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The mirror neuron system (MNS), mainly including the premotor cortex (PMC), inferior frontal gyrus (IFG), superior parietal lobule (SPL), and rostral inferior parietal lobule (IPL), has attracted extensive attention as a possible neural mechanism of social interaction. Owing to high ecological validity, functional near-infrared spectroscopy (fNIRS) has become an ideal approach for exploring the MNS. Unfortunately, for the feasibility of fNIRS to detect the MNS, none of the four dominant regions were found in previous studies, implying a very limited capacity of fNIRS to investigate the MNS. Here, we adopted an experimental paradigm in a real-life situation to evaluate whether the MNS activity, including four dominant regions, can be detected by using fNIRS. Specifically, 30 right-handed subjects were asked to complete a table-setting task that included action execution and action observation. A double density probe configuration covered the four regions of the MNS in the left hemisphere. We used a traditional channel-based group analysis and also a ROI-based group analysis to find which regions are activated during both action execution and action observation. The results showed that the IFG, adjacent PMC, SPL, and IPL were involved in both conditions, indicating the feasibility of fNIRS to detect the MNS. Our findings provide a foundation for future research to explore the functional role of the MNS in social interaction and various disorders using fNIRS.
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INTRODUCTION

Humans are highly social animals and social interaction is ubiquitous and essential for our survival (Oberman et al., 2006; Sänger et al., 2011; Babiloni and Astolfi, 2014). Understanding the complex social interaction process and its neural basis is the continual focus of social cognitive neuroscience.

Rizzolatti et al. (1996a) first discovered mirror neurons, which fire during both action execution and observation of a similar action, in the macaque monkey (Di Pellegrino et al., 1992; Gallese et al., 1996). Subsequently, electrophysiological and brain imaging studies have demonstrated a similar mirror neuron system (MNS) in humans (Fadiga et al., 1995; Grafton et al., 1996; Rizzolatti et al., 1996b; Cochin et al., 1999). The discovery of the MNS provides a possibility for explaining various social behaviors, such as imitation and intention understanding (Iacoboni et al., 1999, 2005).

Mirror neurons were originally discovered in area F5 of the monkey premotor cortex and subsequently in the rostral sector of the inferior parietal lobule (IPL) (PF/PFG) (Gallese et al., 1996; Rizzolatti et al., 1996a; Rizzolatti and Craighero, 2004; Fogassi et al., 2005). Previous studies have noted the human homolog of area F5 contains the premotor cortex [PMC: Brodmann area (BA) 6] and the inferior frontal gyrus (IFG: BA44/45), and the most likely PF/PFG in humans is located in the rostral part of the IPL (BA40) (Buccino et al., 2001; Rizzolatti and Craighero, 2004; Filimon et al., 2007; Kilner et al., 2009). In addition to being observed in homologous regions in monkeys, the superior parietal lobule (SPL: BA7) was observed in early studies of humans (Parsons et al., 1995; Buccino et al., 2001; Filimon et al., 2007; Gazzola and Keysers, 2009; Molenberghs et al., 2010). The areas mentioned above are the most reported areas in human MNS studies. Molenberghs et al. (2012) reviewed 125 fMRI studies of the MNS and concluded that BA40, followed by BA6, BA7, BA44, and BA45, was the areas reported by the largest number of studies. Accordingly, the PMC (BA6), IFG (BA44/45), SPL (BA7), and rostral IPL (BA40) are considered the dominant components of the MNS in humans (Buccino et al., 2001; Pokorny et al., 2015). Moreover, an increasing number of neuroimaging studies have suggested that these four regions play an irreplaceable role in the process of social interaction. For example, Iacoboni et al. (1999) found that the IFG and SPL were activated when subjects imitated a finger movement, suggesting that these two regions of the MNS may have an effect on human imitation. Studies have also shown that the PMC is involved in understanding the intention of others (Ciaramidaro et al., 2014) and that the rostral IPL is related to joint action (Egetemeir et al., 2011).

Functional near-infrared spectroscopy (fNIRS) is a promising, non-invasive neuroimaging approach. It is portable, cost-effective, highly flexible, and robust against head and body motions (Cui et al., 2012; Nozawa et al., 2016). This approach also represents a good compromise between temporal and spatial resolution. Compared to fMRI, fNIRS is more appropriate for exploring a wider range of experimental paradigms, especially in more naturalistic environments (Cui et al., 2012; Brucker et al., 2015; Pinti et al., 2015), and to date, a number of successful samples have been reported. For instance, Hirsch et al. (2017) established a natural interactive condition and used fNIRS to measure the brain activity of two people at the same time to explore the neural effects of eye-to-eye contact. In another study, fNIRS was applied to simultaneously record the neural signals in pairs of subjects while they played poker against each other, and the results revealed the neural mechanism of face-to-face competitive behaviors (Piva et al., 2017). Additionally, a study simultaneously scanned the neural activity of nine participants using fNIRS to investigate the neural basis of group cooperative behavior (Duan et al., 2015). Because of its high ecological validity, fNIRS has become a potentially ideal tool for exploring the MNS, which correlates with social interaction.

Considering the limited spatial coverage and spatial resolution, as well as the limited deep imaging capacity (Vanderwert and Nelson, 2014; Xiao et al., 2017), it is fundamental and indispensable to investigate the feasibility of fNIRS to detect the MNS. However, few studies have examined the feasibility. Based on the original definition of the MNS, Koehler et al. (2012) first used fNIRS to observe the activity of the MNS with a complex, everyday task. This study provided preliminary evidence for the feasibility of fNIRS to investigate the MNS (Koehler et al., 2012). However, in Koehler’s work, only posterior part of the IPL (angular gyrus) was determined to be involved in both action execution and observation. None of the four regions which were most reported in previous studies were found, which implies that fNIRS has a very limited capacity to investigate the MNS.

The purpose of our study is to investigate whether the MNS activity, including four dominant regions (the PMC, IFG, SPL, and rostral IPL), can be detected by using fNIRS. Based on the original definition of the MNS, the logic is to demonstrate that these regions are activated during both action execution and action observation. In the present study, we revised Koehler’s task and probe configuration to make it optimal for fNIRS to detect the MNS. Adopting the modified task and probe configuration, we proved the feasibility of fNIRS to investigate the MNS, using a traditional channel-based group analysis and also a ROI-based group analysis. In addition, a previous study found that neural synchronization was different between opposite gender dyads and same gender dyads in a social task (Cheng et al., 2015), and in everyday life, gender effect also exists. So, we explored whether this effect would exist in our study.

MATERIALS AND METHODS

Subjects

We recruited 30 healthy volunteers (15 males and 15 females, mean age = 23 years, age range = 18–27 years) to participate in this study. All participants were right-handed according to the Edinburgh Handedness Questionnaire (Oldfield, 1971) and had normal or corrected-to-normal vision. No participants reported suffering from neurological or psychiatric disorders, and all the participants provided written informed consent before the experiment. This study was approved by the ethics committee of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.

Experimental Design

We adopted a table-setting task. The subject and the experimenter (actress) sat face to face at a table. They each had two placemats, one on their right-hand side and the other in front of them (center of the table). Each one also had a set of tableware consisting of five objects: a plate, a fork, a knife, a soup spoon, and a dessert spoon. The original positions of the tableware items were on their right-hand side. A monitor placed at a 45° angle in front of the subject presented cues.

Based on the original definition of the MNS, each subject was asked to complete two experimental conditions: an action execution and an action observation. In the execution condition, the subjects had to move the five tableware items to their designated positions with their right hand in 15 s. In Block 1, each subject moved five tableware items from the placemat on the right of the subject to another placemat in front of the subject, and in Block 2, each subject returned the tableware items to their original positions. Block 3 was the same as Block 1 and Block 4 was the same as Block 2. The order of placement was fixed: plate, fork, knife, soup spoon, and dessert spoon. The subjects were told to imagine as preparing a meal in daily life and to execute every action at a normal, natural speed. The only difference between the observation condition and the execution condition was that all the actions were completed by the actress in the former condition. In the observation condition, the subjects were instructed to watch the actions of the actress carefully and remain still.

Each condition consisted of eight blocks, and every block contained a 15-s task and a 30-s rest period. In the execution condition, the subjects were instructed to take a glimpse at the monitor when the cue words appeared. Upon seeing “execute,” the subjects began to execute the tasks according to the instructions and upon seeing “rest,” the subjects looked at the cross in the center of the table and avoided any actions. In the observation condition, the monitor was turned toward the actress, and the cues were the same as those in the execution condition. The subjects appropriately responded according to the actress’s actions. When the actress executed the actions, the subjects watched carefully, and when the actress stopped, the subjects rested. The order of the two conditions was counterbalanced across the subjects. Additionally, all the subjects spent some time practicing before the formal experiment to ensure that they were familiar with the rules and could adequately complete the entire task. Figure 1 depicts the experimental design.


[image: image]

FIGURE 1. (A) Schematic representation of the experimental procedure. Each condition consisted of eight blocks. The initial 15 s served as preparation time so that the subjects were in a better experimental state. The order of the two conditions was counterbalanced across the subjects. (B) An example of the block design. In Block 1, the subject (in execution condition) or the actress (in observation condition) moved the five tableware items from the right-hand side to the center (red arrow). In Block 2, the five tableware items were returned to the original positions, the process from the center to the right-hand side (blue arrow). (C) Experimental scene (written informed consent was obtained from the two participants for the publication of this image). EXE, execution condition; OBS, observation condition.



fNIRS Measurement

In this study, the changes in oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) concentration in each channel were measured by an optical system (LABNIRS, Shimadzu Co., Japan). This system utilizes a three-wavelength technology at 780, 805, and 830 nm.

We employed a double density probe configuration that was mixed by two standard probe sets (a 4 × 3 probe set and a 4 × 2 probe set). Two double density probe sets (each comprising 10 emitters, 10 detectors, and 27 channels) were attached to a regular swimming cap that was placed on the head of each subject in an identical manner (Figure 2). The probe sets were positioned on the left hemisphere only because the left hemisphere is dominant when the subjects perform a right-handed action (Filimon et al., 2007; Egetemeir et al., 2011). These two probe sets mostly covered the mirror-related regions which are located in the left frontal and parietal cortices in accordance with the international 10–20 system (Jasper, 1958). The sampling period was 33 ms.
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FIGURE 2. (A) Illustration of all the channel positions of the brain. (B) Schematic representation of all the optodes and channels used in our study. In the double density configuration, some emitters and detectors (e.g., emitter 7 and detector 7) were added to the original standard probe set in the same imaging area such that the distance between the two adjacent channels was 1.5 cm (e.g., channel 3 and channel 19).



Spatial Localization

To acquire anatomical brain information, we recorded the optode and channel positions on the scalp of each subject using a 3D magnetic digitizer after he/she completed the tasks. After the experiment, each subject was allocated a location file that contained the scalp positions of all the optodes and channels.

The location file was analyzed via a probabilistic estimation process using NIRS_SPM. Each subject could provide his own anatomical labels based on various atlases for any given channel. In MNS studies, many researchers used the Brodmann area to define the mirror-related region (e.g., defining the rostral IPL as BA40). To allow comparison of our results with previous findings, the Brodmann atlas was utilized in our study. If one channel is located in areas A, B, and C, the Brodmann atlas in the NIRS_SPM toolbox produces a list (Table 1) for the corresponding Brodmann area and the probability of finding the scalp position in these areas. To facilitate the subsequent analysis, we used the Brodmann area possessing maximum probability as this channel’s location (Sai et al., 2014). Eventually, every subject received a location map in which every channel had only one identity and one corresponding probability. This map was the final location result.

TABLE 1. Representative example of channel location list.
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fNIRS Data Preprocessing

The fNIRS data were preprocessed and analyzed with NIRS_SPM and Matlab 2012a. To obtain a relatively stable signal, the initial 15 s (preparation time) was removed, leaving 390 s for each condition, which was down sampled to 10 Hz (Duan et al., 2015; Jiang et al., 2015). In order to remove global effects, which may be caused by blood pressure, respiration, and blood flow variation, independent component analysis (ICA) for fNIRS signals was performed (Kohno et al., 2007). Global components separated by ICA were removed. Then, we applied a second-order detrend, a discrete cosine transform-based high-pass filter (0.0078 Hz) and a low-pass filter based on the hemodynamic response function (HRF) (Huang et al., 2017).

Traditional Channel-Based Group Analysis

First, at the individual level, the general linear model (GLM) was used to detect the hemodynamic response of HbO in all 54 channels under the two conditions, and for each subject, channel, and condition, a beta-value was generated. Second, at the group level, one-sided, one-sample t-tests (Koehler et al., 2012) were performed based on the individual-level beta-values to find the activated channels in both conditions (p < 0.01, FDR-corrected). The reason why we chose one-sided t-test was because we had a hypothesis about the direction of the effect, that was, the task period yielded an increased hemodynamic response compared with the rest period in both conditions.

ROI-Based Group Analysis

Oxyhemoglobin changes were analyzed in three steps. The first step was the same as channel-based group analysis. According to the GLM, two beta maps (for two conditions) that included all the channels for each subject were generated. Second, for a given ROI, we extracted the beta-values of the channels which were located in the ROI based on the location map of each subject and weighted the contribution of each channel to the ROI according to its probability (Okamoto et al., 2009). Thus, for each ROI, a final beta, which was a weighted mean, was determined for every subject. Finally, at the group level, one-sided, one-sample t-tests were used. All analysis steps were performed for both conditions. The entire data analysis framework is presented in Figure 3.
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FIGURE 3. Flow diagram of ROI-based group analysis. This entire process was performed for HbO signals. Here, we adopted two experimental conditions (execution and observation) and set four ROIs including the PMC, IFG, SPL, and the rostral IPL. Therefore, the final result would get eight t-values at the group level. The steps shown above the dotted line are individual level analyses, which were repeated for every subject. Then, 30 weighted β for the same condition and the same ROI were tested at the group level (step below the dotted line). In both the β map and the location map shown above, each grid represents a channel and the labels of the two maps are corresponding. In the location map, every channel had only one identity according to the maximum probability.



Gender Effect

The actress was fixed and half of the subjects were male and the other half were female, thus constituting both same gender pairs and opposite gender pairs. For each condition and for each mirror-related channel or ROI, a two-sided, two-sample t-test was performed to explore the differences between genders. This effect was analyzed only for the HbO signal.

RESULTS

Activation When Using the Traditional Channel-Based Group Analysis

We first analyzed channel by channel to explore whether the activated channels in execution condition are also activated in observation condition. The results showed that 18 channels were significantly activated in both conditions (p < 0.01, FDR-corrected).

As described in the spatial localization section, each subject was assigned a location map in which each channel had only one identity based on the maximum probability from the Brodmann atlas. According to the location maps of 30 subjects, we found that the anatomical location of these activated channels were mainly PMC (BA6), IFG (BA44/45), SPL (BA7), frontal eye fields (BA8), dorsolateral prefrontal cortex (BA9), and associative visual cortex (BA19). The rostral IPL (BA40) was significantly activated in execution condition (p < 0.01, FDR-corrected), and in observation condition, the activation reached a significant level with a liberal threshold (p < 0.05, uncorrected). The t-values of all channels in both conditions are shown in Figure 4.
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FIGURE 4. Activation when using the traditional channel-based group analysis. (A) Activation in execution condition. (B) Activation in observation condition. The probe sets were projected on the brain template-Colin 27. The left images in (A) and (B) mainly represent probe 1, and the right images mainly represent probe 2. Each circle represents one channel. The assorted colors represent the t-values at group level. EXE, execution condition; OBS, observation condition.



Activation When Using the ROI-Based Group Analysis

To date, there is debate about the traditional channel-based group analysis in fNIRS studies. Channel-based group analysis assumes that the anatomical location of each channel across subjects can be considered homologous when all subjects are wearing the probes in the same manner (Tsuzuki and Dan, 2014). However, this is often not guaranteed because no two brains have the same shape or size (Dan et al., 2007), and errors are unavoidable when experimenters place the fNIRS probes on the heads of the subjects. Additionally, more channels equate to decreased placement reproducibility across subjects (Singh et al., 2005; Tsuzuki and Dan, 2014). Liu et al. (2016) also provided evidence on the inconsistency of anatomical location for the same channel across different subjects. Here, we also found the same issue when using the traditional channel-based group analysis. Figure 5 shows the anatomical inconsistency of 54 channels across 30 subjects.
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FIGURE 5. Anatomical location inconsistency based on the Brodmann atlas across 30 subjects. The x-axis shows 54 channels and the y-axis shows the number of areas expressed by 30 subjects in the same channel. Only 13% of the channels (7 out of 54) maintained consistency; i.e., only 7 of these channels were located in the same Brodmann area across all 30 subjects (number of different areas = 1). The average number of areas across 54 channels fell on 2.5.



For achieving a better spatial consistency, a ROI-based group analysis is implemented (Okamoto et al., 2009; Yanagisawa et al., 2010). We set four ROIs (the PMC, IFG, SPL, and rostral IPL) and analyzed them individually to observe which ROIs are activated during both action execution and action observation. Table 2 presents the activation results.

TABLE 2. Activation when using the ROI-based group analysis.
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Using ROI-based group analysis, we found that three of the four ROIs, the PMC (BA6), IFG (BA44/45), and SPL (BA7), were significantly activated during both action execution and action observation. The rostral IPL was also significantly activated in execution condition, but in observation condition, the activation reached a marginal significant level (p = 0.0519, uncorrected). These results were consistent with the results of traditional channel-based group analysis.

To evaluate the specificity of significant activation detected by fNIRS, we selected a control region, angular gyrus (BA39). Using the ROI-based group analysis, we found that angular gyrus was activated in execution condition but not activated in observation condition (pexe = 0.0271, pobs = 0.4046, FDR-corrected).

In order to observe the neural response to task intuitively, we presented time series of both experimental conditions across all subjects from an example ROI (Figure 6). In this figure, we can obviously see the task period (gray background) yielded an increased hemodynamic response compared with the rest period in both conditions. We also found that the magnitude of the hemodynamic response in execution condition was greater than that in observation condition.
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FIGURE 6. Time series for two conditions from SPL. The figure shows the averaged activities of all subjects in SPL. The process of preprocessing was similar to the section “Materials and Methods.” After preprocessing, we averaged the signals across subjects in the ROI to obtain a single time series for each condition. At last, baseline of the averaged time series was corrected according to the mean of the first rest period (30 s).



In summary, whether using the traditional channel-based group analysis or ROI-based group analysis, we are able to find the significant activation of the MNS in both conditions, including the PMC, IFG, SPL, and rostral IPL.

Gender Effect and Sequence Effect

We also analyzed the effect of gender on brain activation. After comparison, we found no significant difference between males and females for arbitrary experimental conditions and for arbitrary mirror-related areas. The sequence effect was analyzed in the same way, and no significant difference was observed for this effect either.

DISCUSSION

The present study adopted a modified task and probe configuration to evaluate the feasibility of fNIRS to investigate the MNS, whose dominant components consist of four regions, the IFG (BA44/45), adjacent PMC (BA6), SPL (BA7), and rostral IPL (BA40). The data indicated that the activity of the four regions could indeed be detected by fNIRS, using the traditional channel-based group analysis and also using the ROI-based group analysis. These findings prove that it is feasible for fNIRS to comprehensively investigate MNS activity.

Here, we detected the activity of the MNS using fNIRS where Koehler’s work did not. This reason may due to two differences between the two studies. First, in our study, the actions in observation condition were presented by a real person, while in Koehler’s study, they were presented by video. Some studies have shown that the neural response is higher when observing live actions compared to video actions (Järveläinen et al., 2001; Shimada and Hiraki, 2006). The second difference is the probe configuration. On the one hand, the probe sets of the two studies were placed on the scalp at different angles in the case of measuring similar regions. On the other hand, we used a double density probe configuration to improve image spatial resolution. The spatial resolution in our study was 1.5 cm and in Koehler’s study was 3 cm. For some narrow or smaller areas, the 3-cm spatial scale may be too rough. The feasibility of a double density configuration has been verified (Ishikawa et al., 2011).

In addition to Koehler’s work, another related study explored the brain activity during both action execution and action observation with fNIRS (Balconi and Cortesi, 2016). Subjects were asked to observe or execute an action displayed on a computer. Twenty-four channels were placed over the left central, centroparietal, parietal, and temporal areas. Contrast analysis revealed that three regions (PMC, sensorimotor cortex, and posterior parietal cortex) were associated with both action execution and action observation. We can see that except for the PMC, most of the regions in the Balconi study do not belong to the dominant components of the MNS mentioned in our study. Additionally, our experimental paradigm is different from Balconi’s. For these reasons, it is not appropriate to compare the current work with theirs.

In our study, we used two methods to demonstrate the feasibility of fNIRS to detect the MNS, and the results of the two methods were consistent. When using traditional channel-based group analysis, due to anatomical inconsistency across 30 subjects, the anatomical label at group level, for a given channel, was defined by distribution of all the subjects in different areas. For example, 80% (24/30) of the subjects showed that channel 1 was located in BA6 and 20% (6/30) of the subjects showed it was located in BA8, so we defined the channel as BA6. The significantly activated channels in the present study showed a tolerable consistency with an average of 80%. ROI-based group analysis provides an opportunity to achieve a better spatial consistency. Just as every coin has two sides, ROI-based group analysis solves the problem of inconsistency at the cost of spatial scale. Each of the two methods has its own scope of application. Maybe there will be a better method to guide the probe placement in the future to ensure that the same channel can fall on the same Brodmann area, even the same MNI coordinates of all subjects.

When presenting the time series of both conditions from an example ROI (Figure 6), we found that the execution condition had a greater hemodynamic response compared to the observation condition. Thus far, some studies have shown that there is a significantly greater response in mirror-related areas for action execution than for action observation (Montgomery et al., 2007; Bhat et al., 2017). So, a comparison between the action execution and observation was made in the significantly activated channels or ROIs in both conditions with two-sided paired t-tests. In our study, the execution condition showed a significantly greater response in the IFG, adjacent PMC, and SPL than observation condition (p < 0.05, uncorrected), using the traditional channel-based group analysis and also using the ROI-based group analysis. Although the difference between the two conditions in the rostral IPL did not reach a significant level, the tendency to show a greater response in execution condition was consistent with other regions.

When using ROI-based group analysis, we set a control region. The choice depends on two considerations: one is the region does not belong to MNS. The other is the region must be covered by the probe sets well. Because of the limited number of optodes and the use of double density configuration, it is difficult to cover more regions in addition to four ROIs. Although several regions are covered, for most of them, there is only one or two channels falling into and even there is no channel falling into for certain subjects. Angular gyrus (BA39) which we chose meets both of the two criteria.

The experimental paradigm we adopted closely resembles a real-life situation. The majority of previous neuroimaging studies investigating the MNS focused on functional magnetic resonance imaging (fMRI). However, the ecological validity of these studies is low, which requires participants to lie in a narrow, noisy, motionless scanner and restricts head movements to a range of 2 mm (Dinstein et al., 2010). These technical constraints make it difficult to investigate the MNS using real-life and complex actions, like the table-setting task in our study. Moreover, it is easier to extend the existing research conclusions to interpret social phenomena in daily life if the MNS is investigated in a real-life situation rather than in a restricted laboratory environment. At present, studies in real-life situations have become an advantaged field for fNIRS. It is applied to all kinds of social behaviors research in real-life situations, such as cooperation and competition (Cui et al., 2012), imitation (Holper et al., 2012), face-to-face communication (Jiang et al., 2012), decision-making (Tang et al., 2016; Zhang et al., 2017), and so on.

Here, probabilistic registration needs to be emphasized. fNIRS is a transcranial brain mapping technique, which has no anatomical brain information (Dan et al., 2007). In an fNIRS study, anatomical information is required during results presentation. When structural magnetic resonance imaging is not used, a MRI-free method, the international 10–20 system is adopted (Jasper, 1958; Herwig et al., 2003). Previous findings have demonstrated that each 10–20 landmark on the scalp corresponds to a specific cortical structure and that there is a consistent correlation between scalp positions and underlying cerebral structures across subjects (Myslobodsky et al., 1990; Okamoto et al., 2004; Xiao et al., 2017). Thus, according to the 10–20 system, attaining the approximate large-scale anatomical positions in which we are interested is achievable. However, this system is not sufficient for our study, which requires relatively accurate anatomical information, such as the Brodmann area, to identify which channels belong to the MNS. The emergence of a probabilistic registration system offers a new spatial analysis method to cope with this problem. It enables fNIRS data to be presented in standard stereotactic brain spaces. We can obtain a MNI coordinate, the Brodmann area, and automatic anatomical labeling (AAL) (Singh et al., 2005; Dan et al., 2007; Tsuzuki and Dan, 2014). Thus, probabilistic registration is essential for using fNIRS to investigate the MNS.

In our study, the PMC is defined as BA6. In the Brodmann atlas, BA6 is defined as the premotor and supplementary motor cortex. In other words, the PMC occupies part of BA6, which lies in the lateral cerebral cortex. The medial part of BA6 is the site of the supplementary motor cortex. The probe location in our study, which covered the frontal cortex, was placed mainly close to the lateral frontal cortex, and the channels located in BA6 can be attributed to the PMC. Taking a step back, some studies suggest that the supplementary motor cortex also belongs to the MNS (Gazzola and Keysers, 2009; Balconi and Cortesi, 2016).

When acquiring fNIRS data, changes in HbO and HbR concentration were measured simultaneously. However, there is controversy regarding which signal to select to analyze brain activation. In our study, we mainly focus on the HbO signal because it is often observed to have a higher amplitude than the HbR signal (Strangman et al., 2002; Yanagisawa et al., 2010). In other words, the signal-to-noise ratio of HbO is better, and this signal is more sensitive to task response (Cheng et al., 2015). We also analyzed the HbR signal and only one channel (BA7) was activated in both conditions using channel-based group analysis and also ROI-based group analysis.

Some people might question whether activation in the observation condition comes from movements of the subject. Before the experiment, all the subjects were asked to remain still during the observation condition; during the experiment, an experimenter monitored the action of subjects all the time; and after the experiment, we ensured that the subjects did not produce any explicit movements by watching their experimental videos. In our study, the subjects and the actress sat face to face, meaning the subjects observed actions with a third person view. When the experiment was completed, the subject’s self-report about perspective was submitted. In total, 28 out of 30 subjects reported that it was very easy to understand the actress’s actions by mental rotation, and only two subjects felt slightly uncomfortable, which did not affect their ability to complete the tasks. In addition, all the subjects thought that sitting face to face was closer to a real-life situation.

In the current study, among the four key regions, the response of rostral IPL (BA40) was the weakest. In the observation condition, activation of the rostral IPL reached a significant level with a liberal threshold. We tried to explore a probable reason. After analyzing the location data, we realized that because of the limited number of optodes and because we used the double density configuration, the probe sets did not cover the optimal position of the IPL. The classic mirror area is in the rostral IPL (BA40), but the probe sets mainly covered the posterior part of the IPL (BA39). There is no channel that covers the BA40 in one subject due to individual differences in brain shape and size. Thus, the activity of the mirror neurons in the rostral IPL (BA40) was most likely not well detected. Regardless of whether in the execution condition or in the observation condition, the t-value of the rostral IPL was the smallest among all four regions, which may support the reason that we propose. Thus, this is the limitation of our study, and perhaps additional studies can address this issue by optimizing the probe placement or increasing the effective sample size. The second limitation is the lack of a control condition. Without a control condition, it is relatively weak to interpret the activation as mirror-related responses. It is possible that the common activation may be caused by other factors presented in the two conditions, e.g., attention, visual information, and so on. In the future, a more rigorous study is needed.

CONCLUSION

By employing the modified task and probe configuration described in this study, we demonstrated the feasibility of using fNIRS to investigate the activity of the MNS. This study provides a foundation for future research to explore the functional role of the MNS, which correlates with social interaction, in real-life situations using fNIRS. Furthermore, an increasing number of studies have shown that some neurological and psychiatric disorders are closely related to MNS dysfunction, including autism spectrum disorder (ASD) (Rizzolatti et al., 2009; Fakhoury, 2015) and schizophrenia (Mehta et al., 2014). Additionally, the feasibility of using fNIRS in studies involving children (Vanderwert and Nelson, 2014) and patients (Ehlis et al., 2014) has been demonstrated. Thus, our work may also support for using fNIRS in investigations of the effects of the MNS in various disorders.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of ethics committee of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the ethics committee of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.

AUTHOR CONTRIBUTIONS

P-PS, C-ZZ, and Y-HJ designed the research. P-PS, F-LT, and Y-HJ performed the experiments. P-PS, F-LT, ZZ, and YZ analyzed the data. P-PS, F-LT, and C-ZZ drafted the work. The other authors revised the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China (Grant Nos. 61431002, 31521063, and 61273287), and the National 973 Program (Grant No. 2014CB846100).

REFERENCES

Babiloni, F., and Astolfi, L. (2014). Social neuroscience and hyperscanning techniques: past, present and future. Neurosci. Biobehav. Rev. 44, 76–93. doi: 10.1016/j.neubiorev.2012.07.006

Balconi, M., and Cortesi, L. (2016). Brain activity (fNIRS) in control state differs from the execution and observation of object-related and object-unrelated actions. J. Mot. Behav. 48, 289–296. doi: 10.1080/00222895.2015.1092936

Bhat, A. N., Hoffman, M. D., Trost, S. L., Culotta, M. K. L., Eilbott, J., Tsuzuki, D., et al. (2017). Cortical activation during action observation, action execution, and interpersonal synchrony in adults: a functional near-infrared spectroscopy (fNIRS) study. Front. Hum. Neurosci. 11:431. doi: 10.3389/fnhum.2017.00431

Brucker, B., Ehlis, A.-C., Häußinger, F. B., Fallgatter, A. J., and Gerjets, P. (2015). Watching corresponding gestures facilitates learning with animations by activating human mirror-neurons: an fNIRS study. Learn. Instr. 36, 27–37. doi: 10.1016/j.learninstruc.2014.11.003

Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., et al. (2001). Action observation activates premotor and parietal areas in a somatotopic manner: an fMRI study. Eur. J. Neurosci. 13, 400–404. doi: 10.1111/j.1460-9568.2001.01385.x

Cheng, X., Li, X., and Hu, Y. (2015). Synchronous brain activity during cooperative exchange depends on gender of partner: a fNIRS-based hyperscanning study. Hum. Brain Mapp. 36, 2039–2048. doi: 10.1002/hbm.22754

Ciaramidaro, A., Becchio, C., Colle, L., Bara, B. G., and Walter, H. (2014). Do you mean me? Communicative intentions recruit the mirror and the mentalizing system. Soc. Cogn. Affect. Neurosci. 9, 909–916. doi: 10.1093/scan/nst062

Cochin, S., Barthelemy, C., Roux, S., and Martineau, J. (1999). Observation and execution of movement: similarities demonstrated by quantified electroencephalography. Eur. J. Neurosci. 11, 1839–1842. doi: 10.1046/j.1460-9568.1999.00598.x

Cui, X., Bryant, D. M., and Reiss, A. L. (2012). NIRS-based hyperscanning reveals increased interpersonal coherence in superior frontal cortex during cooperation. Neuroimage 59, 2430–2437. doi: 10.1016/j.neuroimage.2011.09.003

Dan, I., Okamoto, M., Tsuzuki, D., and Singh, A. K. (2007). Spatial registration of functional NIRS data to the standard stereotactic brain coordinate system. Recent Adv. Res. Updat. 8, 145–160.

Di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., and Rizzolatti, G. (1992). Understanding motor events: a neurophysiological study. Exp. Brain Res. 91, 176–180. doi: 10.1007/bf00230027

Dinstein, I., Thomas, C., Humphreys, K., Minshew, N., Behrmann, M., and Heeger, D. J. (2010). Normal movement selectivity in autism. Neuron 66, 461–469. doi: 10.1016/j.neuron.2010.03.034

Duan, L., Dai, R. N., Xiao, X., Sun, P. P., Li, Z., and Zhu, C. Z. (2015). Cluster imaging of multi-brain networks (CIMBN): a general framework for hyperscanning and modeling a group of interacting brains. Front. Neurosci. 9:267. doi: 10.3389/fnins.2015.00267

Egetemeir, J., Stenneken, P., Koehler, S., Fallgatter, A. J., and Herrmann, M. J. (2011). Exploring the neural basis of real-life joint action: measuring brain activation during joint table setting with functional near-infrared spectroscopy. Front. Hum. Neurosci. 5:95. doi: 10.3389/fnhum.2011.00095

Ehlis, A. C., Schneider, S., Dresler, T., and Fallgatter, A. J. (2014). Application of functional near-infrared spectroscopy in psychiatry. Neuroimage 85, 478–488. doi: 10.1016/j.neuroimage.2013.03.067

Fadiga, L., Fogassi, L., Pavesi, G., and Rizzolatti, G. (1995). Motor facilitation during action observation: a magnetic simulation study. J. Neurophysiol. 73, 2608–2611. doi: 10.1152/jn.1995.73.6.2608

Fakhoury, M. (2015). Autistic spectrum disorders: a review of clinical features, theories and diagnosis. Int. J. Dev. Neurosci. 43, 70–77. doi: 10.1016/j.ijdevneu.2015.04.003

Filimon, F., Nelson, J. D., Hagler, D. J., and Sereno, M. I. (2007). Human cortical representations for reaching: mirror neurons for execution, observation, and imagery. Neuroimage 37, 1315–1328. doi: 10.1016/j.neuroimage.2007.06.008

Fogassi, L., Ferrari, P. F., Gesierich, B., Rozzi, S., Chersi, F., and Rizzolatti, G. (2005). Parietal lobe: from action organization to intention understanding. Science 308, 662–667. doi: 10.1126/science.1106138

Gallese, V., Fadiga, L., Fogassi, L., and Rizzolatti, G. (1996). Action recognition in the premotor cortex. Brain 119, 593–609. doi: 10.1093/brain/119.2.593

Gazzola, V., and Keysers, C. (2009). The observation and execution of actions share motor and somatosensory voxels in all tested subjects: single-subject analyses of unsmoothed fMRI data. Cereb. Cortex 19, 1239–1255. doi: 10.1093/cercor/bhn181

Grafton, S. T., Arbib, M. A., Fadiga, L., and Rizzolatti, G. (1996). Localization of grasp representations in humans by positron emission tomography. 2. Observation compared with imagination. Exp. Brain Res. 112, 103–111. doi: 10.1007/bf00227183

Herwig, U., Satrapi, P., and Schönfeldtlecuona, C. (2003). Using the international 10–20 EEG system for positioning of transcranial magnetic stimulation. Brain Topogr. 16, 95–99. doi: 10.1023/b:brat.0000006333.93597.9d

Hirsch, J., Zhang, X., Noah, J. A., and Ono, Y. (2017). Frontal temporal and parietal systems synchronize within and across brains during live eye-to-eye contact. Neuroimage 157, 314–330. doi: 10.1016/j.neuroimage.2017.06.018

Holper, L., Scholkmann, F., and Wolf, M. (2012). Between-brain connectivity during imitation measured by fNIRS. Neuroimage 63, 212–222. doi: 10.1016/j.neuroimage.2012.06.028

Huang, Y., Mao, M., Zhang, Z., Zhou, H., Zhao, Y., Duan, L., et al. (2017). Test–retest reliability of the prefrontal response to affective pictures based on functional near-infrared spectroscopy. J. Biomed. Opt. 22:016011. doi: 10.1117/1.JBO.22.1.016011

Iacoboni, M., Molnarszakacs, I., Gallese, V., Buccino, G., Mazziotta, J. C., and Rizzolatti, G. (2005). Grasping the intentions of others with one’s own mirror neuron system. PLoS Biol. 3:e79. doi: 10.1371/journal.pbio.0030079

Iacoboni, M., Woods, R. P., Brass, M., Bekkering, H., Mazziotta, J. C., and Rizzolatti, G. (1999). Cortical mechanisms of human imitation. Science 286, 2526–2528. doi: 10.1126/science.286.5449.2526

Ishikawa, A., Udagawa, H., Masuda, Y., Kohno, S., Amita, T., and Inoue, Y. (2011). Development of double density whole brain fNIRS with EEG system for brain machine interface. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2011, 6118–6122. doi: 10.1109/IEMBS.2011.6091511

Järveläinen, J., Schürmann, M., Avikainen, S., and Hari, R. (2001). Stronger reactivity of the human primary motor cortex during observation of live rather than video motor acts. Neuroreport 12, 3493–3495. doi: 10.1097/00001756-200111160-00024

Jasper, H. H. (1958). The ten twenty electrode system of the international federation. Electroencephalogr. Clin. Neurophysiol. 10, 371–375.

Jiang, J., Chen, C., Dai, B., Shi, G., Ding, G., Liu, L., et al. (2015). Leader emergence through interpersonal neural synchronization. Proc. Natl. Acad. Sci. U.S.A. 112, 4274–4279. doi: 10.1073/pnas.1422930112

Jiang, J., Dai, B., Peng, D., Zhu, C., Liu, L., and Lu, C. (2012). Neural synchronization during face-to-face communication. J. Neurosci. 32, 16064–16069. doi: 10.1523/JNEUROSCI.2926-12.2012

Kilner, J. M., Neal, A., Weiskopf, N., Friston, K. J., and Frith, C. D. (2009). Evidence of mirror neurons in human inferior frontal gyrus. J. Neurosci. 29, 10153–10159. doi: 10.1523/JNEUROSCI.2668-09.2009

Koehler, S., Egetemeir, J., Stenneken, P., Koch, S. P., Pauli, P., Fallgatter, A. J., et al. (2012). The human execution/observation matching system investigated with a complex everyday task: a functional near-infrared spectroscopy (fNIRS) study. Neurosci. Lett. 508, 73–77. doi: 10.1016/j.neulet.2011.12.021

Kohno, S., Miyai, I., Seiyama, A., Oda, I., Ishikawa, A., Tsuneishi, S., et al. (2007). Removal of the skin blood flow artifact in functional near-infrared spectroscopic imaging data through independent component analysis. J. Biomed. Opt. 12:062111. doi: 10.1117/1.2814249

Liu, N., Mok, C., Witt, E. E., Pradhan, A. H., Chen, J. E., and Reiss, A. L. (2016). NIRS-Based hyperscanning reveals inter-brain neural synchronization during cooperative jenga game with face-to-face communication. Front. Hum. Neurosci. 10:82. doi: 10.3389/fnhum.2016.00082

Mehta, U. M., Thirthalli, J., Aneelraj, D., Jadhav, P., Gangadhar, B. N., and Keshavan, M. S. (2014). Mirror neuron dysfunction in schizophrenia and its functional implications: a systematic review. Schizophr. Res. 160, 9–19. doi: 10.1016/j.schres.2014.10.040

Molenberghs, P., Brander, C., Mattingley, J. B., and Cunnington, R. (2010). The role of the superior temporal sulcus and the mirror neuron system in imitation. Hum. Brain Mapp. 31, 1316–1326. doi: 10.1002/hbm.20938

Molenberghs, P., Cunnington, R., and Mattingley, J. B. (2012). Brain regions with mirror properties: a meta-analysis of 125 human fMRI studies. Neurosci. Biobehav. Rev. 36, 341–349. doi: 10.1016/j.neubiorev.2011.07.004

Montgomery, K. J., Isenberg, N., and Haxby, J. V. (2007). Communicative hand gestures and object-directed hand movements activated the mirror neuron system. Soc. Cogn. Affect. Neurosci. 2, 114–122. doi: 10.1093/scan/nsm004

Myslobodsky, M. S., Coppola, R., Bar-Ziv, J., and Weinberger, D. R. (1990). Adequacy of the International 10-20 electrode system for computed neurophysiologic topography. J. Clin. Neurophysiol. 7, 507–518. doi: 10.1097/00004691-199010000-00006

Nozawa, T., Sasaki, Y., Sakaki, K., Yokoyama, R., and Kawashima, R. (2016). Interpersonal frontopolar neural synchronization in group communication: an exploration toward fNIRS hyperscanning of natural interactions. Neuroimage 133, 484–497. doi: 10.1016/j.neuroimage.2016.03.059

Oberman, L. M., Pineda, J. A., and Ramachandran, V. S. (2006). The human mirror neuron system: a link between action observation and social skills. Soc. Cogn. Affect. Neurosci. 2, 62–66. doi: 10.1093/scan/nsl022

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al. (2004). Three-dimensional probabilistic anatomical cranio-cerebral correlation via the international 10–20 system oriented for transcranial functional brain mapping. Neuroimage 21, 99–111. doi: 10.1016/j.neuroimage.2003.08.026

Okamoto, M., Tsuzuki, D., Clowney, L., Dan, H., Singh, A. K., and Dan, I. (2009). Structural atlas-based spatial registration for functional near-infrared spectroscopy enabling inter-study data integration. Clin. Neurophysiol. 120, 1320–1328. doi: 10.1016/j.clinph.2009.01.023

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Parsons, L. M., Fox, P. T., Downs, J. H., Glass, T., Hirsch, T. B., Martin, C. C., et al. (1995). Use of implicit motor imagery for visual shape discrimination as revealed by PET. Nature 375, 54–58. doi: 10.1038/375054a0

Pinti, P., Aichelburg, C., Lind, F., Power, S., Swingler, E., Merla, A., et al. (2015). Using fiberless, wearable fNIRS to monitor brain activity in real-world cognitive tasks. J. Vis. Exp. 106:e53336. doi: 10.3791/53336

Piva, M., Zhang, X., Noah, J. A., Chang, S. W. C., and Hirsch, J. (2017). Distributed neural activity patterns during human-to-human competition. Front. Hum. Neurosci. 11:571. doi: 10.3389/fnhum.2017.00571

Pokorny, J. J., Hatt, N. V., Colombi, C., Vivanti, G., Rogers, S. J., and Rivera, S. M. (2015). The action observation system when observing hand actions in autism and typical development. Autism Res. 8, 284–296. doi: 10.1002/aur.1445

Rizzolatti, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev. Neurosci. 27, 169–192. doi: 10.1146/annurev.neuro.27.070203.144230

Rizzolatti, G., Fabbri-Destro, M., and Cattaneo, L. (2009). Mirror neurons and their clinical relevance. Nat. Clin. Pract. Neurol. 5, 24–34. doi: 10.1038/ncpneuro0990

Rizzolatti, G., Fadiga, L., Gallese, V., and Fogassi, L. (1996a). Premotor cortex and the recognition of motor actions. Cogn. Brain Res. 3, 131–141. doi: 10.1016/0926-6410(95)00038-0

Rizzolatti, G., Fadiga, L., Matelli, M., Bettinardi, V., Paulesu, E., Perani, D., et al. (1996b). Localization of grasp representations in humans by PET: 1. Observation versus execution. Exp. Brain Res. 111, 246–252. doi: 10.1007/bf00227301

Sai, L., Zhou, X., Ding, X. P., Fu, G., and Sang, B. (2014). Detecting concealed information using functional near-infrared spectroscopy. Brain Topogr. 27, 652–662. doi: 10.1007/s10548-014-0352-z

Sänger, J., Lindenberger, U., and Müller, V. (2011). Interactive brains, social minds. Commun. Integr. Biol. 4, 655–663. doi: 10.4161/cib.17934

Shimada, S., and Hiraki, K. (2006). Infant’s brain responses to live and televised action. Neuroimage 32, 930–939. doi: 10.1016/j.neuroimage.2006.03.044

Singh, A. K., Okamoto, M., Dan, H., Jurcak, V., and Dan, I. (2005). Spatial registration of multichannel multi-subject fNIRS data to MNI space without MRI. Neuroimage 27, 842–851. doi: 10.1016/j.neuroimage.2005.05.019

Strangman, G., Boas, D. A., and Sutton, J. P. (2002). Non-invasive neuroimaging using near-infrared light. Biol. Psychiatry 52, 679–693. doi: 10.1016/s0006-3223(02)01550-0

Tang, H., Mai, X., Wang, S., Zhu, C., Krueger, F., and Liu, C. (2016). Interpersonal brain synchronization in the right temporo-parietal junction during face-to-face economic exchange. Soc. Cogn. Affect. Neurosci. 11, 23–32. doi: 10.1093/scan/nsv092

Tsuzuki, D., and Dan, I. (2014). Spatial registration for functional near-infrared spectroscopy: from channel position on the scalp to cortical location in individual and group analyses. Neuroimage 85, 92–103. doi: 10.1016/j.neuroimage.2013.07.025

Vanderwert, R. E., and Nelson, C. A. (2014). The use of near-infrared spectroscopy in the study of typical and atypical development. Neuroimage 85, 264–271. doi: 10.1016/j.neuroimage.2013.10.009

Xiao, X., Zhu, H., Liu, W. J., Yu, X. T., Duan, L., Li, Z., et al. (2017). Semi-automatic 10/20 identification method for MRI-Free probe placement in transcranial brain mapping techniques. Front. Neurosci. 11:4. doi: 10.3389/fnins.2017.00004

Yanagisawa, H., Dan, I., Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y., et al. (2010). Acute moderate exercise elicits increased dorsolateral prefrontal activation and improves cognitive performance with Stroop test. Neuroimage 50, 1702–1710. doi: 10.1016/j.neuroimage.2009.12.023

Zhang, M., Liu, T., Pelowski, M., Jia, H., and Yu, D. (2017). Social risky decision-making reveals gender differences in the TPJ: a hyperscanning study using functional near-infrared spectroscopy. Brain Cogn. 119, 54–63. doi: 10.1016/j.bandc.2017.08.008

Conflict of Interest Statement: 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.

Copyright © 2018 Sun, Tan, Zhang, Jiang, Zhao and Zhu. 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 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/fnhum-12-00086-g001.jpg
* | |

Block 1 > | Block 2

Condition 1 [REGEEEN
15s

Block 1 Block 2

Condition 2 RS LI

Center

Block 1I

Block 2

0 riginal positions
of the tableware






OPS/images/fnhum-12-00086-g002.jpg
probel
BOBo
i| (3100l []l20l[5]
8031 8.[3,
= [3]02l[o][2a]10]
9. 4]0,
[13](25] [14] 26] 15}
omnmo
7

probe2

VH‘
e
—
~J

B [
=
=.|S;
\] A Aw

Al )5
n S
3 BEBES
BRISEIBE]

emitter

@ detector
®

Dchannel

1o,
[a][s3l
16]20,

DE]





OPS/images/fnhum-12-00086-g003.jpg
fNIRS data in one condition Location data

Raw data of HbO in one condition Beta map Location map based on Brodmann atlas A location file

Ch1 *MM\MWMM — B | B |Bs + e |1]§§=61 P09 _

Data preprocessing BA44 BA39

Chn MWW“‘W}MW and GLM By | B. P4=0.67| Pn=0.56

For an arbitrary ROI, extract the channel’s
and the corresponding probability

> Pp,

RO =+

A(ROD =5

_ P9ﬁ9 +P14ﬁ14 +P24ﬁz4
P9+P14+P24

Individual level

Subl: B (ROI), ]
Sub2: f (ROI), For the given ROI, one-

: [ sample t-test at the group
level

Sub30: B(ROI);, -





OPS/images/fnhum-12-00086-g004.jpg
A Activation in EXE

| 'san[m-l





OPS/images/fnhum-12-00086-g005.jpg
Anatomical location inconsistency based on the Brodmann atlas

£ 7]

L]

Number of different areas

5

I (5L R R B R B B N

mean
=2.5

Channel





OPS/images/fnhum-12-00086-g006.jpg
Concentration changes of HbO (mM.cm)

0.01

0.008

0.006

0.004
0.002

—0.002

—0.004

—0.006

—0.008

—0.01

SPL

action execution

action observation






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Human Neuroscience

Feasibility of Functional
Near-Infrared Spectroscopy
(fNIRS) to Investigate the Mirror
Neuron System: An Experimental
Study in a Real-Life Situation





OPS/images/fnhum-12-00086-t002.jpg
ROI Definition in the t-value p-value
Brodmann atlas

PMC BAG tioxe) = 6.98 Plee) = 0.0000
tiobs) = 3.62 Plabs) = 0.0006 -

IFG BA44, BA4S tiexe) =6.53 Plee) = 0.0000
sy = 2.00 Ploosy = 00274 .

SPL BA7 Hexe) = 5.44 Plexe) = 0.0000
tiobs) = 7.29 Plovs) = 0.0000

Rostral IPL BA40 toxe) = 2.24 Plexe = 0.0165 *
tiobs) = 1.68 Plabs) = 0.0519

The first column shows the four ROs. The second column defines the ROl in the Brodmann atias. PMC, premotor cortex; IFG, inferior frontal gyrus; SPL, superior parietal
lobule; IPL, inferior parietal lobule; *p < 0.05; **p < 0.01; ***p < 0.001.





OPS/images/fnhum-12-00086-t001.jpg
Channel Anatomical label from the Brodmann atlas Probability

8 BA9-Dorsolateral prefrontal cortex 0.6093
BA46-Dorsolateral prefrontal cortex 0.3907

9 BA9-Dorsolateral prefrontal cortex 0.04059
BA44-pars opercularis, part of Broca’s area 0.76015
BA45-pars triangularis, part of Broca’s area 0.19926

This list was produced by the Brodmann atlas in the NIRS_SPM toolbox. The red
box circles the Brodmann area with maximum probability, which is also the final
location of each channel.





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





