robin Laycock et al. Exp2.

15 Tatiana Aloi Emmanouil et al. Expl.16
Tatiana Aloi Emmanouil et al. Exp2.
17 Tom AC. etal.
18 Tom A. de Graafetal. a

19 Tom A. de Graafetal. b. Expl
20 Tom A. de Graaf etal. b. Exp2.
21 Tony Ro etal

22 G. Beckers etal

23 J.R Hotson et al

24 Erik Corthout et al. Expl.

25 Erik Corthout et al. Exp2.

26 Mikko Hurme et al. b

27 Mika Koivisto et al. b

28 Wenbo Wang et al.

29 Mikko Hurme et al. c. Exp2.

30 David A. Lloyd et al. Expl.

31 David A. Lloyd et al. Exp2

32 Zaira Cattaneo et al. control exp.
33 Mika Koivisto et al. d

34 Henry Railo et al. b

35 Henry Railo et al. ¢

36 Niina Salminen-Vaparanta et al.
37 JUHA SILVANTO et al. Expl
38 JUHA SILVANTO et al. Exp2.
39 Henri Olkoniemi et al. Expl.

Meta-analysis estimates

| Lower CI Limit

O Estimate

(©)]

o%0a_0cC 00

©

| Upper I Limit

072 -0.70

1
035 -0.32





OPS/images/fnins-18-1351399-g003.jpg
ol o) 3

4

Funnel plot wilh peauda 23% confidance imity






OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

Meta-analysis of experimental
factors influencing single-pulse
TMS effects on the early visual
cortex








OPS/images/fnins-18-1351399-e028.jpg






OPS/images/fnins-18-1351399-e027.jpg







OPS/images/fnins-18-1351399-e029.jpg







OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






OPS/images/fnins-18-1351399-e024.jpg
ith





OPS/images/fnins-18-1351399-e023.jpg





OPS/images/fnins-18-1351399-e026.jpg





OPS/images/fnins-18-1351399-e025.jpg
Jih





OPS/images/fnins-18-1351399-e020.jpg
Jih





OPS/images/fnins-18-1351399-e022.jpg





OPS/images/fnins-18-1351399-e021.jpg
(L[S s o





OPS/images/fnins-18-1351399-e017.jpg
Il

o
;[;yj}s)





OPS/images/fnins-18-1351399-e016.jpg
Hedges' g = J x d (4)





OPS/images/fnins-18-1351399-e019.jpg





OPS/images/fnins-18-1351399-e018.jpg
m





OPS/images/fnins-18-1351399-e013.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Meta-analysis of experimental factors influencing single-pulse TMS effects on the early visual cortex



		1 Introduction



		2 Method



		2.1 Study selection



		2.2 Eligibility criteria



		2.3 Data extraction



		2.4 Computing the effect sizes



		2.5 Meta-analysis









		3 Results



		3.1 Meta-analysis of the spTMS effects



		3.2 Impact of the individual experimental factor on the spTMS effects



		3.3 Impact of the multiple experimental factors on the spTMS effects









		4 Discussion



		4.1 Stimulus onset asynchronies



		4.2 The interaction of TMS intensity, TMS stimulators and coil type



		4.3 The visual angle and eccentricity of the stimulus



		4.4 The differences between objective and subjective performance



		4.5 The impact of multiple experimental factors



		4.6 Limitations









		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fnins-18-1351399-e012.jpg
J=1-

i df ®





OPS/images/fnins-18-1351399-e015.jpg
o+ ny —2





OPS/images/fnins-18-1351399-e014.jpg
Swithin





OPS/images/fnins-18-1351399-e011.jpg





OPS/images/fnins-18-1351399-e010.jpg
S5





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fnins-18-1351399-e005.jpg
Swithin





OPS/images/fnins-18-1351399-e006.jpg





OPS/images/fnins-18-1351399-e003.jpg





OPS/images/fnins-18-1351399-t002.jpg
Predictor

50 to 150ms, objective performance (n=133)

SOA
tms_intensity

visual angle of the

stimulus
coil_type
SOAxvisual angle

tms_intensity x

coil_type

50 to 150ms, subjective performance (1=79)

SOA
tms_intensity

visual angle of the

stimulus
SOA xvisual angle

tms_intensity x

visual angle

01720

~05972

05420

-08243

~04167

0.8627

03336

0.0852

~20371

—00182

20537

00566

02208

01856

04261

0.1807

05263

00811

02581

08900

02199

07903

3.0406

~27049

29201

~1.9344

~23052

16391

41133

03300

22889

—0.0826

25986

0.0029

0.0078

0.0041

00553

00228

01037

p<0.001

07424

00250

09344

00113

05138

06611

0.2640

04370

02290

03990

R?

F(P)

7,55 (p <0.0001)

113 (p <0.0001)





OPS/images/fnins-18-1351399-e004.jpg





OPS/images/fnins-18-1351399-e009.jpg
S





OPS/images/fnins-18-1351399-e007.jpg





OPS/images/fnins-18-1351399-e008.jpg
)





OPS/images/fnins-18-1351399-e001.jpg





OPS/images/fnins-18-1351399-e002.jpg
Xi-X;
d="1"72y)
Swithin





OPS/images/fnins-18-1351399-t001.jpg
Study Measurement

01 (Hurme etal. 2017) Objective performance
02 (Perini etal., 2012) Objective performance
03 (Camprodon et al, 2010) Objective performance

04 (Romei et al,, 2007) Objective performance

05 (Abrahamyan et al., 2015 Objective performance

06 (Allen etal., 2014) Objective performance
07 (Jacobs et al., 2012) Objective performance Subjective performance
08 (Jacobs et al,, 2012b) Objective performance Subjective performance
09 (Jacobs et al., 2014) Objective performance Subjective performance
10 (Railo and Koivisto, 2012) Objective performance Subjective performance
11 (Koivisto et al,, 2012) Objective performance Subjective performance
12 (Laycock etal., 2007) Objective performance
13 (Emmanouil etal,, 2013) Objective performance Subjective performance
14 (De Graaf et al., 2011a) Objective performance Subjective performance
15 (De Graaf et al,, 2011b) Objective performance Subjective performance
16 (De Graaf etal,, 2012) Objective performance Subjective performance
17 (Ro et al, 2003) Objective performance
18 (Beckers and Zeki, 1995) Objective performance
19 (Hotson and Anand, 1999) Objective performance
20 (Corthout et al, 1999b) Objective performance
21 (Hurme etal., 2019) Objective performance
22 (Koivisto et al, 2021) Objective performance Subjective performance
23 (Wang etal,, 2022) Objective performance
24 (Hurme etal,, 2020) Objective performance
25 (Lloyd etal., 2013) Objective performance Subjective performance
26 (Cattaneo et al., 2009) Objective performance
27 (Koivisto etal., 2010) Subjective performance
28 (Koivisto and Silvanto, 2012) Objective performance
29 (Railo et al,, 2014) Objective performance Subjective performance
30 (Railo etal,, 2012) Objective performance
31 (Salminen-Vaparanta et al., 2012) Objective performance Subjective performance
32 (Silvanto et al., 2017) Objective performance

33 (Olkoniemi etal,, 2023) Objective performance Subjective performance





OPS/images/fnins-18-1351399-g009.jpg
B
1.0 p<0.0001
& 0.8
@ 2
[}
) c
‘_E H 0.6
c
2 w04
L =
e
0.2
Magstim  NexStim  Medtronic MagVenture Cadwell 0.0
@9) (65) @0 (60) (80) eight circular
) cio8)
c D
100 bl
g
80 E 1
o s
~ 3 i
® 60 . 2 6
o e circular £
= m— eight 5
£ 40 °
L 2
20 = 3 s
§ 4 The eccentricity of the stimulus(®)

o Spearman r =-0.4104; p < 0.0001

S & &
e@“‘é QP{? ﬁ;@o& 006‘9

%





