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A traditional model of emotion cannot explain the differences in brain activities between two discrete emotions that are similar in the valence-arousal coordinate space. The current study elicited two positive emotions (amusement and tenderness) and two negative emotions (anger and fear) that are similar in both valence and arousal dimensions to examine the differences in brain activities in these emotional states. Frontal electroencephalographic (EEG) asymmetry and midline power in three bands (theta, alpha and beta) were measured when participants watched affective film excerpts. Significant differences were detected between tenderness and amusement on FP1/FP2 theta asymmetry, F3/F4 theta and alpha asymmetry. Significant differences between anger and fear on FP1/FP2 theta asymmetry and F3/F4 alpha asymmetry were also observed. For midline power, midline theta power could distinguish two negative emotions, while midline alpha and beta power could effectively differentiate two positive emotions. Liking and dominance were also related to EEG features. Stepwise multiple linear regression results revealed that frontal alpha and theta asymmetry could predict the subjective feelings of two positive and two negative emotions in different patterns. The binary classification accuracy, which used EEG frontal asymmetry and midline power as features and support vector machine (SVM) as classifiers, was as high as 64.52% for tenderness and amusement and 78.79% for anger and fear. The classification accuracy was improved after adding these features to other features extracted across the scalp. These findings indicate that frontal EEG asymmetry and midline power might have the potential to recognize discrete emotions that are similar in the valence-arousal coordinate space.
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INTRODUCTION

Emotion plays an important role in communication and daily interpersonal events (Darwin and Prodger, 1998). Emotion is an affective state of human beings as well as animals that arises in response to the perception of an object or a situation (Verma and Tiwary, 2014). Emotions can be regarded as episodes of interrelated, synchronized changes in the following components: cognitive processing, subjective feeling, action tendencies, physiological changes and motor expression (Kipp and Martin, 2009). Additionally, determining the differences among emotions in relation to physiological changes and subjective feelings is rather important. Although there is no commonly agreed-upon definition of emotion and giving it a precise and complete definition is difficult (Mulligan and Scherer, 2012), researchers have attempted to describe emotions generally from two perspectives, the dimensional model and discrete model of emotion.

The dimensional model confirms that emotions can be represented by combinations of a few basic and fundamental dimensions. Researchers overwhelmingly agree that two basic dimensions, valence and arousal, are required to describe emotions, which is also called a “circumplex model” (Lang et al., 1993). Specifically, the valence level ranges from unpleasant (negative) to pleasant (positive) and the arousal level ranges from not aroused (low arousal) to excited (high arousal).

The other model is the discrete model of emotion, which states that the emotion space comprises limited discrete basic emotions and complex emotions, which are a combination of basic emotions (Barrett et al., 2007). The number of basic emotions remains slightly controversial, but there is a consensus regarding the following basic emotions: anger, fear, sadness, happiness, disgust and surprise (Ortony and Turner, 1990; Panksepp, 2010; Barrett, 2011; Ekman and Cordaro, 2011). Recently, researchers have tried to represent different discrete basic emotions using a dimensional pattern to integrate these two models (Mauss and Robinson, 2009; Hamann, 2012; Hu et al., 2017; Liu et al., 2017). Accordingly, both anger and fear can be described as “negative valence” and “high arousal, ” whereas satisfied can be characterized as “positive valence” and “low arousal” (see Figure 1; Javela et al., 2008; Barrett, 2012; Lindquist et al., 2012).
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FIGURE 1. 2D emotion model by valence and arousal.



Nevertheless, differentiating between two discrete emotions that are similar in the valence and the arousal dimension is difficult. When two or more discrete emotions are close in the valence-arousal coordinate space, the recognition ability will be degraded dramatically (Fontaine et al., 2007). One possible reason is that emotions of similar valence and arousal dimensions (such as anger and fear) might display their own unique representation and further induce completely different behaviors (Yin et al., 2014). Notably, emotion is a psycho-physiological process, and individuals display differential heart rates, blood pressure, peripheral vascular resistance responses and brain activities when they experience different emotional states (Bradley et al., 2001; Kop et al., 2011). Electroencephalographic (EEG) signals are not easily disguised, occur in real time and are sensitive to emotional changes, which means that they can measure the brain’s immediate responses to affective stimuli in real time (Bekkedal et al., 2011). Discrete emotional categories correspond to different EEG activities. For example, the emotions of happiness, joy, anger, disgust, fear/anxiety and sadness were reportedly characterized by their own individual patterns in the distribution of the amplitude-frequency characteristics of the EEG (Aftanas et al., 2006). Therefore, one state-of-the-art real-time emotion recognition system from EEG signals has been proposed to distinguish two similar emotions in the valence-arousal coordinate space (Liu et al., 2017). Additionally, two major EEG features, frontal asymmetry and midline power, may serve important roles.

Frontal asymmetry is a typical indicator of asymmetric brain activity in the frontal cortex, which refers to asymmetrical activity between the left hemisphere and right hemisphere (Briesemeister et al., 2013). In previous studies, emotions in similar valence-arousal coordinate spaces, such as fear and anger (Barrett, 2012), were associated with different frontal EEG asymmetries (Coan et al., 2001). Evidence from neuroimaging has found that fear and anger are associated with different anatomic pathways (Labar and LeDoux, 1996). According to other studies, changes in the activation of the frontal lobes in response to pictures of anger were different from those in response to pictures of fear (Balconi and Pozzoli, 2009). In addition, higher levels of left frontal activity and lower right frontal activity were observed when individuals were insulted and felt angry, which would further lead to aggressive behaviors (Harmon-Jones and Sigelman, 2001). For fear, greater right frontal activity could predict the experience of fear during the presentation of a toy spider to an infant (Diaz and Bell, 2012).

Two frequency bands, theta and alpha, are closely related to frontal asymmetry. Theta band (4–8 Hz) waves are first observed during sleep and are relevant to the arousal level, and theta waves exist during tasks that require the correlation of increased mental effort and sustained concentration (Sammler et al., 2007). Alpha band (8–13 Hz) waves exist when a person is in relaxation mode, and they may reflect the progress of perceptual processing, memory tasks, and the processing of emotions (Sanei and Chambers, 2007). Alpha power is considered to be inversely related to regional brain activity, and decreased power values of the alpha band indicate an increase in cortical activation (Allen et al., 2004). In the early stage, frontal asymmetry was regarded as a reflection of valence. A relative increase in left hemisphere activity was observed with positive emotional stimuli, whereas greater right hemisphere activity was associated with negative emotions (Davidson and Henriques, 2000; Balconi and Mazza, 2010; Poole and Gable, 2014). Previous studies also revealed that positive stimuli such as pleasant odors, happy musical excerpts and pleasant advertisements could significantly induce lower frontal alpha power and higher theta power in the left hemisphere (Kline et al., 2000; Schmidt and Trainor, 2001; Vecchiato et al., 2011). However, there was more evidence to support the view that the frontal alpha asymmetry was more closely related to the motivation dimension. The approach-withdrawal model confirmed that greater right than left frontal alpha power (left-hemispheric activation) was linked to approach-related motivation (Poole and Gable, 2014). Frontal asymmetry was also correlated with other dimensions in addition to valence and arousal, such as self-reported dominance (Reuderink et al., 2013). As a result, although anger and fear are similar in the valence-arousal coordinate space, it is still possible to differentiate them by analyzing the EEG activity at the frontal cortical level, which might reflect other dimensions.

Another EEG feature, midline power, especially frontal midline theta, was also associated with emotional processing (McFarland et al., 2016). Frontal midline theta was suggested as a better candidate than frontal alpha activity for use in a BCI-based paradigm designed to modify emotional reactions (McFarland et al., 2016). Frontal midline theta was considered to be associated with positive emotional experience and the relaxation state from anxiety (Suetsugi et al., 2000). For example, the intensity of blissful experience was reportedly positively related to theta power in the anterior frontal and frontal midline sites (Aftanas and Golocheikine, 2001).

Other frequency bands in addition to theta were also related to the dimension of tension and relaxation. For example, beta power, which is responsible for peoples’ concentration level, was positively related to tension (Mao, 2013). Additionally, an increase in theta power, particularly in the frontal medial and central medial area, as well as a greater reduction in alpha power, was observed during relaxation (Sandler et al., 2016). Thus, it is possible to differentiate two emotions that are similar in valence and arousal using the primal EEG features discussed above.

Notably, previous research offers few straightforward hypotheses for the EEG difference between positive emotions. Both tenderness and amusement induced by film clips showed a moderate level of arousal according to subjective rating scores (Schaefer et al., 2010). Tenderness as an affiliative positive emotion has received less attention than other typical positive emotions such as amusement and joy (Takahashi et al., 2008). Tenderness is defined as a momentary experience corresponding to love as caregiving, and it is always accompanied by an expansive “warm-and-fuzzy” feeling (Dijker, 2010; Kalawski, 2010). Compared with other positive emotions, tenderness showed different peripheral physiological responses. For example, tenderness decreased heart rate, but joy increased heart rate (Santibanez and Bloch, 1986). However, the differences between tenderness and other positive emotions in brain activities remain unknown. Tenderness was related to subjective feelings of acceptance, gratifying pleasure and warmth-liking, and it was induced by proximal affiliative stimuli (Depue and Morrone-Strupinsky, 2005). Compared with amusement, which is evoked by humorous material, tenderness is more related to a fundamental motivational ‘care-liking’ system, which motivates affiliation and caring, subserving the goal of attachment (Schweiger et al., 2014). Thus, tenderness might be more correlated with consummatory positive affect, such as liking and approach tendency, which can be reflected by frontal asymmetry. Additionally, greater left hemisphere activation might be observed in tenderness than in amusement, which must be explored in the current study.

Taken together, the traditional models of emotion cannot explain the difference between two similar emotions in the valence-arousal coordinate space. As different discrete emotional states may correlate with different EEG activities, the aim of the present study was to examine the differences in the EEG activities between two positive emotions and between two negative emotions similar in both valence and arousal dimensions. Amusement as a typical positive emotion and tenderness as an overlooked positive emotion were selected for the current study. Alternatively, many existing studies have focused on the difference between anger and fear in both valence and arousal dimensions (Wacker et al., 2003; Harmon-Jones, 2007; Liu et al., 2014). The current study aimed to elicit these two negative emotions that are similar in the valence-arousal coordinate space and then differentiate fear from anger in addition to the valence and arousal dimensions (Ellsworth and Scherer, 2003). Moreover, the EEG-based recognition of different affective states has raised great concern, and previous results showed that positive and negative affective states could be distinguished successfully using EEG powers from all channels (Nie et al., 2011; Stikic et al., 2014). However, no study has explored the recognition of two emotions within valence and arousal according to the EEG correlates with different emotional states. Thus, another aim of the current study was to classify two emotions that are similar in both valence and arousal using both midline and frontal EEG power features and compare the effectiveness of using these new features with other previously used EEG features.

MATERIALS AND METHODS

Participants

Thirty-three (16 males and 17 females) healthy undergraduate or graduate students without neurological illness or psychiatric disorders participated in the current study. Participants ranged in age from 18 years to 26 years (mean = 23.85, SD = 2.57). All participants were right-handed and had normal or corrected-to-normal visual acuity. This study was carried out in accordance with the recommendations of Guildline of Human Experimentation, Institutional Review Board of the Institute of Psychology, Chinese Academy of Sciences. The protocol was approved by the Institutional Review Board of the Institute of Psychology, Chinese Academy of Sciences. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Stimulus Material

Stimulus materials were four movie clips taken from the standard Chinese emotional film clips database (Liu et al., 2017) and applied to the following target emotions: amusement (“Just Another Pandora’s Box” presents a humorous battle scene, 67 s in length), tenderness (“A Simple Life” recalls the master’s happy childhood, 99 s in length), anger (“City of Life and Death” describes the scene of the Nanjing massacre, 73 s in length), and fear (“Inner Senses” shows a ghastly scene where the hero sees a ghost, 92 s in length). All the four movie clips used in the current study have been proven effective in eliciting their respective target emotions, according to our previous study (Liu et al., 2017). Specifically, each movie clip showed a combination of the highest-hitting rate and target-rating scores, demonstrating high ecological validity.

Self-Assessment Scales

Self-assessment scales were modified from a 9-point Likert self-assessment manikin (SAM; Bradley and Lang, 1994). SAM measures the extent to which participants experience the dimensions of arousal, valence, liking, familiarity and dominance while viewing the movie clips (1 = “not at all”, 5 = “moderately”, 9 = “extremely”). In addition, a 4-word differential emotions scale (DES, amusement, tenderness, anger and fear, on a 9-point Likert scale, 1 = “not at all”, 5 = “moderately”, 9 = “extremely”) was appended to the self-assessment scales. Participants were told to report their true feelings while viewing the movie clips and then finish the self-assessment scales.

Experimental Procedure

First, the participants provided informed consent and were given introductions to the current study to ensure that they knew the entire procedure and what they should do. Next, subjects were seated comfortably in a dimly lit, electrically shielded room with the monitor screen positioned approximately 60 cm in front of their eyes. The EEG setup was accomplished with the help of two assistants; during the setup, the participants were instructed to relax and remain calm in preparation for the upcoming experiment. The volumes of two speakers were set at a relatively loud level. Similar to Koelstra et al. (2012), each participant was asked before the experiment whether the volume was comfortable, and all the participants reported that it was appropriate. In the formal experiment, the volume remained fixed to equate auditory stimuli among the four movie clips. The entire experiment comprised four trials (see Figure 2). During each trial, the participants were required to finish a 60-s go/no go task to keep them in a neutral emotional state. The participants were asked to press a button when number 1 was presented and not to press the button when number 9 was presented on the screen. The presentation probability of number 1 was 20%, and the inter-stimulus intervals (ISI) was 1,200–1,800 ms. Then, a rest period with eyes open for 40 s and eyes closed for another 40 s was arranged to record the baseline EEG data. Next, four movie clips were shown to the participants in random order. The participants were asked to watch the movie clips and fill out the rating scales carefully. Each film clip was adjusted to the same resolution (720 × 576) without subtitles. During the entire experiment, EEG signals were recorded, and the participants were asked to keep their chin on the chin strap except during the rest period.
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FIGURE 2. The timing diagram of the experiment.



EEG Data Acquisition and Analysis

EEG signals were recorded with a NuAmps 40-channel monopolar DC amplifier system (NeuroScan Inc., Charlotte, NC, USA) with sampling at 1,000 Hz and a 22-bit resolution. An Electro Cap with 32 active Ag/AgCl electrodes was used to record EEG from active scalp sites referred to as the 10/20 system of electrode placement (FPZ, FP1, FP2, F7, F3, FZ, F4, F8, FT7, FC3, FCZ, FC4, FT8, T3, C3, CZ, C4, T4, TP7, CP3, CPZ, CP4, TP8, T5, P3, PZ, P4, T6, O1, OZ and O2). A ground electrode was mounted at the center of the forehead (midway between FPZ and FZ). Four EOG electrodes were placed on the outer side of the eyes (two horizontal electrodes at the outer canthus of both eyes and two vertical electrodes above and below the left eye) to reject ocular artifacts. The impedance of the recording electrodes was monitored for each subject before data collection, and it was maintained below 5 kΩ.

Data Analysis

Neuroscan software 4.5 was used in the current study to process EEG data. The data were recorded using a sampling rate of 500 Hz with a frequency band of 1–35 Hz. Then, the data were segmented into epochs with artifact voltages exceeding the threshold, which varied among the participant population. Ocular artifacts were removed from the raw EEG data using a regression procedure implemented in Neuroscan software. Clean EEG data were re-referenced to the algebraic mean of the left mastoids and right mastoids to obtain a symmetric reference. Artifacts such as aberrant signals were visually checked and removed by hand. Artifact-free EEG epochs were selected and transformed into a frequency domain by short-term Fourier transformation through a 2-s Hanning window with an overlap of 50% to reduce spectral leakage and minimize data loss. Mean band power values within the theta band (4–8 Hz), alpha band (8–13 Hz) and beta bands (13–30 Hz) were calculated by averaging the power values across frequency bins. To reduce the interindividual variance of absolute power values and the confounding effect of the previous film clip on the current one, we normalized the power values within three bands using the baseline spectra according to a formula used in previous research (Sammler et al., 2007). Specifically, for each participant, each emotion category (C), electrode (e), and frequency band (f), the individual band power PC (e, f) was divided by the average band power PB (e, f) across N = 30 scalp electrodes measured in the corresponding baseline (B) before each movie clip with eyes open and in the same frequency band (f):
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According to a previous study, alpha bands at FP1/FP2 and F3/F4 are effective in discerning emotional states with 90% confidence (Yoon and Chung, 2011). For frontal asymmetry, consistent effects were observed at the F3/F4 site (Harmon-Jones and Sigelman, 2001; Wacker et al., 2013). In addition, according to previous results, the maximal frontal midline theta was found at Fz and F3/F4 (Mitchell et al., 2008), and it was localized to Fcz (Sammler et al., 2007). In the current study, F3/F4 was included in the frontal localization (FP1/FP2 and F3/F4), and midline sites were extended to the parietal lobe (FZ, FCZ, CZ, CPZ and PZ) to explore the trend.

First, descriptive statistics and gender differences were analyzed. Then, several two-way repeated measures MANOVAs were conducted for the average power spectra of theta and alpha bands, with emotion category (amusement and tenderness) and hemisphere (left and right) as two within-subject variables at frontal sites (FP1/FP2, F3/F4). When an interaction or a main effect was significant, post hoc comparisons were performed with a Bonferroni correction. Additionally, several paired-samples t tests were conducted for the average power of theta, alpha and beta bands between two positive emotions and two negative emotions at midline sites (FZ, FCZ, CZ, CPZ and PZ).

Then, to test the relationship between EEG features and the subjective rating of target emotions, we conducted regression and partial correlation analysis. Stepwise multiple regression analyses were performed to predict the subjective ratings of four target emotions with EEG features as independent variables. Partial correlations were also conducted to show the relations between EEG features and other subjective ratings. The level of the type 1 error was set to p < 0.05.

Finally, machine-learning algorithms were applied to investigate the contribution of EEG asymmetry and middle line power features in the classification of two positive and two negative emotions. First, different power features extracted from EEG signals were collected as the pool of candidate features. Then, sparse linear discriminant analysis (SLDA) was applied to rank the candidate features (Sjöstrand et al., 2018). The basic idea of linear discriminant analysis is to project the high-dimensional pattern samples into the optimal discriminant vector space to extract the classification information and compress the dimension of feature space. SLDA seeks discriminant vectors (w1, w2, …, wk-1), which successively maximize the between-class variance relative to its within-class variance. SLDA adds a sparseness constraint to all discriminant vectors, which can make many elements in the discriminant vectors wi exactly zero. The remaining features corresponding to nonzero elements in wi can be ranked by the absolute value of these nonzero elements and were selected for recognizing tenderness and amusement. The selected features were entered as inputs to a support vector machine (SVM) classifier, which seeks to separate different classes of examples apart with maximum margin for the hyperplane (Liu et al., 2017; Zhao et al., 2017). The leave-one-subject-out subject-independent cross validation was utilized, and the average classification accuracy was computed. Specifically, recorded trials from all but one subject was used to train the algorithm, which was then tested on the remaining subject. The procedure was repeated as many times as there were subjects, and the results were averaged across all subjects (Novak et al., 2014).

RESULTS

Subjective Ratings

The validity of each film’s target emotion was assessed by the hit rate, which is defined as the proportion of reviewers who rate the target emotion score at least one point higher than the non-target emotion (Gross and Levenson, 1995). Each film’s anticipated target emotion of all 33 participants received a higher rating (at least 1 point) than the other three emotional categories. In addition, all four movies successfully elicited target emotions with a hit rate of 100%. The average target-rating scores for four movies are shown in Table 1. In addition, the subjective assessment of arousal, valence, liking, familiarity and dominance is shown in Table 1.

TABLE 1. Subjective assessment of arousal, valence, liking, familiarity and dominance [M (SD)].
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Paired sample t tests were conducted to test whether the two positive or negative emotions were similar on the arousal and valence scores. For the two positive emotions, the rating of amusement on arousal was nonsignificant between amusement and tenderness (t = 1.67, p = 0.104). Additionally, the difference in valence was nonsignificant (t = 1.58, p = 0.125). In regard to the two negative emotions, the rating on arousal was nonsignificant between anger and fear (t = 0.21, p = 0.839). Additionally, the difference in valence was significant (t = −0.21, p = 0.044). Similar to the definition of the hit rate, the frequency of participants who rated the valence of the fear film one point higher than that of the anger film was calculated. Only three participants rated the valence of the fear film one point higher than that of the anger film. There was a significant difference between these two frequencies ([image: image]) = 22.09, p < 0.05). Therefore, the frequency of participants who rated anger and fear as similar on valence was significantly greater than that of the remaining participants. Therefore, two positive emotions and two negative emotions were similar on both the arousal and valence dimensions.

Paired sample t tests were also performed on the liking, familiarity and dominance scores within two positive and two negative emotion categories. The results showed no significant difference between amusement and tenderness (t = −0.51, p = 0.615) but a significant difference between anger and fear on the liking dimension (t = −2.31, p = 0.027). There was no significant difference between amusement and tenderness (t = −0.99, p = 0.330) but a significant difference between anger and fear on the familiarity dimension (t = 3.78, p = 0.001). No significant differences between amusement and tenderness (t = −1.78, p = 0.083) as well as anger and fear (t = 0.76, p = 0.454) were found.

Gender Differences in Emotional EEG Response

Gender differences were reported in a previous study on physiological responses elicited by film clips (Fernández et al., 2012). EEG asymmetries were computed as power at the right hemisphere minus power at the left hemisphere. For example, F3/F4 theta asymmetry was computed as theta power at the F4 site minus theta power at the F3 site. Thus, 28 independent sample t tests were performed on the theta power of four emotion categories to test gender differences at FP1/FP2 asymmetry, F3/F4 asymmetry, FZ, FCZ, CZ, CPZ and PZ sites. The results showed that only men had significantly higher theta power at the FZ site for the amusing film (t(31) = 2.22, p = 0.034, d = 0.22) than for the tender film (t(31) = 2.15, p = 0.040, d = 0.75). Similarly, 28 independent sample t tests were performed on the alpha power of four emotion categories to test gender differences at FP1/FP2 asymmetry, F3/F4 asymmetry, FZ, FCZ, CZ, CPZ and PZ sites. Twenty independent sample t tests were performed on the beta power of four emotion categories at the FZ, FCZ, CZ, CPZ and PZ sites. No significant differences between women and men were found.

Frontal Asymmetry of Two Positive Emotions and Two Negative Emotions

FP1/FP2 Site

Comparison Between Tenderness and Amusement

Two-way repeated measures MANOVA was conducted for the average power spectra of theta and alpha bands, with emotion category (amusement and tenderness) and hemisphere (left and right) as two within-subject variables at the FP1/FP2 site. The degrees of freedom were Greenhouse-Geisser corrected. Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the FP1/FP2 site (λ = 0.679, F(2,31) = 7.32, p = 0.002, [image: image] = 0.321). Moreover, the main effects of both the emotion category (λ = 0.805, F(2,31) = 3.75, p = 0.035, [image: image] = 0.195) and the hemisphere (λ = 0.437, F(2,31) = 19.94, p < 0.001, [image: image] = 0.563) on theta and alpha power at the FP1/FP2 site were significant. The means and standard deviations for the mean power values of the theta band are presented in Table 2.

TABLE 2. Means and standard deviations for the mean power values of the theta and alpha bands [M (SD)].
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Then, separate repeated measures univariate analyses of variances (ANOVAs) on the outcome variables revealed a significant emotion category × hemisphere interaction effect on theta power at the FP1/FP2 site (F(1,32) = 15.02, p < 0.001, [image: image] = 0.319). For all ANOVAs, the degrees of freedom were Greenhouse-Geisser corrected where appropriate. Next, simple effect analyses with a Bonferroni correction revealed no significant theta power value at FP1 between tenderness and amusement (p = 0.031). However, the theta power value of tenderness was significantly higher than that of amusement at FP2 (p = 0.002).

A nonsignificant category × hemisphere interaction effect on alpha power was found (F(1,32) = 2.76, p = 0.106, [image: image] = 0.079). However, the main effects of emotion category (F(1,32) = 4.33, p = 0.015, [image: image] = 0.170) and hemisphere (F(1,32) = 13.21, p < 0.001, [image: image] = 0.292) were significant. Post hoc analyses showed that the alpha power of tenderness was significantly higher than that of amusement (p = 0.046). Additionally, the alpha power at FP2 was significantly higher than that at FP1 (p = 0.001).

Comparison Between Anger and Fear

Two-way repeated measures MANOVA was conducted for the average power spectra of theta and alpha bands, with emotion category (anger and fear) and hemisphere (left and right) as two within-subject variables at the FP1/FP2 site. Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the FP1/FP2 site (λ = 0.782, F(2,31) = 4.32, p = 0.022, [image: image] = 0.218). The main effects of both emotion category (λ = 0.796, F(2,31) = 3.96, p = 0.029, [image: image] = 0.204) and hemisphere (λ = 0.566, F(2,31) = 11.87, p < 0.001, [image: image] = 0.434) on theta and alpha power at the FP1/FP2 site were also significant. The means and standard deviations for the mean power values of the theta band are presented in Table 2.

Similarly, separate repeated measures univariate ANOVAs on the outcome variables revealed a significant emotion category × hemisphere interaction effect on theta power at the FP1/FP2 site (F(1,32) = 7.86, p = 0.009, [image: image] = 0.197). Simple effect analyses with a Bonferroni correction revealed no significant difference between anger and fear on theta power at FP1 (p = 0.147) but a significant difference at FP2 (p = 0.003).

For alpha power, no significant emotion category × hemisphere interaction effect was found (F(1,32) = 1.74, p = 0.197, [image: image] = 0.052). No main effect of emotion category (F(1,32) = 0.08, p = 0.785, [image: image] = 0.002) was found. The main effect of hemisphere (F(1,32) = 3.35, p = 0.077, [image: image] = 0.095) was marginally significant.

F3/F4 Site

Comparison Between Tenderness and Amusement

Similar two-way repeated measures MANOVA was conducted at the F3/F4 site. Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the F3/F4 site (λ = 0.690, F(2,31) = 6.96, p = 0.003, [image: image] = 0.310). The main effects of both emotion category (λ = 0.813, F(2,31) = 3.56, p = 0.041, [image: image] = 0.187) and hemisphere (λ = 0.181, F(2,31) = 69.95, p < 0.001, [image: image] = 0.819) on theta and alpha power at the FP1/FP2 site were also significant.

Then, separate repeated measures univariate ANOVAs on the outcome variables revealed a significant emotion category × hemisphere interaction effect on theta power at the F3/F4 site (F(1,32) = 8.30, p = 0.007, [image: image] = 0.206). The following simple effect analysis showed no significant difference between tenderness and amusement on the average power of the theta band both at F3 (p = 0.795) and F4 (p = 0.094). However, based on the trend, the theta power of tenderness is higher than that of amusement at F4.

Furthermore, a significant emotion category × hemisphere interaction effect on alpha power at the F3/F4 site (F(1,32) = 9.80, p = 0.004, [image: image] = 0.234) was found. The follow-up simple effect analyses revealed significant differences between tenderness and amusement on the average power of the theta band at F3 (p = 0.05) and F4 (p = 0.004).

Comparison Between Anger and Fear

Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the F3/F4 site (λ = 0.633, F(2,31) = 8.98, p = 0.001, [image: image] = 0.367). The main effect of hemisphere (λ = 0.180, F(2,31) = 70.53, p < 0.001, [image: image] = 0.820) on theta and alpha power at the FP1/FP2 site was also significant.

Then, separate repeated measures univariate ANOVAs on the outcome variables revealed a marginally significant emotion category × hemisphere interaction effect on theta power at the F3/F4 site (F(1,32) = 3.70, p = 0.063, [image: image] = 0.104). Simple effect analyses found significant differences between anger and fear on theta power at F3 (p = 0.041) and F4 (p = 0.016). A significant emotion category × hemisphere interaction effect on alpha power was found (F(1,32) = 10.88, p = 0.002, [image: image] = 0.254). Simple effect analyses found no significant differences between anger and fear on theta power at F3 (p = 0.945) and F4 (p = 0.233). However, a statistical trend could be observed; the alpha power of fear was higher than that of anger at F4.

Fleft/Fright Site

Comparison Between Tenderness and Amusement

Fleft/Fright was the average power over the left and right electrodes, respectively (Fleft = (FP1 + F3)/2, Fright = (FP2 + F4)/2). Two-way repeated measures MANOVA was also conducted at this pair of sites. Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the Fleft/Fright site (λ = 0.649, F(2,31) = 8.39, p = 0.001, [image: image] = 0.351). The main effects of both emotion category (λ = 0.820, F(2,31) = 3.40, p = 0.046, [image: image] = 0.180) and hemisphere (λ = 0.208, F(2,31) = 59.03, p < 0.001, [image: image] = 0.792) on theta and alpha power at the FP1/FP2 site were also significant.

Significant emotion category × hemisphere interaction effects on both theta power (F(1,32) = 15.05, p < 0.001, [image: image] = 0.320) and alpha power (F(1,32) = 7.13, p = 0.012, [image: image] = 0.182) were found. For theta power, simple effect analysis found no significant difference between the tender movie and amusing movie (p = 0.510) at Fleft. In contrast, the tender movie showed significantly higher theta power at Fright than did the amusing movie (p = 0.015). Regarding alpha power, the difference between tenderness and amusement at Fleft was marginally significant (p = 0.061) and significant at Fright (p = 0.007). The results of the interaction effect are shown in Figure 3.
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FIGURE 3. Significant emotion category × hemisphere interactions for the mean power values of theta and the theta band at the Fleft/Fright site between amusement and tenderness.



Comparison Between Anger and Fear

Two-way repeated measures MANOVA was conducted at the Fleft/Fright site. Using Wilks’s statistic, there was a significant emotion category × hemisphere interaction effect on theta and alpha power at the Fleft/Fright site (λ = 0.603, F(2,31) = 10.19, p < 0.001, [image: image] = 0.397). The main effects of both emotion category (λ = 0.824, F(2,31) = 3.31, p = 0.050, [image: image] = 0.176) and hemisphere (λ = 0.309, F(2,31) = 34.73, p < 0.001, [image: image] = 0.691) on theta and alpha power at the FP1/FP2 site were also significant.

Significant emotion category × hemisphere interaction effects on both theta power (F(1,32) = 8.48, p = 0.006, [image: image] = 0.210) and alpha power (F(1,32) = 10.52, p = 0.003, [image: image] = 0.247) were found. For theta power, simple effect analysis found a marginally significant difference between the tender movie and amusing movie (p = 0.052) at Fleft and a significant difference at Fright (p = 0.006). Regarding alpha power, the difference between tenderness and amusement at both Fleft (p = 0.961) and Fright (p = 0.331) were nonsignificant. The results of the interaction effect are shown in Figure 4.
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FIGURE 4. Significant emotion category × hemisphere interactions for the mean power values of theta and the theta band at the Fleft/Fright site between anger and fear.



Midline Power of Three Bands Between Two Positive and Two Negative Emotions

Paired-samples t tests were conducted for the average power of theta, alpha and beta bands between two positive emotions and two negative emotions (FZ, FCZ, CZ, CPZ and PZ electrodes were examined). The means, standard deviations and t values for the midline power values of the three bands are shown in Table 3. Paired-samples t test of midline theta power between amusement and tenderness showed no significant difference between amusement and tenderness. However, the mean power values of the theta band during the scary movie were significantly higher than those during the angry movie at the FZ (t(32) = −2.64, p = 0.013, d = 0.40), FCZ (t(32) = −2.65, p = 0.012, d = 0.46), and CZ (t(32) = −2.32, p = 0.027, d = 0.42) sites and marginally significant at the CPZ (t(32) = −1.99, p = 0.056, d = 0.39) site.

TABLE 3. The means, standard deviations, and t values for the midline power values of three bands.
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Conversely, for the alpha band, there were no significant differences between the angry and scary movies at all midline sites, whereas the mean power values of the alpha band during the tender movie were significantly higher than those during the amusing movie at the FZ (t(32) = −2.58, p = 0.015, d = 0.32), FCZ (t(32) = −2.53, p = 0.017, d = 0.32), CZ (t(32) = −2.57, p = 0.015, d = 0.40), CPZ (t(32) = −2.27, p = 0.030, d = 0.36) and PZ (t(32) = −2.41, p = 0.022, d = 0.41) sites.

Similarly, as shown by the paired-samples t test, for the beta band, there were no significant differences between the angry and scary movies at all midline sites. In addition, the mean power values of the beta band during the tender movie were significantly higher than those during the amusing movie at the FZ (t(32) = −2.42, p = 0.021, d = 0.32), FCZ (t(32) = −2.86, p = 0.007, d = 0.34), CZ (t(32) = −2.41, p = 0.022, d = 0.31), CPZ (t(32) = −3.20, p = 0.003, d = 0.41) and PZ (t(32) = −3.49, p = 0.001, d = 0.54) sites.

Regression on the Subjective Rating of Two Positive Emotions and Two Negative Emotions

Several stepwise multiple regression analyses were performed to detect the significant EEG predictors of subjective ratings of four emotion categories. First, the rating score of amusement was selected to serve as the dependent variable. Alpha power and theta power at FP1/FP2 asymmetry, F3/F4 asymmetry and 5 midline sites (FZ, FCZ, CZ, CPZ, PZ) and beta power at the same 5 midline sites were selected as the independent variables. Only F3/F4 alpha asymmetry entered the stepwise multiple linear regression equation and accounted for a significant portion of the variance (F(1,130) = 5.086, p = 0.026, adjusted R2 = 0.03). All regression coefficients are displayed in Table 4. Second, the rating score of tenderness was selected to serve as the dependent variable. Stepwise multiple linear regression analysis determined that FP1/FP2 theta asymmetry, F3/F4 alpha and theta asymmetry, and FCZ beta power were the significant predictors of the subjective rating of tenderness (F(4,127) = 7.133, p < 0.001, adjusted R2 = 0.158). Third, a similar stepwise multiple linear regression analysis with a rating score of anger as the dependent variable showed that F3/F4 theta asymmetry was the significant predictor (F(1,130) = 9.075, p = 0.003, adjusted R2 = 0.058). Additionally, stepwise multiple linear regression analysis with a rating score of fear as the dependent variable showed that F3/F4 alpha asymmetry and F3/F4 theta asymmetry served as the significant predictors (F(2,129) = 15.117, p < 0.001, adjusted R2 = 0.177).

TABLE 4. Stepwise multiple linear regression analysis for subjective ratings of four emotions.
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Partial Correlation Analysis

To explore how the significant EEG index reflects modulations of the subjective evaluations, we calculated partial correlations between EEG powers and subjective ratings. First, significant EEG measures were selected in which the power of one emotion category was significantly higher than that of the other. Partial correlation analysis was applied to the EEG measures of two positive emotions and subjective assessments in which arousal, valence and familiarity dimensions were controlled. The p-values were corrected according to the false discovery rate (FDR) using Benjamini and Hochberg’s (BH) method (Benjamini and Hochberg, 1995). A significant correlation was found between liking and F3/F4 theta asymmetry (r = 0.265, p = 0.034). Specifically, increased F3/F4 theta asymmetry (higher F4 theta power than F3) was correlated with higher ratings of liking. The same statistical trend was also found for liking and Fleft/Fright theta asymmetry; higher Fright/Fleft theta asymmetry showed a higher rating of liking (r = 0.303, p = 0.03).

Similar partial correlation analysis was successively applied to EEG measures of two negative emotions and subjective assessments. The p-values were corrected in the same way as above. Significant correlations were found between liking and FP1/FP2 theta asymmetry (r = 0.301, p = 0.024), liking and Fright/Fleft theta asymmetry (r = 0.324, p = 0.016), liking and FZ theta power (r = − 0.273, p = 0.034), liking and FCZ theta power (r = − 0.355, p = 0.011), liking and CZ theta power (r = − 0.394, p = 0.004), and liking and CPZ theta power (r = − 0.399, p = 0.004). Increased frontal theta asymmetry was associated with higher ratings of liking, whereas increased midline theta power was correlated with lower ratings of liking. Additionally, significant correlations were observed between dominance and FP1/FP2 theta asymmetry (r = − 0.257, p = 0.039) and dominance and Fright/Fleft theta asymmetry (r = − 0.270, p = 0.034). Moreover, lower frontal theta asymmetry was related to higher ratings of dominance. No other significant correlations were found for the alpha and beta bands.

Classification of Two Positive Emotions and Two Negative Emotions Using EEG Signals

Three SVMs were built for classification. One SVM was for the classification of tenderness and amusement, another was for the classification of anger and fear, and the third was for the classification of all four emotions. Five sets of features were extracted. The first set was the original 75 EEG features extracted from three power bands (alpha, theta and beta) at 25 electrodes (FP1, FP2, F7, F3, F4, F8, FT7, FC3, FC4, FT8, T3, C3, C4, T4, TP7, CP3, CP4, TP8, T5, P3, PZ, P4, T6, O1, OZ and O2) without five midline sites that we focused on in the current study. The second set was composed of the original 75 EEG features as well as 15 midline features from three powers bands (alpha, theta and beta) at five midline sites (FZ, FCZ, CZ, CPZ and PZ). The third set was composed of the original 75 EEG features and 4 asymmetry features (FP1/FP2 theta asymmetry, FP1/FP2 alpha asymmetry, F3/F4 theta asymmetry and F3/F4 alpha asymmetry). The fourth set was composed of the original 75 EEG features and 19 new features that were mentioned above. The last set was composed of the 19 new features only.

The results of classification using the SVM classifier are displayed in Table 5. For the binary classification, our binary models achieved 56.06% classification accuracy for tenderness and amusement and 57.58% for anger and fear in the first set. The new 15 midline features added in the second set achieved better classification accuracies for tenderness and amusement (75.76%) and for anger and fear (63.64%) than did those in the first set. Similarly, compared to those in the first set, 4 new asymmetry features added in the third set improved the accuracy up to 72.73% for tenderness and amusement and 75.76% for anger and fear. All 19 new features added in the fourth set obtained the best classification accuracies for the two positive emotions (77.27%) and two negative emotions (83.33%). The recognition of emotions using only 19 new features outperformed the recognition using original features. Regarding the classification among four emotion categories, compared with the other four feature sets, the last set containing all 19 new features obtained the best classification accuracy (66.67%). Thus, using 19 new features could improve the accuracy over that obtained using the original features.

TABLE 5. Classification results using electroencephalographic (EEG) signals as features and support vector machine (SVM) classifier.
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DISCUSSION

The present study examined the EEG patterns that can distinguish two emotions that are similar in both arousal and valence dimensions. The following main points can synthesize the results of the present research. First, frontal theta asymmetry and alpha asymmetry were found for positive and negative emotions. Second, the results indicated that theta power at midline was significantly different between negative emotions, whereas alpha and beta power at midline sites were significantly different between positive emotions. Finally, we proved that liking was positively related to frontal theta asymmetry and negatively related to midline theta power, while dominance was negatively related to frontal theta asymmetry. The results of this study indicate that emotions similar in valence and arousal could be distinguished by frontal theta asymmetry, frontal alpha asymmetry, midline theta power, midline alpha power and midline beta power.

For positive emotion, greater frontal alpha asymmetry was observed in the tender movie than in the amusing movie. Compared with the amusing movie, the tender movie elicited significantly higher frontal alpha power in the right hemisphere than in the left hemisphere. A particularly interesting explanation for the relationship between frontal asymmetry and two positive emotions is the possible involvement of the motivational dimension of emotion. Motivation drive refers to the desire to approach a reward or escape a punishment (Davidson, 1995). More than 150 studies have examined the relationship between frontal asymmetry and various emotional and motivational states during the past three decades (Coan and Allen, 2004; Thibodeau et al., 2006). Notably, frontal alpha asymmetry is considered to reflect the valence dimension of emotions earlier (Poole and Gable, 2014). However, positive emotion often correlates with approach-related motivation with more left frontal brain activity, whereas negative emotion often correlates with withdrawal-related motivation with more right frontal brain activity (Harmon-Jones and Sigelman, 2001; Rohlfs and Ramírez, 2006). Due to the overlap between the valence and approach-withdrawal motivational direction, the valence hypothesis was largely subsumed in the approach-withdrawal model (Coan and Allen, 2004; Davidson, 2004).

According to the current results, tenderness showed significantly greater right than left frontal alpha power, whereas amusement did not show this discrepancy. This finding might indicate that tenderness is related to greater approach motivation than amusement. A previous study of the motivational dimension of emotion divided positive emotion into low-approach motivational positive emotion (such as peace and amusement) and high-approach motivational positive emotion (such as passion and aspiration; Gable and Harmonjones, 2010). In addition to the current results, tenderness can be regarded as a high-approach motivational positive emotion, whereas amusement is a low-approach motivational positive emotion. This result could be explained by the emotional induction stimuli of tenderness. Tenderness was evoked by the perception of vulnerability, which manifested the target as weak as well as defenseless and in need of protection (Dijker, 2010). Moreover, the experience of empathic emotions such as tenderness can further promote the intention to love, care, nurture and protect the offspring and young (Niedenthal et al., 2009). Compared with tenderness, amusement was considered a common positive emotion that was elicited by external stimuli, and it is impossible to inherently drive people toward something in the environment (Fredrickson and Branigan, 2005). Additionally, frontal theta asymmetry was significantly different between amusement and tenderness. The results also showed that frontal theta asymmetry was positively related to the liking dimension. According to the results of self-assessment ratings, tenderness was rated higher than amusement on liking but not significantly. Thus, frontal theta asymmetry may reflect a liking dimension, which seems to have something in common with approach motivation. This relationship must be verified in future research.

For negative emotion, there was greater frontal theta asymmetry during the scary movie than during the angry movie. Compared with the angry movie, the scary movie elicited significantly higher frontal theta power in the right hemisphere than in the left hemisphere. For the difference between two negative emotions, another dimension of emotion dominance is discussed as follows. Dominance was defined as the amount of influence we feel the environment has upon us and vice versa; it ranges from extreme feelings of lack of control or of being influenced by one’s surroundings to feelings of being powerful and fully in control (Osgood, 1966; Yani-de-Soriano and Foxall, 2006). Additionally, dominance refers to whether one feels in control, powerful, or overwhelmed (Broekens, 2012). Some researchers have found that left frontal arousal may be associated with a feeling of dominance and right frontal arousal with a feeling of submission (Demaree et al., 2005). Moreover, numerous earlier studies have shown that anger is associated with feelings of dominance, whereas fear and disgust are associated with feelings of submission (Russell and Mehrabian, 1977; Mehrabian, 1978, 1980, 1996). Although the result of self-assessments in the current study showed no significant difference between anger and fear in the dominance dimension due to different measurements, the rating scores in the movie database from which the clips were chosen showed that the angry movie was in fact rated more dominant than the scary movie. Therefore, as shown in the current study, higher theta power in the right hemisphere (fear) might be associated with lower ratings of dominance. Furthermore, the results from correlation analysis verified that frontal theta asymmetry was significantly related to dominance and that increased frontal theta asymmetry (higher right hemisphere power) was associated with a lower rating of dominance. Thus, the dominance dimension plays a major role in differentiating between anger and fear (Broekens and Degroot, 2004), and the difference between anger and fear in frontal theta activity may reflect the dominance dimension of emotion. A previous study confirmed that the beta/alpha activity ratio in the frontal lobe added to beta activity at the parietal lobe could reflect the dominance dimension of emotion (Bos, 2006). Additionally, the results of the current study show that the dominance dimension of emotion was related to theta activity in the frontal lobe when subjects experienced negative emotions. However, the relationship between frontal theta activity and dominance remains to be tested by further studies.

For frontal alpha asymmetry between anger and fear, an explanation for motivational direction can be noted, as mentioned above. Numerous studies have reported that anger commonly evokes behavioral tendencies of approach and is associated with approach motivation, and fear as a typical negatively valence emotion is linked to withdrawal motivation (Harmon-Jones and Allen, 1998; Harmon-Jones et al., 2008; He et al., 2010; Wilkowski and Meier, 2010; Kelley and Schmeichel, 2014). However, both anger and fear induced by movie clips showed significantly higher alpha power in the right hemisphere than in the left hemisphere, which shows that both the negative emotions might display approach-related motivation. This finding is somewhat different from previous results regarding the fearful emotion due to different measurements. Based on empirical evidence, participants may be interested in the plot of a scary movie and are curious about what will occur next even though they are experiencing fear. The lack of assessments of motivational direction in rating scales after watching movie clips was a limitation of the current study.

Furthermore, the results indicated that the scary movie elicited significantly greater theta power at midline sites than did the angry movie, whereas the tender movie elicited significantly greater alpha and beta power at midline sites than the amusing movie. Very few previous emotional models and theories offer straightforward hypotheses for the difference between emotion categories in midline power. For example, midline theta and alpha activity was related to positive emotional experience (Aftanas and Golocheikine, 2001). Current results revealed that midline theta power was also related to negative emotions such as anger and fear. In addition, evidence from a meta-analysis argued that frontal midline theta reflected anxiety and a plausible mechanism for optimally adjusting behavior to uncertainty (Cavanagh and Shackman, 2015). Moreover, frontal midline theta was a specific indicator of attention engagement (Kao et al., 2013) and was modulated by anticipatory situational threat (Osinsky et al., 2017). It can be inferred that participants might experience more anxiety during a scary movie clip than during an angry movie clip. Participants must concentrate their attention on the anticipatory threat in the context of the movie to avoid being scared by the scene. In regard to positive emotions, notably, midline alpha as well as beta power can be used to distinguish amusement from tenderness.

The results of stepwise multiple linear regressions and nonlinear binary classification proved the ability of EEG data to distinguish emotions in a similar valence-arousal space. The regression results proved that F3/F4 alpha asymmetry could negatively predict subjective ratings of both tenderness and amusement. Additionally, theta asymmetry at FP1/FP2 and F3/F4 sites could significantly predict subjective ratings of tenderness, which is in accordance with the significant theta asymmetry differences between tenderness and amusement observed at these sites. For two negative emotions, evidence indicated that F3/F4 theta asymmetry could negatively predict subjective ratings of anger but positively predict fear. Additionally, F3/F4 alpha asymmetry could negatively predict subjective ratings of fear. These results mainly indicated that frontal alpha and theta asymmetry could predict subjective feelings of two positive and two negative emotions in different patterns. Binary classification using the SVM classifier also demonstrated the effectiveness of using EEG frontal asymmetry and midline power as features to recognize different emotions that are similar in valence and arousal. Notably, a previous study successfully distinguished positive and negative affective states using EEG power from all channels across the scalp (Nie et al., 2011; Stikic et al., 2014). These features (without midline and asymmetry features) were selected as the original feature set in the current study to classify two emotions that are similar in valence, which gained above-chance level accuracy. After adding new features that were proposed in the current study to the original features, the recognition accuracy for binary classification improved approximately 20%. Moreover, using midline and asymmetry features improved the classification accuracy compared to using the original features. It is also worth mentioning that the current classification accuracy for two negative emotions using new features outperformed only a previous study with an accuracy of 66.3% using EEG asymmetry as well as coherences to classify film-induced anger and fear emotion (Park et al., 2013).

In short, the results of the current study indicate that activity in theta, alpha and beta bands can differentiate emotions that are similar in valence and arousal. Frontal theta asymmetry, frontal alpha asymmetry, midline theta power and midline beta power were effective in distinguishing amusement and tenderness, anger and fear. The results are well suited for emotion recognition and provide evidence that theta, alpha and beta powers play an important role in emotion processing. Future studies might concentrate on the differences among more basic emotions and more complex emotions in brain activities. In addition, the relationships between these physiological differences and emotional dimensions, such as dominance and motivation, must be further explored.
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