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Transcranial Magnetic Stimulation Over the Right Posterior Superior Temporal Sulcus Promotes the Feature Discrimination Processing
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Attention is the dynamic process of allocating limited resources to the information that is most relevant to our goals. Accumulating studies have demonstrated the crucial role of frontal and parietal areas in attention. However, the effect of posterior superior temporal sulcus (pSTS) in attention is still unclear. To address this question, in this study, we measured transcranial magnetic stimulation (TMS)-induced event-related potentials (ERPs) to determine the extent of involvement of the right pSTS in attentional processing. We hypothesized that TMS would enhance the activation of the right pSTS during feature discrimination processing. We recruited 21 healthy subjects who performed the dual-feature delayed matching task while undergoing single-pulse sham or real TMS to the right pSTS 300 ms before the second stimulus onset. The results showed that the response time was reduced by real TMS of the pSTS as compared to sham stimulation. N270 amplitude was reduced during conflict processing, and the time-varying network analysis revealed increased connectivity between the frontal lobe and temporo-parietal and occipital regions. Thus, single-pulse TMS of the right pSTS enhances feature discrimination processing and task performance by reducing N270 amplitude and increasing connections between the frontal pole and temporo-parietal and occipital regions. These findings provide evidence that the right pSTS facilitates feature discrimination by accelerating the formation of a dynamic network.

Keywords: transcranial magnetic stimulation, posterior superior temporal sulcus, dual-feature matching task, event-related potentials, electroencephalography


INTRODUCTION

Attention is the key cognitive function that selects currently relevant pieces of information at the expense of irrelevant ones, thereby facilitating the selection of features (Moore and Zirnsak, 2017). Classical studies of attention have identified that different attentional processing methods are carried out by two distinct attention systems: a dorsal system comprising the intraparietal sulcus and frontal eye fields, which are involved in top-down attention control, and a ventral feature-based system comprising the temporo-parietal junction for unexpected stimuli (Katsuki and Constantinidis, 2014; Majerus et al., 2018).

It is widely accepted that frontal and parietal cortices are the main brain areas related to attention control (Moore and Zirnsak, 2017), but recent evidence suggests that temporal cortex is also involved in the modulation of motion and color discrimination (Bogadhi et al., 2018; Stemmann and Freiwald, 2019) and is a critical structure in the cortical control of covert selective attention (Bogadhi et al., 2019). The posterior superior temporal sulcus (pSTS), as an essential part of temporal cortex, is thought to be involved in multiple neural processes (Hein and Knight, 2008; Beauchamp, 2011). Thus, clarifying the role of the pSTS in feature discrimination can provide a novel insight into the attention control system.

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method used to alter brain activity (Barker and Jalinous, 1985; Hallett, 2007). The TMS-induced spread of synchronized neural activity in the target area to connected brain regions can be observed by functional brain recording techniques (Siebner et al., 2009). Electroencephalography (EEG) has been increasingly employed in recent years to measure the cortical responses evoked by focal TMS at high temporal resolution (Bergmann et al., 2016). Combining TMS with EEG (TMS–EEG) enables the measurement of brain-wide cortical responses to TMS (Ilmoniemi and Kicic, 2010) and has permitted studies to examine the brain states and the dynamics across the cortical areas with excellent temporal resolution (Pellicciari et al., 2017). In addition, TMS–EEG provides precise information on the spatiotemporal order of activation of cortical areas, which can reveal causal interactions within functional brain networks (Rogasch and Fitzgerald, 2013).

Event-related potentials (ERPs) reflect brain functioning at a high temporal resolution (Luck, 2014). P100 (P1) and N150 (N1) are associated with early visual perceptual processing (Taylor, 2002; Luck, 2014), while P300 (P3) is related to information recognition and inhibition processing (Polich, 1998). N270 is a negative ERP component with a peak latency of around 270 ms that is elicited by conflicting modalities [e.g., visual and auditory (Wang et al., 2002), color and shape (Wang et al., 2004) and position mismatch (Yang and Wang, 2002)]. N270 amplitude is modulated by attention (Mao and Wang, 2008; Zhang et al., 2013). Thus, N270 is generally regarded as an electrophysiological marker of attention (Wang et al., 2001; Scannella et al., 2016). The dual-feature delayed matching task is associated with conflict processing (Wang et al., 2003; Zhang et al., 2003). Previous studies have revealed that conflict processing is modulated by attention (Carter et al., 2000), so we could use the task to explore the attentional modulation of pSTS to the conflict processing.

In this study, we used a single-pulse TMS–EEG procedure combined with a dual-feature delayed matching task to explore the role of the right pSTS in feature discrimination. We hypothesized that TMS applied over the right pSTS would modulate the brain dynamic network and facilitate the processing of the color-shape feature discrimination.



MATERIALS AND METHODS


Participants

We recruited 21 healthy right-handed subjects [11 females; mean age (±SD): 24.2 ± 1.9 years] for the study. All subjects had a normal or corrected-to-normal vision with no color blindness and no history of any major diseases or neurological or mental disorders. Written informed consent was obtained from all participants, and the experiment was approved by the Ethics Committee of the Xuanwu Hospital, Capital Medical University.



Experimental Procedures

All of the participants underwent a MRI scan and TMS. T1-weighted anatomic MRI was performed using a 3T MRI scanner (Siemens Medical Solutions, Erlangen, Germany) before the TMS to identify the target site for stimulation. Each participant completed two TMS sessions on 2 different days (for sham and real TMS sessions). Each TMS session comprised of four blocks, namely, two color and two shape task blocks; and each block consisted of 80 trials and lasted approximately 8 min.

During the two TMS sessions, participants sat on a comfortable chair in a dimly lit and quiet room with their gaze fixated on the computer monitor, completing both color and shape tasks in each TMS session. The order of tasks and TMS sessions was counterbalanced across subjects.

The resting motor threshold (RMT) of each participant was measured before the start of each session with an EEG cap. The RMT was defined as the lowest stimulus intensity that induced at least five motor evoked potentials of 50 μV over ten consecutive pulses in the first dorsal interosseous muscle.



Experimental Task

Each participant performed a dual-feature delayed matching task (Wang et al., 2004; Figure 1). A stimulus presentation system (STIM; Neurosoft Labs, Charlotte, NC, the United States) was used to present each target in the task, which was defined by the combination of a specific color (red, green, yellow, or white) and shape (pentagon, ellipse, triangle, hexagon, octagon, arrow, cross, circular, pentagram, or rhombus).


[image: Figure 1]
FIGURE 1. Dual-feature delayed matching task. (A) TMS-targeted areas of the right pSTS in one subject. The TMS coil orientation was determined based on the anatomical MRI scan. (B) For each trial, two presentations of the first (S1) and second (S2) stimuli were separated by 500 ms, during which a sham or real TMS pulse was applied over the right pSTS 300 ms before the onset of S2 presentation. At the end of the trial, the subject pressed the left or the right button of a mouse to judge whether the color of S2 was identical to that of S1while ignoring the shape of the stimulus in the color task, or whether the shape of S2 was identical to that of S1 while ignoring the color of the stimulus in the shape task.


Each trial began with a central fixation point presented for 2,000 ms. The first (S1) and second (S2) stimuli were presented for 500 ms each with an interstimulus interval of 500 ms. A single sham or real TMS pulse was delivered 300 ms before the onset of S2 in each trial. The interval between the end of the previous S2 and the onset of the next S1 was 5 s. Stimuli were presented in the center of the screen on a black background. There were four types of stimulus pair: C–S– [same color, same shape (match)]; C + S– [different color, same shape (task-relevant mismatch in color task)]; C–S + [same color, different shape (task-irrelevant mismatch in color task)]; and C + S+ [different color, different shape (conjunction mismatch)]. The four types of stimulus pairs were randomly presented in sequence, and each type had the same probability.

The color task (selective attention to color, Ac) required participants to judge whether the color of S2 was identical to that of S1 while ignoring their shape. The shape task (selective attention to shape, As) required participants to discriminate whether S1 and S2 had identical shapes while ignoring their color. Upon the presentation of S2, participants were required to press the left or right button of a mouse with their left or right thumb to indicate their response as quickly and accurately as possible. The response hand was counterbalanced in each subject.



TMS Site Localization

The TMS target sites in the right pSTS were individually identified using T1-weighted anatomic MRI image of the participants with Brainsight frameless stereotactic neuronavigation system (SofTaxic Navigator System, EMS Italy). For each participant, the right pSTS area was localized using anatomical features: the inflection point in the pSTS where it angles upward toward the parietal lobe (Beauchamp et al., 2008). We manually selected the inflection as the location of pSTS on the structural MRI image of an individual. A near-IR navigation system was used to track the position of the stimulation coil to identify the right pSTS in the head of the participant.



TMS–EEG

Single-pulse TMS was delivered to the right pSTS using a monophasic Magstim stimulator (Magstim Company Ltd., London, the United Kingdom) with a figure-of-eight coil (outer winding diameter of 70 mm). The stimulation intensity was applied at 90% of the RMT. In the sham TMS condition, the intensity was the same but the surface of the coil was perpendicular to the head of the subject.

Continuous EEG recording from 21 scalp electrodes in an elastic cap that were positioned according to the international 10–20 system (Greentek Ltd, Wuhan, China) was performed with a magnetic field-compatible EEG amplifier (Yunshen, Beijing, China). The apex nasi was used as a reference. Skin impedance was maintained below 5 kΩ. The signal was digitized at a sampling rate of 1,024 Hz. Earplugs with white noise were used at all times by the participants to attenuate the sound of TMS.



Data Analysis
 
Behavioral Data Analysis

Behavioral data were extracted from the perceptual reports. Trials with incorrect responses or a reaction time (RT) <200 or >1,500 ms were excluded from the analysis. The results from the two tasks were averaged across the 21 participants. The correct rate and mean RT data were subjected to repeated-measures analysis of variance (ANOVA) with condition (real/sham), task (color/shape), and type (match/task-relevant/task-irrelevant/conjunction mismatch) as within-subject factors.



ERP Data Analysis

The EEG data were analyzed with MATLAB vR2015b (MathWorks, Natick, MA, the United States) using customized scripts and EEGLAB Toolbox (Delorme and Makeig, 2004). The preprocessing consisted of two rounds of independent component analysis (ICA) (Hyvärinen and Oja, 2000): the first to remove the components containing large-amplitude TMS-induced artifacts and the second to remove any remaining artifacts (e.g., blinking). TMS-induced artifacts were removed by discarding the signal for 60 ms after each pulse. The EEG epochs were extracted using a time window of 2,000 ms (1,000 ms before and 1,000 ms after TMS) and baseline-corrected to the 200 ms before the first visual stimulus onset.

The amplitude of P1, N1, N270, and P3 was measured from the averaged waveforms at notable electrodes. By the visual inspection of the ERPs, the mean amplitudes of P1 (60–110 ms), N1 (112–200 ms), N270 (220–320 ms), and P3 (322–500 ms) in corresponding notable electrodes were analyzed. Electrophysiological parameters were analyzed by means of a four-way ANOVA with conditions and task, type, and electrode sites as factors. The Greenhouse–Geisser epsilon correction for non-sphericity was applied where appropriate. Post-hoc paired t-tests were passed through Bonferroni correction for multiple comparisons.



Time-Varying Network Analysis

EEG data analysis was divided into preprocessing and time-varying network analysis. The latter required several segmentations to enable the construction of a reliable network that captured the brain architectures and networks. In this study, we used TMS disturbances as stimulus labels. For each labeled disturbance event, the time point corresponding to the peak of the label was set as time 0; data corresponding to 0.5 s before and 1 s after time 0 were extracted (total segment length = 1.5 s).

To reduce the calculation load in the time-varying network analysis, eight times downsampling was applied to obtain a sampling frequency of 32 Hz. The time-varying network was calculated by the adaptive directed transfer function (ADTF) method and a time-varying multivariate adaptive autoregressive (tv-MVAAR) model (Zhang et al., 2017) to observe dynamic information processing during TMS disturbance. The two-sample t-test was used to compare time-varying networks under the sham and real TMS conditions, and false discovery rate correction was applied for multiple comparisons. P < 0.05 were regarded as statistically significant.



Time-Varying Multivariate Adaptive Autoregressive Model

For each artifact-free segment, the tv-MVAAR model is defined as
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where X(t) represents the data vector of EEG signal and E(t) represents the multivariate independent white noise. A(i,t) represents the matrix of tv-MVAAR model coefficients, which is estimated by the Kalman filter algorithm. p represents the order of the model that is automatically determined by the Akaike Information Criterion (AIC) within the range of 2–20 as,

[image: image]

where M is the number of the electrodes, p is the optimal order of the model, N represents the number of the time points of each time series, and χ represents the corresponding covariance matrix.



Adaptive Directed Transfer Function

Parameters A(f,t) and H(f,t) in the frequency domain are defined as follows:
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where Ak is the matrix of the tv-MVAAR model coefficients, and X(f,t) and E(f,t) are the Fourier transformations of X(t) and E(t) in the frequency domain, respectively.

Moreover, the normalized ADTF describing the directed flow from the jth to the ith node is defined in Equation (6), and the final integrated ADTF is defined in Equation (7) within the frequency band of interest (i.e., 0.5–14.5 Hz in this work) as follows:

[image: image]

[image: image]

The normalized total information outflow of the jth node is further estimated in Equation (8) as:
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where n is the total number of nodes. When each node (n) has been calculated for each sample time point (t), a directional edge (i to j) can be displayed. From Equation 8, we can derive an outflow that denotes the time-varying of each node across different time points.





RESULTS


Behavior Data

The correct rate and mean RTs in the dual-feature delayed matching task are shown in Table 1. The 2 × 2 × 4 ANOVA of RTs revealed the main effects of condition [F(1, 20) = 26.87, P < 0.001] and stimulus type [F(3, 60) = 15.47, P < 0.001]. A post-hoc analysis showed that RT was significantly shorter in the real TMS condition than in the sham TMS condition with all types (Ps < 0.05). In both conditions, RTs were significantly longer for task-relevant and conjunction mismatch types than for the match type in each task (P < 0.05). The overall correct response rates for each type and task did not differ between the two conditions (P > 0.05).


Table 1. Mean reaction time and correct rate in two conditions for each task and type.
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ERP data
 
Grand-Averaged ERP Waveforms

Grand-averaged ERP waveforms difference between the real and sham conditions for the four types in each task are shown in Figures 2, 3. The ERPs with the four types consisted of P1 and N1 components at the posterior scalp and the P3 component over the whole scalp. The amplitude of P1 in the real TMS condition was increased than that in the sham TMS condition, while the amplitude of N270 was reduced in mismatch types. Visual inspection of the grand-averaged data showed mean amplitudes measured at 60–110 ms for P1, 112–200 ms for N1, 220–320 ms for N270, and 322–500 ms for P3. The components were similar in the sham and real TMS conditions.


[image: Figure 2]
FIGURE 2. The grand-averaged ERPs and topographies of each type and condition in color task. The ERPs showed difference between the sham and real TMS condition [upper of (A–D)]. The amplitude of P1 in real TMS condition was increased than that in sham TMS condition, while the amplitude of N270 was reduced in mismatch types. The topographies [bottom of (A–D)] showed that P1 at posterior scalp areas in real TMS condition was more positive than sham one. Vertical lines indicated the TMS, S1, and S2 stimulus onset. Horizontal solid line indicates the time after the onset of S2 with statistical significance between the two conditions. The purple-shaded areas indicate the time window (60–110 ms) in which the P100 was measured, the blue-shaded areas indicate the time window (112–200 ms) in which the N150 was measured, the gray-shaded areas indicate the time window (220–320 ms) in which the N270 was measured, and the orange-shaded areas indicate the time window (322–500 ms) in which the P3000 was measured.



[image: Figure 3]
FIGURE 3. The grand-averaged ERPs and topographies of each type and condition in shape task. The ERPs showed difference between the sham and real TMS condition [upper of (A–D)]. The amplitude of P1 in real TMS condition was increased than that in sham TMS condition, while the amplitude of N270 was reduced in mismatch types. The topographies [bottom of (A–D)] showed that P1 at posterior scalp areas in real TMS condition was more positive than in sham one. Vertical lines indicated the TMS, S1, and S2 stimulus onset. Horizontal solid line indicates the time after the onset of S2 with statistical significance between the two conditions. The purple-shaded areas indicate the time window (60–110 ms) in which the P100 was measured, the blue-shaded areas indicate the time window (112–200 ms) in which the N150 was measured, the gray-shaded areas indicate the time window (220–320 ms) in which the N270 was measured, and the orange-shaded areas indicate the time window (322–500 ms) in which the P3000 was measured.




P1 Component

In the time window between 60 and 110 ms, after the onset of S2, the condition showed a main effect on the amplitude [F(1, 20) = 10.32, P = 0.004] as well as interaction with electrode area [F(3, 60) = 10.08, P < 0.001). The pairwise comparisons indicated that the amplitude at electrode P4 was more positive in the real TMS condition than in the sham condition (P < 0.05; Table 2).


Table 2. Mean amplitude with all stimulus types for each task and condition in different time windows.
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N1 Component

In the time window between 112 and 200 ms after the onset of S2, the stimulus type showed main effects on the amplitude [F(3, 60) = 4.63, P = 0.006]. Type also showed an interaction with electrode area [F(9, 180) = 3.78, P < 0.001]. The post-hoc analysis showed that the conjunction type was more positive than match and irrelevant types at electrode P4 (P < 0.05). However, no significant difference of the amplitude between the real and sham TMS conditions was found [F(1, 20) = 3.25, P = 0.087; Table 2).



N270 Component

In the time window between 220 and 320 ms, ANOVA revealed the significant main effects of condition [F(1, 20) = 20.40, P < 0.001] and type [F(1.35, 27.05) = 11.02, P = 0.001] on the amplitude. Type showed an interaction with electrode [F(5.27, 105.30) = 2.92, P = 0.015]. The post-hoc analysis showed that the amplitude of the mismatch types was more negative than that of the match type at electrodes C3 and C4 (P < 0.05).

Condition also showed an interaction with type [F(1.50, 29.96) = 4.85, P = 0.023]. The pairwise comparisons revealed that amplitude was significantly more positive in the real TMS condition than in the sham TMS condition with all three mismatch types in each task (all Ps < 0.05). However, in the match type, there was no significant difference in amplitude between the sham and real TMS conditions (Table 2).



P3 Component

In the time window between 322 and 500 ms, the mean amplitude of P300 did not differ between the sham and real TMS conditions [F(1, 20) = 0.16, P = 0.693]. The TMS condition did not interact with task [F(1, 20) = 0.24, P = 0.629], type [F(3, 60) = 0.74, P = 0.533], or electrode [F(1.66, 33.25) = 1.41, P = 0.257; Table 2].



Topography

Viewing the topography of the two conditions, it showed that the amplitude of P1 at different scalp areas in the real TMS condition was more positive than that in the sham TMS condition in both tasks. The N1, N270, and P3 distributions have showed no distinct differences between the sham and real TMS conditions in both tasks (Figures 2, 3).




Time-Varying Network

Changes in the time-varying network differed significantly between sham and real TMS conditions (Figure 4). TMS of the right pSTS induced changes in the time-varying networks of different types. The increased and decreased connections by real TMS appeared at the timing of TMS and are maintained throughout S2 presentation. Here, we focused on the conflict processing stage, which was around 270 ms after the presentation of S2.
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FIGURE 4. The time-varying network changes between sham and real TMS in color and shape task. (A,B) Increased network connections between sham and real TMS condition. (A) The connections between the bilateral frontal pole and temporo-occipital region were significantly increased in the color task. (B) The connections between the bilateral frontal pole and temporo-occipital, parietal region were significantly increased in the shape task. (C,D) Decreased network connections between sham and real TMS condition. (C) The connections between the bilateral frontal region and temporo-parietal region, central region were significantly reduced in the color task. (D) The information outflows in the frontal and mid-line region were significantly reduced. Red and green lines indicate the increased connection and decreased connection, respectively. Arrows indicate the direction of information flow.


In the color task, the connections between the bilateral frontal poles and the temporo-occipital region were significantly increased with each type compared to the sham TMS condition (Figure 4A). Meanwhile, the connections between the bilateral frontal regions and the temporo-parietal region, central regions, were decreased in each type (Figure 4B).

In the shape task, the connections between the bilateral frontal poles and the temporo-occipital region, parietal regions, were increased in each type (Figure 4C). Meanwhile, compared to the sham TMS condition, the information outflows in the frontal and midline region were significantly reduced in the real TMS condition (Figure 4D).




DISCUSSION

The results of this study demonstrate that, in addition to the frontal and parietal cortices, the pSTS makes a significant contribution to attentional processing in humans. Furthermore, we found that single-pulse TMS of the pSTS facilitates feature discrimination, possibly by promoting the formation of a dynamic attention network.


Behavior Performance

In this experiment, the better performance in RTs was not at the cost of correct response in the real TMS condition. Previous studies have reported that behavioral changes were facilitated or inhibited by TMS, depending on the stimulated region or parameters (Shapiro et al., 2001; Cappa et al., 2002).

The results of this study demonstrate that single-pulse TMS of the pSTS facilitated task performance, as the temporal areas have been claimed to be associated with perceptual discrimination (Lambert and Wootton, 2017). The positive outcome on behavior may result from the excitatory effects of TMS on neurons in the pSTS stimulated area (Pascual-Leone et al., 2000). However, Sack and Linden showed that TMS-induced changes in behavior may be ascribed not only to the stimulated area but also to the network of areas connected to the stimulated site (Sack and Linden, 2003). Thus, the greater performance may also probably result from the facilitation of intracortical networks associated with feature discrimination. The overall correct response rates for each type and task in two conditions were over 98%. It is noteworthy that although the RT showed the difference between sham and real TMS, the correct rate did not show a significant difference, which may be due to a ceiling effect.



P1 and N1

P1 and N1 are the earliest components linked to visual perceptual processing. N1 is related to the orientation of attention to relevant stimuli, and the P1 component reflects the early sensory processing of stimulus present to a specific location (Luck et al., 1990; Lin et al., 2019). Previous studies have shown that P1 amplitude enhancement is linked to the attention-related sensory gain control in the early stage of visual processing (Hillyard et al., 1998; Finnigan et al., 2011). The temporal cortex was claimed to be involved in the early stages of feature processing and perceptual discrimination (Lambert and Wootton, 2017). In the present study, P1 amplitude was more positive in the real TMS condition, suggesting the pSTS-TMS facilitates the early stage of feature discrimination, which may result from enhanced sensory gain control through the activation of pSTS.



N270

N270 amplitude was reduced in the real TMS condition with all mismatch types, while no difference was observed with the match type. This is similar to the previous finding that the pSTS showed greater activation in response to incongruent vs. congruent stimulus pairs and bimodal vs. unimodal conflict (Hocking and Price, 2008). The pSTS plays an important role in conflicts related to face and orientation processing (Eacott et al., 1993), and the results show that pSTS is also involved in color and shape discrimination, as TMS of this brain area facilitated the processing of mismatched stimulus features to a greater extent than that of matched features.

It is well-established that the capacity for processing information is limited. Smaller N270 amplitude reflects reduced neuronal activities and less effort in conflict processing (Wang et al., 2001; Scannella et al., 2016). More attention is required to process conflicting or mismatched information as compared to matched information. The efficient and effective allocation of attentional resources during conflict processing is important for achieving optimal performance (Kramer et al., 1983). In the present study, TMS of the pSTS decreased the amplitude of N270 and shortened RTs, suggesting that less cognitive effort was needed for correct responses with pSTS-TMS. Thus, TMS of the pSTS preferentially enhanced the processing of conflicting over matched information by increasing the availability and efficiency of neurons involved in feature discrimination.



P3

The P3 component is elicited by cognitive tasks that engage attention after an unexpected stimulus (Polich, 1998). P3 amplitude reflects the mental representations of sensory stimuli at the final stage of information processing. In the present study, there was no difference in P3 amplitude between the sham and real TMS conditions, indicating that the pSTS is not involved in the late stage of visual information processing.



Time-Varying Network

In the present study, a comparison of the time-varying network changes between the sham and real TMS conditions revealed that TMS of the right pSTS enhanced information flow in the frontal pole, especially with mismatched stimuli.

Previous studies revealed that the frontal pole was associated with cognitive functions such as selective attention (Burgess et al., 2007) and multitasking (Gilbert et al., 2006). The frontal pole cortex is presumed to play a role in tracking and evaluating competing stimuli and is coactivated with the default mode network (Euston et al., 2012). A previous study also showed that patients with right frontal–temporal lobe brain damage have difficulty in performing visual searches due to deficits in feature-based control (Kumada and Hayashi, 2006).

The results of this study suggest that the frontal pole plays a key role in feature discrimination. TMS of the right pSTS activated bilateral frontal poles and enhanced their connectivity with other brain regions, especially the temporo-parietal and occipital regions. This confirms that TMS can modulate neuronal activity beyond the site of stimulation, impacting a distributed network of brain areas (Ferreri et al., 2011). The information flow and formation of a dynamic attention network with the frontal pole as the core were essential for color and shape discrimination, with the pSTS facilitating attentional processing by increasing information flow in the frontal pole.




LIMITATIONS

The present study had some limitations. First, the experimental conditions were relatively limited in terms of target regions (e.g., vertex or motor cortex) and stimulation conditions. Second, as is common in TMS–EEG studies, the TMS pulse caused a high-amplitude artifact in the EEG signals that lasted 200 ms, which was beyond the scope of our analysis. However, we performed ICA and discarded the signal for 60 ms after each pulse to remove these artifacts. Nonetheless, future studies should address these limitations.



CONCLUSION

In the present study, we investigated the effects of single-pulse TMS over the right pSTS in the dual-feature delayed matching task. We found that the right pSTS activation improved task performance, especially with mismatched types, and reduced N270 amplitude. The results of the time-varying network analysis revealed that pSTS-TMS altered the dynamic attention network by increasing the connectivity between bilateral frontal poles and the temporo-parieto-occipital regions. These findings provide evidence that the pSTS plays an important role in the feature discrimination aspect of attentional processing.
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