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Abstract

Background: Recognition of facial expressions (FEs) plays a crucial role in social inter-
actions. Most studies on FE recognition use static (image) stimuli, even though real-life
FEs are dynamic. FE processing is complex and multifaceted, and its neural correlates
remain unclear. Transitioning from static to dynamic FE stimuli might help disentangle
the neural oscillatory mechanisms underlying face processing and recognition of emo-
tion expression. To our knowledge, we here present the first time—frequency explora-
tion of oscillatory brain mechanisms underlying the processing of dynamic FEs.

Results: Videos of joyful, fearful, and neutral dynamic facial expressions were pre-
sented to 18 included healthy young adults. We analyzed event-related activity in
electroencephalography (EEG) data, focusing on the delta, theta, and alpha-band
oscillations. Since the videos involved a transition from neutral to emotional expres-
sions (onset around 500 ms), we identified time windows that might correspond to
face perception initially (time window 1; first TW), and emotion expression recognition
subsequently (@around 1000 ms; second TW). First TW showed increased power and
phase-locking values for all frequency bands. In the first TW, power and phase-locking
values were higher in the delta and theta bands for emotional FEs as compared to
neutral FEs, thus potentially serving as a marker for emotion recognition in dynamic
face processing.

Conclusions: Our time-frequency exploration revealed consistent oscillatory
responses to complex, dynamic, ecologically meaningful FE stimuli. We conclude that
while dynamic FE processing involves complex network dynamics, dynamic FEs were
successfully used to reveal temporally separate oscillation responses related to face
processing and subsequently emotion expression recognition.

Keywords: Event-related oscillations, Dynamic facial expression, Event-related power
analysis, Emotion

Background

Recognition of facial expressions (FE) is central to human social interactions. Facial
expressions of basic emotions can be recognized irrespective of culture or geographi-
cal location [1-3], underlining the evolutionary value of recognizing others’ emotions
and inferring their intentions. This ability to recognize emotions in FEs can be impaired
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in certain pathologies, including Alzheimer’s disease [4—8], schizophrenia [9-11], or
autism spectrum disorders [12—14], and is subject to change throughout the lifespan [15,
16]. Given its fundamental social function, it is important to understand what the neural
mechanisms of FE processing are. Deeper understanding might provide opportunities to
develop more comprehensive treatment approaches for patients with impairments in FE
recognition.

Most empirical studies on the processing of facial expressions have used static images
of FEs. These studies revealed that brain oscillations are sensitive to emotional processes
(for reviews, see Knyazev [17] and Guintekin & Basar [18]). Unsurprisingly, the neu-
ral response to an image of an emotional face is complex and multifaceted, involving
aspects of basic visual processing, face processing, and ultimately emotion processing.
In the frequency domain, different frequency bands might reflect different components
of FE processing, and these are widely distributed over the scalp aside from certain epi-
centers [18, 19]. Several studies [19-21] linked event-related delta activity to the percep-
tion of emotional pictures [18, 22]. Event-related delta and theta oscillations are stronger
in response to emotional than neutral FEs [18, 20, 21, 23, 24] and seem to be involved in
both non-conscious and conscious aspects of FE processing [20]. It has been shown that
anterior theta and posterior delta are involved in FE processing [19, 21] with oscillatory
results being subject to change topologically, depending on the particular FE paradigms
used [19]. Dravida et al. [25] suggested that increased theta oscillations in response to FE
stimuli may originate from the occipital face area. And several studies showed that alpha
oscillations also play an essential role during FE processing [18, 26—29]. Balconi et al.
[27, 29] reported that emotional stimuli with high valence and arousal value compared
to neutral stimuli entailed reduced alpha power [27, 29]. In contrast, Giintekin and Bagar
[26] showed increased temporoparietal alpha oscillations in response to angry FE.

In sum, while there is extensive previous research linking a broad range of oscillatory
mechanisms to the processing of FEs, the precise neural mechanisms underlying differ-
ent components of face processing and emotion recognition remain unclear. Moreover,
real-life FEs are dynamic [3], not static, and FE recognition is a process with temporal
progression: it evolves over time. Dynamic stimuli are, inherently, more complex than
simple images. Yet in this instance, an exploration of the oscillatory response over time,
as participants view the development of an emotional facial expression over time, might
help disentangle different components of the oscillatory response previously lumped
together in studies with static FE stimuli. Here, we used time—frequency analysis of EEG
responses to dynamic FE stimuli that started neutral, and either remained neutral (con-
trol condition) or developed a joyful or a fearful expression.

To our knowledge, no prior studies used EEG to study the oscillatory basis of dynamic
FE processing. Two behavioral studies compared dynamic FEs to static FEs [30, 31],
revealing stronger perception and emotional responses to dynamic FEs as compared
to static FEs. And there were several studies investigating dynamic FEs with EEG, but
focusing on event-related potentials [32—35]. Recio et al. [32—34] showed a differentiated
response in early posterior negativity and the late positive complex during the process-
ing of dynamic FEs in comparison with static FEs. In these studies, it has been shown
that the difference between the response to emotional vs. neutral FEs is more evident
in dynamics FE in both early and late ERP components. Here, we evaluated whether a
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temporally separated oscillation response might be found in frequency bands previously
associated with static FE processing; delta, theta, and alpha band. As mentioned, a key
aspect of dynamic FE processing is its temporal dynamics. By separating the onset of the
face presentation, and the development of an emotion expression, we might differentiate
different aspects of the static FE oscillation responses previously reported. Based on pre-
vious research, we expected that the more pronounced response in later time windows
will correspond to the FE with the highest arousal level. To test these hypotheses, we
recorded EEGs of 18 healthy young participants as they viewed dynamic facial expres-
sion video clips. FEs were presented in 3 different FE categories (fearful, joyful, and neu-
tral). Event-related power, as well as phase-locking values, were analyzed over time for
the delta (1-3, 5 Hz), theta (4—7 Hz), and alpha (8—13 Hz) bands. For statistical analyses,
we zoomed in on two time windows displaying distinct responses, around 0 ms (first
TW) and 1000 ms (second TW), putatively corresponding to neural mechanisms of face
processing and emotion expression recognition, respectively.

Results

Valence, arousal, and FE recognition scores

We first evaluated behavioral and subjective responses to the dynamic FE stimuli. There
were 12 videos in TOTAL, 4 from each category; neutral, joyful, or fearful. FE recogni-
tion scores were based on the correct classification of each of the videos into their cat-
egory, and for any given category could, therefore, range from 0 to 4 (correctly classified
videos out of the 4). Valence (mood upon seeing the dynamic FE stimuli) and arousal
(excitation by the stimuli) scores ranged from 1 to 9, and were based on a subjective
self-evaluation scale after seeing each video again after the main measurement had been
completed (see Methods).

Valence scores, arousal scores, and FE recognition scores, all differed across the three
categories of videos (neutral, joyful, fearful, p <0.001, see Fig. 1). Pairwise comparisons
showed that joyful FE had the highest valence, arousal, and recognition scores (p <0.05,
Bonferroni-adjusted, two-sided). These results confirm that dynamic FE stimuli from
different categories affected participants differently and were recognized as conveying
different emotions. It then becomes interesting to assess the potentially different neural
responses to these categorical FEs, focusing in this study on the event-related oscillatory
responses in delta, theta, and alpha frequency bands.

Event-related oscillatory activity during dynamic FE processing

As discussed in the Introduction, most prior studies used static FE stimuli to study neu-
ral mechanisms underlying the processing of facial expressions. Since the neural cor-
relates of dynamic FE processing are comparatively unexplored, we here concretely
focused on three frequency bands, previously linked to (different aspects of) FE pro-
cessing; delta, theta, and alpha. For each, we present time—frequency plots for (1) power
analysis which shows the time-locked and/or phase-locked responses to the presenta-
tion of dynamic FE videos and (2) phase-locking values which quantify the phase angle
synchronization of responses to the dynamic FE videos across trials. Visual inspection
showed two separate event-related responses, one after video onset (0 ms), and a second
around 1000 ms into stimulus presentation. Statistical analyses focused on comparing
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Fig. 1 Box plots of the Kruskal-Wallis test for scores of the valence, arousal, and FE recognition. Asterisks (¥)
stands for significant pairwise comparisons. FE: facial expression, SE: standard error, SD: standard deviation.
The maximum possible recognition score was four points for each FE. Valence scores and arousal scores
ranged from 1 to 9 (negative to positive and low to high excitation, respectively, see Methods for details)

data extracted from these two time windows (TW, see Methods for details) for both
power and phase-locking analysis across conditions and stimulus categories.

Event-related power analysis

A repeated-measures ANOVA on mean normalized power included factors Time
(first TW, second TW), FE (neutral, joyful, fearful), Location (seven electrode clus-
ters, see Methods), and Hemisphere (left, right). Figure 2a shows the event-related
power changes in the time—frequency domain (1-13 Hz) as a response to our
dynamic FEs per stimulus category for left and right parietal-2 electrodes (P7, P8) in
which the main differences were observed. By eye, the two time windows with dis-
tinct responses can be observed around 0 and 1000 ms into the stimulus videos.

Delta frequency There was a main effect of Time (F(df =1, 17) =41.965, p =0.001, and
n_p*=0.712): the first TW had higher delta power than the second TW (Fig. 2). In
addition, FE had an effect (F(df=2, 34)=3.406, p =0.047, and #_p*>=0.167): delta
power in response to the emotional FEs (joyful, fearful) was higher than that of the neu-
tral FE. This difference was due to the responses generated in the second TW, largely,
and indeed the Time*FE interaction was statistically significant (F(df =2, 34) =7.415,
p =0.003, and #_p*=0.304). Post-hoc results showed that the delta power for emo-
tional FEs in the second TW was higher than for neutral FE (p <0.05) (Fig. 2). There
was also a statistically significant Time*Location interaction (F(df =6, 102)=7.304, p



Aktlrk et al. BioMed Eng OnLine (2021) 20:41 Page 5 of 17

(See figure on next page.)

Fig. 2 The grand average figures of event-related a power and b phase-locking analysis (1-13 Hz) in time—
frequency domain in response to each dynamic FE categories which are given in figure, respectively: fearful,
joyful, and neutral FEs. The parietal areas (p7-p8) were presented in the figure. a Delta and theta power in
response to the emotional FEs (fearful and joyful FE) was higher than that of the neutral FE in the second
time window that corresponds to the time between 1000 and 1800 ms for delta, 1000 ms and 1400 ms

for theta (p <0.05). In the first time window (0-400 ms), the right parietal-2 location (p8) had higher theta
power (p <0.05), while there was no hemispheric difference in the second time window (1000-1400 ms)

(p >0.05). In the time window between 0 and 250 ms that corresponds to the first time window, the right
parietal-2 (p8) location had higher alpha power (p <0.05), while there was no hemispheric difference in the
second time window (1000-1250 ms) (p >0.05). b Delta and theta phase-locking value in response to the
fearful FE was higher than that of the joyful and the neutral FE in the second time window that corresponds
to the time between 1000 and 1800 ms for delta, 1000 ms to 1400 ms for theta (p < 0.05). In the first time
window (0-400 ms), the right parietal-2 location (p8) had a higher delta, theta, and alpha phase-locking
value (p <0.05), while there was no hemispheric difference in the second time window (p >0.05). The X-axis
represents time, and the Y-axis represents frequency; the point at which the stimulus arrives is marked as a
zero point on the X-axis. p7-p8: parietal

=0.003, and #_p*=0.301). Post-hoc results showed that occipital areas had the lowest
delta power compared to other areas in the second TW (p <0.05), while there was no
such location differentiation in the first TW (p >0.05). Time*Hemisphere interaction
was statistically significant (F(df=1, 17) =4.747, p =0.04, and #_p?>=0.225). While
there was no statistical difference between the hemispheres in the first TW (p >0.05),
delta power was higher in the left hemisphere than in the right hemisphere for the
second TW (p <0.05).

Theta frequency There wasa main effect of Time (F(df=1,17) =79.534, p =0.001, and
7_p?=0.824): the first TW had higher theta power than the second TW (p <0.05)
(Fig. 2). The location had an effect (F(df =6, 102) = 5.986, p =0.001, and #_p> = 0.260):
theta power was highest in the occipital location (p <0.05). Time*FE interaction was
statistically significant (F(df=2, 34)=5.019, p =0.012, and #_p*>=0.228). While the
responses for different FEs in the first TW did not differentiate (p >0.05), the theta
power for emotional FEs in the second TW was higher compared to the neutral FE (p
<0.05) (Fig. 2). There was a statistically significant Time*Location interaction (F(df =6,
102) =4.107, p =0.025, and #_p*=0.195). Post-hoc results showed that the occipi-
tal area had higher theta power compared to the anterior areas in the second TW (p
<0.05), while there was no such location differentiation in the first TW (p >0.05). In
addition, Time*Location*Hemisphere interaction was statistically significant (F(df =6,
102) =3.989, p =0.014, and n_pz =0.190). In the first TW, the right parietal-2 location
had higher theta power (p <0.05), while there was no hemispheric difference between
the locations in the second TW (p > 0.05).

Alpha frequency There was a main effect of Time (F(df=1, 17) =77.993, p =0.001, and
n_p*=0.821): the first TW had higher alpha power than the second TW (p <0.05).
There was a statistically significant Time*Location interaction (F(df=6, 102)=15.999,
p =0.002, and #_p>*=0.261). Post-hoc results showed that parieto-occipital areas
(parietal-2, occipital) had higher alpha power compared to the other areas in the first
TW (p <0.05), while there was no such location differentiation in the second TW (p
>0.05). Time*Hemisphere interaction was statistically significant (F(df=1, 17) =5.294,
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p =0.034, and #_p?=0.237). Accordingly, there was no hemispheric differentiation in
the second TW (p >0.05), while the right hemisphere had higher alpha power than the
left in the first TW (p <0.05). In addition, the Time*Location*Hemisphere interaction
was statistically significant (F(df =6, 102) =4.953, p =0.007, and 77_p* =0.226). The right
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temporo-parietal areas (temporal, parietal-2) had higher alpha power than the left tem-
poro-parietal areas in the first TW (p <0.05), while there was no such differentiation in
the second TW (p >0.05) (Fig. 2).

Event-related phase-locking analysis

A repeated-measures ANOVA on phase-locking value included factors Time (first TW,
second TW), FE (neutral, joyful, fearful), Location (seven electrode clusters, see Meth-
ods), and Hemisphere (left, right). Figure 2b shows the event-related phase-locking
values in the time—frequency domain (1-13 Hz) as a response to our dynamic FEs per
stimulus category for left and right parietal-2 electrodes (P7, P8) in which the main dif-
ferences were observed. By eye, the two time windows with distinct responses can be
observed around 0 and 1000 ms into the stimulus videos as in the power analysis.

Delta frequency There was a main effect of Time (F(df=1, 17) =67.762, p =0.001, and
7_p*=0.799): the first TW had a higher delta phase-locking value than the second TW
(Fig. 2). In addition, FE had an effect (F(df=2, 34) = 14.701, p =0.001, and 77_p?* = 0.464):
delta phase in response to the fearful FEs was higher than that of the joyful and neu-
tral FE (p <0.05). This difference was due to the responses generated in the second TW,
largely, and accordingly, the Time*FE interaction was statistically significant (F(df=2,
34) =24.748, p =0.001, and #_p*=0.593). Post-hoc results showed that the delta phase-
locking value for fearful FEs in the second TW was higher than for joyful and neutral FE
(p <0.05), while there was no such FE differentiation in the first TW (p > 0.05) (Fig. 2). The
location had an effect (F(df=6, 102) =11.841, p =0.001, and #_p*=0.411): delta phase-
locking value was highest in the parietal-2 and occipital locations (p <0.05). This location
difference is due to the delta responses in the first time window owing to the fact that
there was a statistically significant Time*Location interaction (F(df=6, 102)=6.547, p
=0.004, and #_p?=0.278). Post-hoc results showed that parietal-2 and occipital loca-
tion areas higher compared to other areas in the first TW (p <0.05), while there was
no such location differentiation in the second TW (p >0.05). Hemisphere had an effect
(F(df=1, 17)=18.273, p =0.001, and #_p?>=0.518): right delta phase-locking value was
higher than in the left (» < 0.05). Time*Hemisphere interaction was statistically significant
(F(df=1, 17) =4.602, p =0.047, and 7_p? =0.213). While there was no statistical differ-
ence between the hemispheres in the second TW (p >0.05), the delta phase-locking value
was higher in the right hemisphere than in the left hemisphere for the first TW (p <0.05).
Location*Hemisphere interaction was statistically significant (F(df=6, 102) =6.843, p
=0.001, and _p*=0.287). Consequently, the right temporo-parietal areas (temporopari-
etal, parietal-2) had higher delta phase-locking values than in the left (p < 0.05). This differ-
ence was due to the responses generated in the first TW and Time*Location*Hemisphere
interaction was statistically significant (F(df =6, 102) = 3.888, p = 0.024,and 7_p*=0.186).
Post-hoc results showed that the delta phase-locking value in the right temporo-parietal
areas was higher than in the left for in the first TW (p <0.05), while there was no such
differentiation in the second TW (p >0.05) (Fig. 2).

Theta frequency There was a main effect of Time (F(df=1, 17) =127.587, p =0.001, and
7_p*=0.882): the first TW had higher theta phase-locking value than the second TW
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(Fig. 2). FE had an effect (F(df=2, 34) =9.857 701, p =0.002, and 7_p*=0.367): theta
phase in response to the fearful FEs was higher than that of the joyful and neutral FE (p
<0.05). This difference was due to the responses generated in the second T'W, largely, and
accordingly, the Time*FE interaction was statistically significant (F(df=2, 34)=9.166, p
=0.001, and #_p*=0.350). Post-hoc results showed that the theta phase-locking value for
fearful FEs in the second T'W was higher than for joyful and neutral FE (p <0.05), while
there was no such FE differentiation in the first TW (p >0.05) (Fig. 2). The location had
an effect (F(df=6, 102) =7.844, p =0.001, and #_p*=0.316): theta phase-locking value
was highest in the occipital locations (p < 0.05). This location difference is due to the theta
responses in the first time window and consequently, there was a statistically significant
Time*Location interaction (F(df=6, 102) =3.942, p =0.012, and #_p*=0.188). Post-hoc
results showed that occipital areas higher compared to other areas in the first TW (p
<0.05), while there was no such location differentiation in the second TW (p >0.05).
Hemisphere had an effect (F(df=1, 17) =4.466, p =0.05, and 7_p*=0.208): right theta
phase-locking value was higher than in the left (p <0.05). Time*Location*Hemisphere
interaction was statistically significant (F(df =6, 102) = 3.080, p =0.035,and 7_p*=0.153).
Post-hoc results showed that the theta phase-locking value in the right temporo-parietal
areas (temporoparietal, parietal-2) was higher than in the left for in the first TW (p < 0.05),
while there was no such differentiation in the second TW (p >0.05) (Fig. 2).

Alpha frequency There was a main effect of Time (F(df=1, 17) =71.155, p =0.001, and
n_p*=0.807): the first TW had higher alpha phase-locking value than the second TW
(Fig. 2). The location had an effect (F(df=6, 102) =11.823, p =0.001, and 7_p*=0.410):
alpha phase-locking value was highest in the parietal-2 and occipital locations (p <0.05).
Hemisphere had an effect (F(df=1, 17) =6.967, p =0.017, and 7_p® =0.291): right alpha
phase-locking value was higher thanin the left (p < 0.05). Inaddition, Location*Hemisphere
interaction was statistically significant (F(df =6, 102) = 6.792, p = 0.002,and 7_p*=0.285).
Post-hoc results showed that the right temporo-parietal areas (temporoparietal, pari-
etal-2) had higher alpha phase-locking values than in the left (»p <0.05). According to
post-hoc comparisons, this location, hemisphere difference, and Location*Hemisphere
interaction is due to the alpha responses, mainly, in the first time window (0<0.05), and
consequently, there were statistically significant Time*Location interaction (F(df=6,
102)=8.314, p =0.001, and 7_p*=0.328), Time*Hemisphere interaction (F(df=1,
17)=10.574, p =0.005, and #_p*=0.383), and Time*Location*Hemisphere interaction
(F(df=6, 102)=4.774, p =0.011, and #_p*=0.219). In addition, Time*FE*Hemisphere
interaction was statistically significant (F(df =2, 34) =4.872, p =0.018, and 77_p*=0.223).
Post-hoc results showed that the alpha phase-locking value in the right hemisphere for
the neutral FE was higher than in the left in the first TW (p <0.05), while there was no
such differentiation in the second TW (p >0.05).
A summary representation of the main results of the study is given in Fig. 3.
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Fig. 3 Summary of the main results. Temporo-parietal areas include the temporo-parietal and parietal-2
locations. Hem: hemisphere, TW: time window

Discussion

We here investigated the neuronal processing of dynamic faces progressing from neutral
to fearful, joyful, or continued neutral expressions. Our main interest was to evaluate to
what extent event-related oscillations might show a similar temporal progression, simul-
taneously revealing the feasibility of EEG oscillation studies using such ecologically valid,
but more complex, dynamic stimuli. The cardinal findings of the present study were as
follows: (I) an early time window (first TW) had higher power and phase-locking val-
ues than a later time window (second TW) for all frequency bands; (II) delta and theta
power were higher in response to the emotional FEs than the neutral, in the second TW;
(III) delta and theta phase-locking values were higher in response to the fearful FEs than
to joyful and neutral FEs, in the second TW; and (IV) the right parietal locations had
higher power and phase-locking value in the first TW, especially for the theta and alpha
frequencies, while there was no such differentiation in the second TW. These results
show that event-related oscillations are sensitive to the temporal aspect of FE processing
as we hypothesized. In addition, differentiation in the response to emotional faces was
shown in later time windows, as we expected.

Previous studies emphasized that facial processing in the brain involves a core tem-
poral aspect, due to the dynamic nature of facial expressions [35-37]. In this study, we
found that the neuronal response mainly occurred in two different time windows during
dynamic FE processing, with a stronger response in the first TW for all frequency bands.
Responses appearing in the second TW correspond approximately to the onset of emo-
tional expressions in the video clips from the joyful/fearful categories. Therefore, that
specifically in the emotional FE stimuli, the stimulus noticeable changed, while in the
neutral video, it did not. As summarized in Fig. 3, however, oscillation responses in the
second TW were different specifically for the fearful videos, arguing against the idea that
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the second TW responses might be simply due to low-level feature changes in the visual
input. Overall, these results imply that there could be two main stages to FE process-
ing, which could reflect initial sensory/perception, and then recognition/judgment. The
fact that these responses were segregated in time underlines the added value of using
dynamic FE stimuli, where the onset of a face stimulus and the onset of an emotional
expression can be temporally separated.

That the sensory response (first TW) was higher in power and phase-locking than the
higher order response (second TW) may be related to the fact that the brain will always
respond more synchronized to the sudden onset of a stimulus, while the more subtle
and gradual change into an emotional expression has a less clear/sudden temporal onset
which means no phase reset and more differences across participants.

In the present study, participants identified the highest arousal and valence score for
the joyful FE and performed better in the post-hoc classification of these stimuli as joy-
ful. Results of the current study showed that the emotional FEs (joyful and fearful) had
higher delta and theta power compared to the neutral, in the second TW. In addition,
results showed that responses generated for the fearful FE were more phase-locked than
the joyful and neutral FE. The differentiation with respect to emotion was observed
in the later time window which might correspond to the higher order face processing
stages, as hypothesized. This differentiation was represented by delta and theta oscilla-
tions, which is in accordance with the literature: the role of temporal—parietal-occipi-
tal delta responses in FE recognition has already been identified [19]. It is also known
that the delta oscillation, especially the posterior delta, may have an important role in
the perception and recognition of complex images and also may reflect episodic mem-
ory processes [22]. Yet, the results of the current study imply that delta oscillations are
indeed sensitive to the emotional content of the stimuli, since all stimulus categories
here could be considered ‘complex’

The perceived emotional intensity of FEs is known to be influential in emotion pro-
cessing in the brain [18, 26, 38—41]. Studies showed that FEs with higher arousal lev-
els elicit higher neuronal activity [38—41]. In event-related oscillation studies, valence
has been found to be represented mostly by higher frequencies and arousal to be rep-
resented by lower ones such as delta and theta [19]. Klados et al. [23] and Balconi et al.
[27, 28] reported that delta responses were stronger to highly arousing pictures than to
less arousing ones. Moreover, several studies showed that high-arousal stimuli result in
stronger theta synchronization than low-arousal stimuli, which suggests that arousal dis-
crimination could be represented by an increase in theta power [20, 24, 29, 42]. How-
ever, contrary to previous studies, the brain responses to the most arousing FE (joyful),
did not differ significantly from the response to the fearful FE. The power of the brain
responses to FEs was in line with their subjective arousal levels, even if it is statistically
non-significant for the joyful-fearful comparison. In addition, a different pattern than
expected was revealed for the phase-locked responses considering this arousal hypoth-
esis, since the brain responses in response to fearful FEs were differentiated from the
joyful and neutral FEs in terms of phase-locking values. It is also reported that there are
specific neuronal localizations for the subjective feelings of valence and arousal rather
than discrete topologies for discrete emotions [43, 44]. Accordingly, delta, theta, and
alpha may topographically differentiate, rather than in terms of decrements/increments
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in the event-related responses according to the perceived valence and arousal of the fear-
ful FE and the joyful FE. In order for this differentiation to be better emphasized, a larger
sample population recruitment might be necessary.

Another main finding concerns lateralization which differs with respect to time
and location. The posterior regions of the right hemisphere responses were higher in
the first TW, especially at the parietal areas. All three frequencies had higher power
and phase-locking values at the right parietal location in the first TW. Lateralization
is established in the literature on face processing. It has been shown that there is a
right-dominant neuronal mechanism in FE processing. Furthermore, several studies
related FE perception to widespread neuronal processing in the right hemisphere,
with an organization similar to language processing in the left hemisphere [45-48].
Aside from pioneering functional magnetic resonance imaging (fMRI) studies on
FE processing, there are also EEG studies demonstrating this hemispheric laterali-
zation during FE processing [8, 49-52]. However, such results were obtained with
stimulus sets that mostly used static photographs, where the temporal dynamics of
face processing were not considered [45, 46, 53]. According to the valence hypoth-
esis [49, 50, 54], increased left anterior activity is associated mostly with positive
emotions, while increased right anterior activity is associated with negative emo-
tions. However, in this study, we see that the hemispheric difference is in posterior
regions rather than anterior regions, and this hemispheric difference is not between
the emotions (joyful vs. fearful), which is in line with Giintekin et al. [8]. Therefore,
rather than the valence hypothesis, the results support the right hemisphere hypoth-
esis [51, 55], which suggests that the right hemisphere is important in processing
emotions irrespective of their valence. The present study also showed that the later-
alization differs over time during dynamic FE processing, which may reflect the dif-
ferent stages inherent to FE processing as discussed above. Such stages may include
visual perception, the formation of high-level representations of the face, and the
recognition of the emotion or the identity [43], all of which are hierarchically spread
both in time and topology. It is well-known that different oscillations reflect differ-
ent components of such sensory and emotional processes; for reviews see Knyazev’s
[17] and Giintekin & Basar [18].

This study has several limitations that should be considered for future studies.
The sample size was relatively small, and electromyographic (EMG) activity was not
recorded although it might provide valuable information. Previous studies showed
that facial muscle activity relates to comprehension of emotional state [56-59]. Fur-
thermore, in this study, dynamic FE responses were not compared with static FE
responses directly. Instead, the results of this study were discussed in comparison
to the results of previous studies with static FEs from our group and others. Finally,
future research could investigate the temporal aspects of dynamic FE processing
within a social context.
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Conclusions

The present study revealed electroneurophysiology correlates of the processing
of the dynamic facial expressions. Apparently, there are temporal changes dur-
ing FE processing that will be missed in studies in which static FE stimuli are used.
The current study showed that neuronal activity in response to facial expressions
changes over time, and this is mainly observed in two distinct time windows. The
neuronal response in the later time window was interpreted to indicate higher level
processing, where the response to emotional faces vs. neutral faces is differentiated
by activity in the delta—theta frequency range. In addition, in accordance with previ-
ous literature, we observed right parietal dominance during facial processing for all
three frequency bands. In conclusion, facial expression processing has a temporal
aspect that should be considered in studies that research FE processing.

Methods

Participants

A total of 18 healthy young participants (12 females, age: 22.2+2, education (year):
16 +1.9) were included in the study. All the participants had a normal or corrected-to-
normal vision and were right-handed. Having been diagnosed with or having a history of
any neurological or psychiatric disease, using any neurological or psychiatric medicine
were exclusion criteria. We obtained written informed consent from all participants. The
ethics committee of Istanbul Medipol University approved the study (no: E47609).

Experimental design and procedure

12 videos showing joyful, fearful, and neutral facial expressions were chosen from the
Amsterdam Dynamic Facial Expression Set (ADFES) as stimuli [60]. Each of the cho-
sen facial expressions was displayed by two different male and female models. Thus,
the dynamic FE paradigm displayed during the EEG recording consists of 12 videos

Page 12 of 17
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showing 3 facial expressions (joyful, fearful, neutral). Each of the 12 different videos was
presented 18 times in the paradigm (a total of 216 stimuli were presented, randomly)
(Fig. 4). The videos have a 6 s standard length. All the videos start with the neutral FE
maintained for 0.5 s, and then the FE appears and is maintained for approximately 5 s
[60]. Inter-stimulus intervals varied from 2 to 4 s, randomly. E-prime software (Psychol-
ogy Software Tools Inc., Pittsburgh, PA) was used in the preparation and presentation of
the task. The videos were presented in full screen on a monitor with a 60 Hz refreshing
rate (47.5 x 26.8 cm) placed 90 cm away from participants.

After the EEG recording session, participants were asked to classify the FE expressed
in each of the 12 videos as either neutral, fearful, or joyful. One point was given for each
correct answer, which means that, with unique 4 video stimuli per category, there could
be a maximum ‘FE recognition’ score of 4 (minimum of 0) for each category (neutral,
joyful, fearful), and 12 points in total across the three categories. The subjective valence
and arousal level of subjects in response to the stimuli presented in each FE may vary.
Although it has been shown that the EEG event-related responses may differ according
to the category of FE stimuli, this differentiation may be due to the subjective valence
and arousal of individuals rather than any categorical distinction of FEs. Since there are
several studies showing that the neuronal processing of the stimuli could be differenti-
ated by subjective arousal and valence recognition [18, 38—42], in this study participants
were asked to rate the valence and arousal for each of the 12 video stimuli in the experi-
ment, using SAM (Self Assessment Manikin) images [61]. For arousal level evaluation,
the nine-point rating SAM scale was used, where one point showed the lowest excitation
state, and nine points showed the highest excitation state. For valence level evaluation,
the 9-point rating SAM scale was used, where 1-4 points represent negative [1], 5 points
represent neutral, 6-9 points represent positive [9]. These applied metrics gave us the
opportunity to test whether the differentiation in EEG responses is in line with the sub-
jective valence and arousal scores.

EEG recording procedure

EEG recording was amplified with a BrainAmp 32-Channel DC System (Brain Product
GmbH, Germany). Fpl, Fp2, F7 F3, Fz, F4, F8, Ft7, Fc3, Fcz, Fc4, Ft8, Cz, C3, C4, T7, T8,
Tp7, Cp3, Cpz, Cp4, Tp8, P3, Pz, P4, P7, P8, O1, Oz, and O2 electrodes were recorded.
The sampling rate of the EEG recording was 500 Hz and recording was performed with
band limits of 0.01-250 Hz. EEG recording was performed using the “BrainCap with
Multitrodes” model cap (EasyCap GmbH, Germany), which was arranged according
to the international 10/20 system and has 32 electrode locations. In addition, two con-
nected electrodes (A1+ A2) were placed on the earlobes as a reference. Electrooculo-
gram (EOG) was recorded through electrodes placed on the medial upper and lateral
orbital area of the left eye to identify eye movement in the EEG data. All electrode
impedance values were kept below 10 kOhm. Participants were sat in a dimly lit, sound-
proof, electrically shielded room during the entire experiment.
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Table 1 Wavelet parameters for power and phase-locking analysis

Delta Theta Alpha

Frequency Band 1-35Hz 4-7 Hz 8-13Hz

Frequency step (logarithmic step) 60 60 60

Morlet parameter c (cycle) 3 3 3

Wavelet output normalization®
Output values Spectral power (uV?) Spectral power (uV?) Spectral power (uV?)
Normalization method Decibel (dB) Decibel (dB) Decibel (dB)
Reference Interval (ms) start -500, end -300 start -500, end -300 start -500, end -300

@ Output normalization methods were applied only for power analysis

EEG data analysis

EEG pre-processing steps

Data were preprocessed in the Brain Vision Analyzer (BVA) 2.2 software, before the
advanced analysis. Preprocessing steps were applied, respectively, as follows: (I) data
were digitally filtered by the eigth-order zero phase shift Butterworth filters (the infinite
impulse response filters) between 0.01 and 60 Hz. (II) Independent component analysis
was applied to the whole data to subtract eye movement components. Maximally two
components were eliminated for the horizontal and vertical eye movements considering
their topology, voltage ranges, and the respective improvement in the data following the
extraction of these components. (III) Data were segmented considering stimulus onset.
Since the FE was held for 5 s in the stimuli, data were divided into segments as 1 s before
the stimulus and 5 s after the stimulus. The total duration of the segments was 6 s. (IV)
Artifact rejection was applied to the segmented data. All data were manually checked,
epoch by epoch. Epochs with artifacts (e.g., muscle activity) were removed.

EEG analyses were performed for the joyful, fearful, and neutral FEs separately. Stud-
ies with facial expression paradigms have shown the importance of posterior areas in
facial expression processing, as mentioned in the Introduction; therefore, different pos-
terior electrode pairs were chosen for the analysis. Yet, to see topographical changes
during facial expression processing, some other important locations were added too.
Ultimately, seven locations, namely 14 electrodes [frontal (F3-F4), central (C3-C4),
temporal (T7-T8), temporoparietal (Tp7-Tp8), parietal-1 (P3—P4), parietal-2 (P7-P8),
occipital (O1-02)] were chosen for further EEG analysis, since these locations covered
all cortical areas of interest.

Event-related time-frequency analyses
We applied event-related phase-locking and power analyses to the EEG data in time—
frequency analysis. BrainVision Analyzer 2.2 software was used for the wavelet trans-
form (WT). For each subject, each FE, and each electrode, continuous WT with Gabor
normalized complex Morlet wavelet was applied over the preprocessed data. Single tri-
als that WT was applied to were averaged for evaluation of the event-related total power
and event-related phase-locking analysis.

Wavelet and output normalization parameters for the event-related power analy-
sis are given in Table 1. This analysis shows the total power (both evoked and induced
power) for a certain frequency at a certain time for the event-related responses both
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phase-locked and non-phase-locked [61]. The same wavelet parameters were used for
the event-related phase-locking analysis as can be seen in Table 1. Phase-locking analysis
assesses the consistency of the phase angle of signals across trials. Results of the phase-
locking analysis do not include the power (amplitude/magnitude) features of the signal.
Phase-locking values vary between 0 and 1. Values close to zero represent the random
phase angles between the trials, while phase-locking values close to one refers to perfect
phase alignment across the trials.

Numerical values of the calculated W'T were exported. Exports were done through two
different time windows for each frequency band, namely: 0-800 ms and 1000—1800 ms
for delta (1-3.5 Hz), 0-400 ms, and 1000—-1400 ms for theta (4—7 Hz) and 0—250 ms and
1000-1250 ms for alpha (8—13 Hz) frequency bands. The mean power and phase values
in these specific time windows were used in statistical analyses.

Statistical analysis

SPSS 22 software was used for statistical analyses. Repeated Measures ANOVAs were
performed on the mean values of normalized event-related power and the mean val-
ues of event-related phase-locking in the two time windows, separately per frequency
band (delta, theta, and alpha). ANOVAs were employed with four within-group factors;
time window (first TW, second TW), FE (joyful, fearful, and neutral), location (fron-
tal, central, temporal, temporoparietal, parietal-1, parietal-2, and occipital), and hemi-
sphere (left and right). Greenhouse—Geisser corrected p values were reported. Post-hoc
analyses were accomplished with Statistica software. Bonferroni correction for multiple
comparisons was used for the post-hoc tests. Kruskal-Wallis test was used to test the
significance of the difference between the FEs’ valence, arousal, and recognition scores.
The significance level was determined as p <0.05.

Acknowledgements
Not applicable.

Authors’ contributions

BG, SSG, and TA initiated the study and designed the protocol. TA, YA, TdG, and BG wrote the paper. TA, YA, AK, DO, and
SSG recorded the EEG, and TA analyzed the EEG data. BG and TdG supervised and controlled the study. All authors read
and approved the final manuscript.

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate
The informed consent form was obtained for all participants. The ethics committee of Istanbul Medipol University has
approved the study (no: E47609).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Program of Electroneurophysiology, Vocational School, Istanbul Medipol University, Istanbul, Turkey. 2Program of Neuro-
science Ph.D, Graduate School of Health Sciences, Istanbul Medipol University, Istanbul, Turkey. *Department of Cogni-
tive Neuroscience, Faculty of Psychology and Neuroscience, Maastricht University, Maastricht, Netherlands. “Department
of Biological Sciences, Faculty of Arts and Sciences, Middle East Technical University, Ankara, Turkey. >Meram Faculty



Aktlrk et al. BioMed Eng OnLine (2021) 20:41 Page 16 of 17

of Medicine, Konya Necmettin Erbakan University, Konya, Turkey. °Department of Molecular Biology and Genetics,
Faculty of Science, Sivas Cumhuriyet University, Sivas, Turkey. 7Depar‘[ment of Biophysics, School of Medicine, Istanbul
Medipol University, Istanbul, Turkey. 8Regenerative and Restorative Medicine Research Center (REMER), Istanbul Medipol
University, Istanbul, Turkey. °Institute for Psychology, Faculty of Human Sciences, Universitit Der Bundeswehr Miinchen,
Munich, Germany. '°Department of Psychology, Faculty of Psychology and Educational Sciences, Ludwig-Maximilians-
Universitat Mdnchen, Munich, Germany.

Received: 8 January 2021 Accepted: 20 April 2021
Published online: 27 April 2021

References

1. Ekman P, Friesen WV. Constants across cultures in the face and emotion. J Pers Soc Psychol. 1971;17(2):124-9.

2. Hess U, Thibault P. Darwin and emotion expression. Am Psychol. 2009,64:120-8.

3. Darwin C, Prodger P. The Expression of the Emotions in Man and Animals - Charles Darwin, Phillip Prodger. USA:
Oxford University Press; 1998.

4. Lavenu |, Pasquier F, Lebert F, Petit H, Van der Linden M. Perception of emotion in frontotemporal dementia and
Alzheimer disease. Alzheimer Dis Assoc Disorders. 1999;13:96-101.

5. Hargrave R, Maddock RJ, Stone V. impaired recognition of facial expressions of emotion in Alzheimer’s disease. J
Neuropsychiatry Clin Neurosci. 2002;14(1):64-71.

6. MclellanT, Johnston L, Dalrymple-Alford J, Porter R. The recognition of facial expressions of emotion in Alzheimer’s
disease: a review of findings. Acta Neuropsychiatr. 2008;20(5):236-50.

7. Carvalho C, Paris M, Lemos M, Peixoto B. Assessment of facial emotions recognition in aging and dementia. The
development of a new tool. Biomed Aging Pathol. 2014;4(2):91-4.

8. Guntekin B, Hanoglu L, Akturk T, Fide E, Emek-Savas DD, Rusen E, et al. Impairment in recognition of emotional
facial expressions in Alzheimer’s disease is represented by EEG theta and alpha responses. Psychophysiology.
2019;56(11):1-16.

9. Gaebel W, Wolwer W. Facial expression and emotional face recognition in schizophrenia and depression. Eur Arch
Psychiatry Clin Neurosci. 1992;242(1):46-52.

10. Edwards J, Jackson HJ, Pattison PE. Emotion recognition via facial expression and affective prosody in schizophrenia:
a methodological review. Clin Psychol Rev. 2002,22(6):789-832.

11. Lee SH, Kim DW, Kim EY, Kim S, Im CH. Dysfunctional gamma-band activity during face structural processing in
schizophrenia patients. Schizophr Res. 2010;119(1-3):191-7.

12. Monteiro R, Simdes M, Andrade J, Castelo BM. Processing of facial expressions in autism: a systematic review of EEG/
ERP evidence. Rev J Autism Dev Disord. 2017;4(4):255-76.

13. Ghanouni P, Zwicker JG. Electrophysiological responses to emotional facial expressions in individuals with autism
spectrum disorder: a systematic review. Rev J Autism Dev Disord. 2018;5(3):208-26.

14. Dawson G, Webb SJ, Mcpartland J. Understanding the nature of face processing impairment in autism: insights from
behavioral and electrophysiological studies. Dev Neuropsychol. 2005;27(3):403-24.

15. RuffmanT, Henry JD, Livingstone V, Phillips LH. A meta-analytic review of emotion recognition and aging: implica-
tions for neuropsychological models of aging. Neurosci Biobehav Rev. 2008;32(4):863-81.

16. Aktirk T, Isoglu-Alkac U, Hanoglu L, Glintekin B. Age related differences in the recognition of facial expression:
Evidence from EEG event-related brain oscillations. Int J Psychophysiol. 2020;147:244-56.

17. Knyazev GG. Motivation, emotion, and their inhibitory control mirrored in brain oscillations. Neurosci Biobehav Rev.
2007;31(3):377-95.

18. Guntekin B, Basar E. A review of brain oscillations in perception of faces and emotional pictures. Neuropsychologia.
2014;58:33-51.

19. Guntekin B, Basar E. Facial affect manifested by multiple oscillations. Int J Psychophysiol. 2009;71(1):31-6.

20. Knyazev GG, Slobodskoj-Plusnin JY, Bocharov AV. Event-related delta and theta synchronization during explicit and
implicit emotion processing. Neuroscience. 2009;164(4):1588-600.

21. Balconi M, Lucchiari C. EEG correlates (event-related desynchronization) of emotional face elaboration: a temporal
analysis. Neurosci Lett. 2006;392(1-2):118-23.

22. Guntekin B, Basar E. Review of evoked and event-related delta responses in the human brain. Int J Psychophysiol.
2016;103:43-52.

23. Klados M, Frantzidis C, Vivas AB, Papadelis C, Lithari C, Pappas C, et al. A framework combining delta event-related
oscillations (EROs) and synchronisation effects (ERD/ERS) to study emotional processing. Comput Intell Neurosci.
2009;2009:549419.

24. Balconi M, Brambilla E, Falbo L. Appetitive vs. defensive responses to emotional cues. Autonomic measures and
brain oscillation modulation. Brain Res. 2009;1296:72-84.

25. Dravida S, OnoY, Noah JA, Zhang X, Hirsch J. Co-localization of theta-band activity and hemodynamic responses
during face perception: simultaneous electroencephalography and functional near-infrared spectroscopy record-
ings. Neurophotonics. 2019;6(04):1.

26. Guntekin B, Basar E. Emotional face expressions are differentiated with brain oscillations. Int J Psychophysiol.
2007,64:91-100.

27. Balconi M, Falbo L, Brambilla E. BIS/BAS responses to emotional cues: self report, autonomic measure and alpha
band modulation. Pers Individ Dif. 2009;47(8):858-63.

28. Balconi M, Mazza G. Brain oscillations and BIS/BAS (behavioral inhibition/activation system) effects on processing
masked emotional cues. ERS/ERD and coherence measures of alpha band. Int J Psychophysiol. 2009;74(2):158-65.

29. Balconi M, Brambilla E, Falbo L. BIS/BAS, cortical oscillations and coherence in response to emotional cues. Brain Res
Bull. 2009;80(3):151-7.



Aktlrk et al. BioMed Eng OnLine (2021) 20:41 Page 17 of 17

30. Plouffe-Demers MP, Fiset D, Saumure C, Duncan J, Blais C. Strategy shift toward lower spatial frequencies in the rec-
ognition of dynamic facial expressions of basic emotions: when it moves it is different. Front Psychol. 2019;10:1563.

31. Viviani P, Fiorentini C. Is there a dynamic advantage for facial expressions ? J Vis. 2011;11(3):1-15.

32. Recio G, Schacht A, Sommer W. Recognizing dynamic facial expressions of emotion: specificity and intensity effects
in event-related brain potentials. Biol Psychol. 2014;96(1):111-25.

33. Recio G, Sommer W, Schacht A. Electrophysiological correlates of perceiving and evaluating static and dynamic
facial emotional expressions. Brain Res. 2011;1376:66-75.

34. Recio G, Wilhelm O, Sommer W, Hildebrandt A. Are event-related potentials to dynamic facial expressions of emo-
tion related to individual differences in the accuracy of processing facial expressions and identity? Cogn Affect
Behav Neurosci. 2017;17(2):364-80.

35. Fichtenholtz HM, Hopfinger JB, Graham R, Detwiler JM, LaBar KS. Event-related potentials reveal temporal staging of
dynamic facial expression and gaze shift effects on attentional orienting. Soc Neurosci. 2009;4(4):317-31.

36. Reinl M, Bartels A. Face processing regions are sensitive to distinct aspects of temporal sequence in facial dynamics.
Neuroimage. 2014;102(P2):407-15.

37. Jack RE, Garrod OGB, Schyns PG. Dynamic facial expressions of emotion transmit an evolving hierarchy of signals
over time. Curr Biol. 2014,24(2):187-92.

38. Balconi M, Pozzoli U. Arousal effect on emotional face comprehension. Frequency band changes in different time
intervals. Physiol Behav. 2009;97(34):455-62.

39. Balconi M, Lucchiari C. Consciousness and arousal effects on emotional face processing as revealed by brain oscilla-
tions. A gamma band analysis. Int J Psychophysiol. 2008;67(1):41-6.

40. Lithari C, Frantzidis CA, Papadelis C, Vivas AB, Klados MA, Pappas C, et al. Are females more responsive to emotional
stimuli ? A neurophysiological study across arousal and valence dimensions. Brain Topogr. 2010;23:27-40.

41. Balconi M, Pozzoli U. Face-selective processing and the effect of pleasant and unpleasant emotional expressions on
ERP correlates. Int J Psychophy. 2003;49(03):67-74.

42. Aftanas LI, Varlamov AA, Pavlov SV, Makhnev VP, Reva NV. Time-dependent cortical asymmetries induced by
emotional arousal: EEG analysis of event-related synchronization and desynchronization in individually defined
frequency bands. Int J Psychophysiol. 2002;44(1):67-82.

43. Albohn DN, Adams RB. Chapter 8 - Social vision: at the intersection of vision and person perception. In: Absher JR,
Cloutier Social Cognition, and Character JBT-NP, editors. San Diego: Academic Press; 2016. p. 159-86.

44, Wilson-Mendenhall CD, Barrett LF, Barsalou LW. Neural evidence that human emotions share core affective proper-
ties. Psychol Sci. 2013;24(6):947-56.

45. Sato W, Kochiyama T, Uono S, Sawada R, Kubota Y, Yoshimura S, et al. Widespread and lateralized social brain activity
for processing dynamic facial expressions. Hum Brain Mapp. 2019;40(13):3753-68.

46. De Winter FL, Zhu Q, Van den Stock J, Nelissen K, Peeters R, de Gelder B, et al. Lateralization for dynamic facial
expressions in human superior temporal sulcus. Neuroimage. 2015;106:340-52.

47. Overman WH, Doty RW. Hemispheric specialization displayed by man but not macaques for analysis of faces. Neu-
ropsychologia. 1982;20(2):113-28.

48. Corballis P, Funnell M, Gazzaniga M. An evolutionary perspective on hemispheric asymmetries. Brain Cogn.
2000;43(1-3):112-7.

49. Davidson RJ. Anterior cerebral asymmetry and the nature of emotion. Brain Cogn. 1992;151:125-51.

50. Davidson RJ. Emotion and affective style: hemispheric substrates. Psychol Sci. 1992;3(1):39-43.

51. Demaree HA, Everhart DE, Youngstrom EA, Harrison DW. Brain lateralization of emotional processing: historical roots
and a future incorporating "dominance!Behav Cogn Neurosci Rev. 2005;4(1):3-20.

52. Balconi M, Mazza G. Lateralisation effect in comprehension of emotional facial expression: a comparison between
EEG alpha band power and behavioural inhibition (BIS) and activation (BAS) systems. Laterality. 2010;15(3):361-84.

53. Dien J. A tale of two recognition systems: implications of the fusiform face area and the visual word form area for
lateralized object recognition models. Neuropsychologia. 2009;47(1):1-16.

54. Silberman EK, Weingartner H. Hemispheric lateralization of functions related to emotion. Brain Cogn.
1986;5(3):322-53.

55. Borod JC, Koff E, White B. Facial asymmetry in posed and spontaneous expressions of emotion. Brain Cogn.
1983;2(2):165-75.

56. Rymarczyk K, Zurawski t, Jankowiak-Siuda K, Szatkowska I. Emotional empathy and facial mimicry for static and
dynamic facial expressions of fear and disgust. Front Psychol. 2016;7(NOV):1-11.

57. Rymarczyk K, Zurawski t, Jankowiak-Siuda K, Szatkowska I. Empathy in facial mimicry of fear and disgust:
Simultaneous EMG-fMRI recordings during observation of static and dynamic facial expressions. Front Psychol.
2019;10(MAR):1-20.

58. Rymarczyk K, Biele C, Grabowska A, Majczynski H. EMG activity in response to static and dynamic facial expressions.
Int J Psychophysiol. 2011;79(2):330-3.

59. Balconi M, Bortolotti A, Gonzaga L. Emotional face recognition, EMG response, and medial prefrontal activity in
empathic behaviour. Neurosci Res. 2011;71(3):251-9.

60. van der Schalk J, Hawk ST, Fischer AH, Doosje B. moving faces, looking places: validation of the amsterdam dynamic
facial expression set (ADFES). Emotion. 2011;11(4):907-20.

61. Delorme A, Makeig S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independ-
ent component analysis. J Neurosci Methods. 2004;134(1):9-21.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



	Event-related EEG oscillatory responses elicited by dynamic facial expression
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Valence, arousal, and FE recognition scores
	Event-related oscillatory activity during dynamic FE processing
	Event-related power analysis
	Delta frequency 
	Theta frequency 
	Alpha frequency 

	Event-related phase-locking analysis
	Delta frequency 
	Theta frequency 
	Alpha frequency 



	Discussion
	Conclusions
	Methods
	Participants
	Experimental design and procedure
	EEG recording procedure
	EEG data analysis
	EEG pre-processing steps
	Event-related time–frequency analyses

	Statistical analysis

	Acknowledgements
	References




