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Abstract: How language mediates emotional perception and experience is poorly understood. The
present event-related potential (ERP) study examined the explicit and implicit processing of emo-
tional speech to differentiate the relative influences of communication channel, emotion category
and task type in the prosodic salience effect. Thirty participants (15 women) were presented with
spoken words denoting happiness, sadness and neutrality in either the prosodic or semantic chan-
nel. They were asked to judge the emotional content (explicit task) and speakers’ gender (implicit
task) of the stimuli. Results indicated that emotional prosody (relative to semantics) triggered larger
N100 and P200 amplitudes with greater delta, theta and alpha inter-trial phase coherence (ITPC)
values in the corresponding early time windows, and continued to produce larger LPC amplitudes
and faster responses during late stages of higher-order cognitive processing. The relative salience
of prosodic and semantics was modulated by emotion and task, though such modulatory effects
varied across different processing stages. The prosodic salience effect was reduced for sadness pro-
cessing and in the implicit task during early auditory processing and decision-making but reduced
for happiness processing in the explicit task during conscious emotion processing. Additionally,
across-trial synchronization of delta, theta and alpha bands predicted the ERP components with
higher ITPC values significantly associated with stronger N100, P200 and LPC enhancement. These
findings reveal the neurocognitive dynamics of emotional speech processing with prosodic salience
tied to stage-dependent emotion- and task-specific effects, which can reveal insights to research rec-
onciling language and emotion processing from cross-linguistic/cultural and clinical perspectives.
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1. Introduction

1.1 Sensory dominance effects: theoretical importance and methodological concerns

Emotion plays an essential role in successful interpersonal communication. Humans
show how they feel through what they say (i.e., linguistic content) and how they say it
(i.e., paralinguistic information). One important theoretical contention centering around
multisensory emotional speech processing is whether a certain sensory channel is more
perceptually dominant over others, which is referred to as the channel (sensory) domi-
nance effect [1,2]. A focus on channel dominance, especially the role of prosody, in emo-
tional speech processing is crucial for understanding the developmental trajectory and
functional impairments of speech, language and hearing abilities. Existing research
showed that in early development, infants are more sensitive to the prosodic aspects of
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speech which serves as the early language input providing socioaffective foundation for
language acquisition [3,4]. For individuals with typical language skills, prosody is a sali-
ent part of multisensory speech communication [1,2]. In aging, emotional prosody is also
difficult for individuals with hearing loss and cognitive decline [5-7]. Various clinical pop-
ulations struggle with emotional speech processing, including patients with schizophre-
nia and autism [8,9].

While some studies observed the predominance of auditory prosodic cues over ver-
bal content in emotional speech perception [10,11], there is also evidence pointing to a
perceptual bias towards semantic content [2,12]. These empirical discrepancies in behav-
ioral investigations may be related to differences in language and cultural background
across studies. Given the cross-linguistic differences and socio-cultural nature of decoding
and encoding emotions, what is considered a normal pitch or rhythm in a tonal language
(e.g., Mandarin Chinese) may be considered excessive in a non-tonal language (e.g., Ital-
ian) and vice versa [13]. Notably, those studies supporting a semantic dominance effect
are largely based on data collected in western countries (e.g., Germany and Canada) with
a non-tonal language background and a low-context culture [14], in which interlocutors
tend to rely heavily on verbal messages during speech communication. It remains to be
tested to what extent the existing findings can be generalized to a different socio-contex-
tual background, such as a high-context culture, where nonverbal information and inter-
personal relationships are more important [15]. For studies investigating the neural un-
derpinnings of emotional semantics and prosody processing, extensive efforts have been
made to specify the related brain structures using functional neuroimaging [16-20]. Rela-
tively fewer studies have explored the underlying time course using neurophysiological
techniques with fine temporal resolution (e.g., electroencephalogram) [21].

Though conventional ERP waveform analysis can shed light on the event-locked reg-
ularities of brain dynamics based on time-domain information averaged across trials, it
may underestimate trial-by-trial response variability in the time-frequency domain [22-
24]. A line of studies have applied time-frequency analyses to explore the time-locked
neural substrates of auditory processing [23,25-28], though these investigations were often
conducted with non-emotional stimuli. In these studies, evoked neural synchrony can be
evaluated through inter-trial phase coherence (ITPC) in five frequency bands, including
delta (1-4 Hz), theta (4-8 Hz), alpha (8- 12 Hz), beta (12-30 Hz) and gamma (over 30 Hz).
Higher ITPC values suggest better phase alignment of cortical oscillations, while smaller
values indicate poorer consistency or larger neural “jittering” across trials [29]. Results
suggested that stimulus-evoked phase alignment of EEG oscillations, especially delta,
theta and alpha ITPC, forms a crucial basis for the neural generation of auditory ERP
[23,28,30]. By contrast, time-frequency analyses of vocal emotion processing are sparse
with even less attention on the relationship between ERP waveforms and neural oscilla-
tions [31,32]. The combination of ERP waveform and time-frequency analyses in the cur-
rent study may provide meaningful insights into the underlying neural mechanisms of
emotional speech processing.

In light of the theoretical and methodological issues, the primary focus of this work
is to examine the temporal dynamics of emotional speech processing using the event-re-
lated potential (ERP) measure with waveform and time-frequency analyses. Importantly,
we strived to characterize the neurobehavioral representations of channel dominance ef-
fects with consideration of emotional category and task type, which can contribute to the
understanding of existing discrepancies in previous literature. Since we based our study
on a Mandarin Chinese context, the tonal language background enabled us to investigate
how pitch variations denoting lexical meaning alone are processed differently from those
communicating emotional and linguistic meaning simultaneously at early and late stages.
The high-context East Asian setting also allowed for a new cultural perspective on the
neurobehavioral distinctions of verbal and nonverbal processing.

1.2 Effects of communication channel on multi-stage processing of emotional speech
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Decoding emotional information in speech occurs rapidly, involving a multilayered
process that contains temporally and functionally distinct processing stages [16,33,34]. Ac-
cording to Schirmer and Kotz [35], there are three stages for emotional speech processing;:
(1) analyzing the acoustic features in vocalizations, (2) deriving the emotional salience
from a set of acoustic signals, and (3) integrating emotional significance to higher-order
cognitive processes. The first two stages have largely been studied with the N100 and P200
components using the ERP technique, and the third stage can be probed with the late pos-
itive component (LPC) as well as behavioral measures [21,36-40]. However, it remains
unclear how the relative salience of semantic versus prosodic channels unfolds across the
different emotional speech processing stages.

There has been divided attention in the literature on prosodic and semantic aspects
of emotional speech processing. For instance, the 3-stage model by Schirmer and Kotz [35]
characterizes the prosodic aspect of processing for emotional speech, and many studies
supporting the model focused on emotional prosody by employing non-linguistic affec-
tive vocalizations or pseudo-words/sentences [34,36,41-43]. Some studies applied a cross-
splicing paradigm to temporally control when prosodic cues became available to the lis-
tener by artificially introducing discrepancies between verbal and nonverbal messages
[34,38,44]. Likewise, ERP studies on semantic processing of emotional words often chose
the visual modality for stimulus presentation without considering emotional prosody in
speech [45-49].

Some limitations in the existing research may have prevented us from gaining a com-
prehensive understanding of the relationship between the two speech channels. One pre-
vious ERP investigation substantiated the predominance of semantics over prosody dur-
ing deviance detection in emotional contexts [34]. However, since the effect was observed
based on sentence-level stimuli, its generalizability to other linguistic representations
(e.g., word) warrants further examination. It also remains to be tested whether the effect
occurs based on semantic mismatch alone or depends on integrative semantic and pro-
sodic processing. In addition, the speech stimuli especially those with unintelligible se-
mantic content are somewhat disassociated from what we are usually faced with in daily
communication. Recent behavioral studies attempted to address the joint multi-sensory
multi-channel processing of emotional speech, but the behavioral data (including accu-
racy and reaction time) could not easily separate the final decision-making stage from the
earlier processing stages [2,50,51].

1.3 Effects of emotion category on emotional speech processing

In addition to the relative salience of the communication channels, emotional speech
processing is subject to a number of influential factors. One key issue is whether emotional
and non-emotional signals can be distinguished from each other automatically at an early
stage and if so, exactly when they start to be differentiated. There is cumulative evidence
that emotional stimuli elicited larger auditory ERP responses and greater neural synchro-
nization (esp. in the delta and theta band) than neutral stimuli [34,35,52,53]. This can be
explained by the evolutionary significance of affective signals, which leads to increased
automatic attentional capture and prioritized processing strategies relative to neutral
stimuli [34,54]. However, findings are mixed concerning how early the significant differ-
entiation occurs. The processing of emotional speech is generally thought to diverge from
that of neutral speech around 200 milliseconds (ms) post stimulus presentation
[21,35,55,56], but there is also evidence indicating the distinction as early as 100 ms [41].

A second issue is how different categories of emotion in speech are distinguished
from one another. According to the differential emotion theory, a set of emotions (e.g., joy,
interest, sadness, anger, fear, disgust) are distinguishable in neurochemical processes, ex-
pressive behaviors and subjective experiences [57]. These discrete emotions can also be
described in a two-dimensional space with regard to their valence and arousal. Empirical
evidence has shown how the two dimensions can influence emotion perception at differ-
ent processing stages. For example, Paulmann, Bleichner and Kotz [43] found that va-
lence-relevant information can be reliably deciphered at both early and late processing
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stages, while arousal is more robustly decoded during the late processing stage. Although
there tends to be perceptual bias towards positive and high-arousing stimuli, these va-
lence- and arousal-dependent processing patterns have not been conclusively established
[58,59]. Some studies have shown valence- and arousal- independent emotion processing
[34,60]. Notably, neurophysiological studies on emotional speech processing have gener-
ally taken valence attributes into account in stimulus design while disregarding the pos-
sible role of arousal. One example is that happiness and anger are often chosen as the two
contrasting emotions [36,37], but both of them are high arousing emotions despite a dis-
tinction in valence. Thus, the relative influences of valence and arousal on emotional
speech processing need to be further investigated with the inclusion of more emotional
categories.

1.4 Effects of task type on emotional speech processing

A third factor is the experimental task. Task focuses can be changed under different
types of tasks. In explicit emotion processing tasks, participants are required to evaluate
the emotional content (e.g., valence and arousal attributes) of the stimuli. By contrast, at-
tention in implicit tasks is diverted from the emotional attributes of the stimuli and fo-
cused on other informational dimensions [61]. Differentiated effects of attention have been
found on several ERP components, with increased attention evoking enhanced N100 but
diminished P200 amplitudes [62-64]. Early and late processing of emotional speech can
also be modulated by task difficulty/cognitive efforts. Increased task complexity leads to
enhanced early auditory ERP responses (e.g., more negative N100, more positive P200)
and neural synchrony [37,65-67] but reduced brain responses and poorer behavioral per-
formances in the post-perceptual processing stage [36,68,69]. Though some studies indi-
cated that task types can modulate modality- (e.g., visual vs. auditory) or category-specific
emotion processing [2,70-72], this is not always the case probably due to varying task re-
quirements [43]. To what extent the observed effects of channel and emotion in speech
processing can be generalized across different task types warrants further examination.

1.5 The present study

The present study aimed to examine the neurobehavioral effects of communication
channel, emotional category and task type as emotional speech processing unfolded in
time. Two basic emotions (i.e., happiness and sadness) and neutrality [73] were tested,
and these emotional categories can be distinguished from one another on both valence
and arousal scales. Emotional information was conveyed through either the prosodic or
semantic channel, which constituted two types of experimental stimuli, namely semanti-
cally neutral words spoken in emotional intonations and emotional words spoken in neu-
tral prosody. Participants were asked to identify these emotional stimuli in explicit (i.e.,
emotion identification tasks) and implicit (i.e., gender identification tasks) conditions. We
measured N100, P200, LPC and their associated cortical oscillatory activities to character-
ize sensory processing of acoustic signals, initial decoding of emotional significance, and
early stages of cognitive evaluation. Delta, theta and alpha ITPC were selected for evalu-
ation as these frequency band oscillations could reflect salience detection, emotional sig-
nificance and attentional modulation [53], and could better predict auditory ERP re-
sponses [23,28,30]. We also recorded accuracy and reaction time data from stimulus offset
to show emotional speech processing in the decision-making stage.

Based on previous studies revealing the effects of channel, emotion and task on emo-
tional speech processing and the relationships among different neurological and behav-
ioral measures, we developed the following hypotheses:

e  First, we expected to find ERP and behavioral differentiation of emotional prosody
and semantics given the channel (prosodic) dominance effects observed in our recent
studies based on a tonal language and high-context culture [2,51].

. Second, we predicted that emotional stimuli would be distinguished from the neutral
ones [34,54], and differences would also be found between specific emotion types
(i.e., happy and sad) [43].
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e  Third, task types would modulate brain and behavioral responses during emotional
speech processing, since our task instructions would lead to differences in task fo-
cuses and difficulty [68,71].

e Finally, we hypothesized that ITPC data could be potential indicators of auditory
ERP responses [23,28,30]. However, processing patterns were likely to vary across
the neurophysiological and behavioral indices since the adopted measures were not
conceptually equivalent [22,23].

Findings from the present study will contribute new data to the multi-stage model of
emotional speech processing and reveal insights to research on emotion cognition from
cross-linguistic/cultural and clinical perspectives.

2. Materials and Methods

2.1 Participants

The present study was conducted with approval from the institutional review board
(IRB) of School of Foreign Languages at Shanghai Jiao Tong University (SJTU). Thirty vol-
unteers (15 females and 15 males) were recruited to take part in this experiment through
an online campus advertisement. Participants averaged 23.1 (SD = 2.2) years in age and
had received an average of 16.6 (SD = 2.2) years of formal school education. All partici-
pants were native speakers of Mandarin Chinese with no medical history of speech, lan-
guage and hearing disorders or neurological problems. All had normal or corrected-to-
normal vision and normal hearing in standard audiometric assessment (<20 dB HL for
0.25-, 0.5-, 1-, 2-, 4-, and 8-kHz pure tones) [74]. All were studying at SJTU as undergrad-
uate or graduate students at the time of testing and were non-musicians without formal
musical training in the past five years and less than two years of musical training prior to
that [75]. Written informed consent was obtained from all participants, who were paid for
their time and involvement.

2.2 Stimuli

The stimuli contained two sets of disyllabic words in Mandarin Chinese spoken by a
female and a male professional speaker. Each auditory stimulus conveyed one of the two
basic emotions (i.e., happiness and sadness) [73] or neutrality in either the prosodic or
semantic channel. There were altogether 180 spoken words in each stimulus set/commu-
nication channel, in which the number of words was balanced between the two speakers
(i.e,90 words for each speaker), and among the three emotional categories (i.e.,60 words
for each emotion). Specifically, for the prosodic set, 60 semantically neutral concrete nouns
were spoken in happy, neutral and sad prosody respectively. For the semantic set, words
were spoken in a neutral tone of voice and conveyed emotional information in verbal con-
tent, including 60 adjectives with happy semantics, 60 with sad semantics, and 60 with
neutral semantics. Most words and their frequencies were taken from A Dictionary of the
Frequency of Commonly Used Modern Chinese Words (Alphabetical sequence section) [76]. The
semantic word set had higher word frequency than the prosodic set (£(394) = -3.67, p <
.001). See Supplemental Tables S1 and S2 for the list of included words for prosodic and
semantic stimuli, respectively. All auditory stimuli were normalized in intensity (at 70 dB)
using Praat (version 6.1.41) [77]. The duration and mean fO measures of the prosodic and
semantic stimuli are summarized in Tables S3 and S4 in Supplemental Materials respec-
tively. The spectral images of the auditory stimuli are illustrated in Figure S1 in Supple-
mental Materials.

The stimuli were uttered by two native speakers (one woman and one man) of Man-
darin Chinese in a quiet laboratory setting, and digitized onto a Macbook Pro computer
with AVID Mbox Mini at a sampling rate of 44,100 kHz with a 16-bit resolution. Each
word was portrayed three times by the two speakers, and the best ones were selected
according to the results of a norming study. In the norming test, forty adult native speak-
ers of Mandarin Chinese (20 women and 20 men, Mean age =23.0, SD = 3.4) who did not
participate in the current research were invited to perceptually validate the experimental
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stimuli using Praat [77]. These raters were randomly assigned to one of the two gender-
balanced groups (20 raters, 10 women in each group). One group of subjects were asked
to rate the word familiarity on a 7-point Likert scale (1 = not familiar, 7 = very familiar)
and identify the emotional category of each prosodic and semantic stimulus. The other
group of subjects were asked to rate the emotional arousal of each stimulus on a 7-point
Likert scale (1 =1ow, 7 =high). Only words with an average rating of >5 for familiarity and
over 85% identification accuracy for emotional categories were included in the present
experiment. The mean familiarity rating, identification accuracy and emotional arousal of
the finally included word stimuli are shown in Tables S5 and S6 in Supplemental Materials.
The familiarity rating did not differ between the prosodic and semantic word sets and no
significant difference was found in accuracy and arousal for words in the same emotion
category between the two channels (all p > .05).

2.3 Procedure

During the electroencephalograph (EEG) recording session, participants were seated
comfortably at a distance of 1.15 m from a 19-inch LCD computer monitor in a soundproof
booth. The raw EEG was recorded with 64 Ag-AgCl electrodes attached to an elastic cap
at the sampling rate of 1000 Hz by the NeuroScan system (Compumetics NeuroScan®,
Victoria, Australia). All electrodes were placed according to the International 10-20 elec-
trode placement standard with a ground electrode located at the AFz electrode, and the
recording reference placed between Cz and CPz. Four bipolar facial electrodes were
placed above and below the left eye and outer canthi of both the eyes to monitor vertical
and horizontal eye movements (EOG channels) and two electrodes were placed on two
mastoids to be used offline for re-referencing. Electrode impedances were kept at or below
8 kQ throughout the recording.

The EEG experiment was divided into two sessions (explicit or implicit). Each session
contained two blocks (prosodic or semantic). In each block, 180 spoken words of different
emotional prosody or semantics (60 happy, 60 sad, 60 neutral) were presented binaurally
through E-A-R TONE™ 3A Insert Earphone at 70 dB SPL. For explicit emotion perception,
participants were instructed to attend to the emotional information of the stimuli. They
indicated whether a word was spoken with a happy, neutral or sad tone of voice (prosodic
block), and whether a word conveyed happy, neutral or sad semantic content by pressing
one of the three buttons (semantic block). For implicit emotion perception, participants
were instructed to attend to the gender of the speaker while ignoring the emotional infor-
mation of the words. They indicated whether the word was spoken by a male or female
speaker by pressing one of the two buttons in both prosodic and semantic blocks. E-prime
(version 2.0.10) was used for stimulus presentation [78]. The presentation order of the ses-
sion, block and button press was counterbalanced across participants.

Before each experimental block, participants were given a 10-trial training session
and entered the experiment with at least 80% identification accuracy. There were 180 trials
in each block. Each trial started with a fixation cross presented centrally on the screen for
1000 ms. The words were then presented auditorily, during which the fixation cross re-
mained on the screen to minimize eye movements. Afterwards, a question mark was pre-
sented, which signaled the beginning of response. The words were presented in a pseudo-
randomized manner. To reduce baseline artifacts, a variable inter-trial interval of 800-1000
ms occurred before the next trial began. A short pause of 10 seconds was provided after
every 20 trials. There was a 2-minute break between the two blocks in each session, and
there was a 5-minute break between the two sessions. The total duration of the experiment
was approximately 60 minutes. During the experiment, behavioral (i.e., accuracy, reaction
time) and electrophysiological data were recorded. The schematic illustration of the ex-
perimental protocol is presented in Figure 1.
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Figure 1. Schematic illustration of the experimental protocol for (a) explicit and (b) implicit emotion
perception tasks.

2.4 Data analysis

ERP data analysis. EEG data processing was performed with Matlab-based (Version:
R2016a) EEGLAB (Version: 14.1.2) and ERPLAB (Version: 7.0) toolboxes. Only trials with
correct behavioral responses were included in the ERP waveform and time-frequency (TF)
analysis. The raw EEG data were down-sampled to 250 Hz. Eye blinks and muscle move-
ments were identified and removed using Independent Component Analysis (ICA) algo-
rithm following the guidelines by Chaumon, et al. [79]. Artifact detection was performed
according to the following criteria: (i) the maximally allowed amplitude difference for all
EEG channels within a moving window (width: 200 ms; step: 50 ms) should not exceed +
30 pV; (ii) the maximally allowed absolute amplitude for all EEG channels throughout the
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whole epoch should not exceed + 100 uV. After excluding trials with incorrect responses
and rejecting artifact-contaminated trials, the overall data retention rate was 95.1%. The
data were re-referenced to the algebraic average of the two mastoid electrodes.

For the auditory ERP analysis, the EEG data were band-passed at 0.1-40 Hz, and
were segmented into time-based epochs of 1200 ms, which consisted of a 200 ms pre-stim-
ulus interval for baseline correction and a 1000 ms post-stimulus interval. Grand average
ERP waveforms (Figure 2) were computed for each emotion (happy, neutral and sad) in
each channel (semantic vs. prosodic) under each task (explicit vs. implicit). Four time win-
dows were chosen for analyses based on previous literature and visual inspection of the
grand mean auditory ERP data (i.e., N100: 65-170 ms; P200: 150-300 ms; LPC:500-900 ms)
[36-38,40,41,70]. Since maximal effects were observed at the fronto-central and central
sites, we selected six electrodes (FC3, FCz, FC4, C3, Cz, C4) for statistical analyses, which
was consistent with previous reports [36,37,41,80]. The amplitude data were quantified by
averaging data points within the time window of 40 ms around the peak of the compo-
nents for each condition.

For the TF analysis, inter-trial phase coherence (ITPC) in delta (1-3.9 Hz), theta (4-7.9
Hz) and alpha (8-11.9 Hz) frequency bands at electrode Cz was computed using the “new-
timef” function with the open-source EEGLAB package [81]. ITPC estimates the trial-by-
trial synchronization as a function of time and frequency, the value of which in a given
frequency band can range from 0 to 1. Larger ITPC values indicate better trial-by-trial
synchronization, and smaller values suggest lower consistency or larger neural “jittering”
across trials. A modified short-term Fourier Transform (STFT) with Hanning window ta-
pering was implemented to extract the ITPC values for the delta, theta, and alpha fre-
quency bands, which is recommended for the analysis of low-frequency activities. Zero-
padding was applied to short epochs that did not have sufficient number of sample points
with a padratio of 16 for Fourier transform. Frequencies for ITPC calculation ranged from
0.5 to 50 Hz with a step interval of 0.5 Hz. An epoch window of 1800 ms with an 800 ms
pre-stimulus baseline was used. The maximum ITPC values in the designated time win-
dows of N100 (65-170 ms), P200 (150-300 ms) and LPC (500-900 ms) were identified per
participant for each emotion category in each channel under each task for statistical anal-
yses.

Statistical analyses of the event-related potential and TF data were conducted using
linear mixed-effect (LME) models in R (version 4.0.3) [82]. For the waveform analysis,
N100, P200 and LPC amplitudes were analyzed as dependent variables respectively. For
the TF analysis, the delta, theta and alpha ITPC in the corresponding time windows of the
two components were entered as dependent variables respectively. Within-subject factors
included communication channel (semantic and prosodic), emotion category (happy, neu-
tral and sad), and task type (explicit and implicit). The semantic channel, the sad emotion,
and the implicit task were set as the baseline level for communication channel, emotion
category, and task type respectively. When happy stimuli were compared with the neutral
ones, neutrality was set as the baseline. Subject was included as a random factor for inter-
cepts. In case of significant main effects or interactions, Tukey’s post hoc tests were carried
out with the emmeans package [83]. Additionally, to examine the relationship between
the auditory ERP and TF measures, LME models with ITPC values as predictor variables
were fit for N100, P200 and LPC amplitudes. Delta, theta and alpha ITPC were as entered
as fixed effects, and subject was entered as a random effect for intercept. Two-tailed sig-
nificance level with a = .05 was used for all statistical analyses throughout the study. The
full model with intercepts, coefficients, and error terms for the analysis of each neuro-
physiological index is shown in Supplemental Materials.
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Figure 2. Grand averaged waveforms at Cz and topographical maps of mean amplitude in the N100, P200 and LPC windows for (a) happy, (b) neutral and (c) sad stimuli in prosodic and semantic
channels across (A) explicit and (B) implicit tasks.
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Behavioral data analysis. A three-way multivariate analysis of variance (MANOVA)
was conducted in R (version 4.0.3) [82] to investigate the statistical significance of com-
munication channel (prosodic or semantic), emotion category (happy, neutral or sad) and
task type (explicit or implicit) on identification accuracy and reaction time. The semantic
channel, the sad emotion, and the implicit task were set as the baseline level for commu-
nication channel, emotion category, and task type respectively. When happy stimuli were
compared with the neutral ones, neutrality was set as the baseline. To test the MANOVA
assumption, we first carried out a Pearson correlation test, which suggested that the two
outcome variables (i.e., accuracy and reaction time) were correlated (r = -.25, p < .001).
Then the two behavioral measures were entered as dependent variables in MANOVA
with Pillai’s trace statistics reported. For any significant differences in the MANOVA re-
sults, we followed up the analysis with univariate analyses of variance (ANOVA). Pair-
wise comparisons with Tukey adjustment on p value were conducted with the emmeans
package [83] in case of a significant main effect or interaction in the univariate analyses of
each individual outcome measure.

3. Results

3.1 Auditory event-related potential measures

The mean and standard deviation of N100, P200 and LPC amplitudes (uV) elicited
by happy, neutral and sad stimuli in prosodic and semantic channels across explicit and
implicit tasks are demonstrated in Table 1 and illustrated in Figure 3.
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Figure 3. Bar plots of auditory ERP amplitude of (a) N100, (b) P200 and (c) LPC for happy, neutral
and sad stimuli in prosodic and semantic channels across explicit and implicit tasks. Mean ampli-
tude is displayed in the bar charts with error bars showing 95% confidence intervals.



https://doi.org/10.20944/preprints202210.0424.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2022 d0i:10.20944/preprints202210.0424.v1

Brain Sci. 2022, 12, x FOR PEER REVIEW 11 of 27

N100. LME analyses on N100 amplitudes revealed main effects of channel (x? (1) =
58.58, p <.001), emotion (x? (2) =72.23, p <.001), and task (x? (1) = 43.63, p <.001). Post-hoc
multiple-comparison tests suggested that larger N100 amplitudes were observed for emo-
tional prosody than emotional semantics ([>3 =-23,SE=.03,t=-7.67,p<.001,d =-.18), and
for explicit tasks than the implicit ones (ﬁ =-20, SE=.03, t=-6.62, p <.001, d =-.16). N100
was also increased for happy stimuli relative to the neutral ( =-.26, SE =.04, t =-6.95, p <
.001, d =-.20) and sad (,[? =-29, SE=.04, t =-7.74, p <.001, d = -.22) ones, while there was
no significant difference between neutral and sad stimuli (p =.711). Significant interactions
between channel and emotion (x? (2) = 12.65, p = .002) and between emotion and task (2
(2) = 9.33, p = .009) were found. More importantly, there was a three-way interaction
among channel, emotion and task (x? (2) = 13.05, p = .001). Increased N100 was found in
emotional prosody compared with emotional semantics in all three emotional categories
regardless of task types, but this trend was significant or marginally significant only for
happy (explicit tasks: f =-.44, SE =.07, t =-5.99, p < .001, d = -.35; implicit tasks: § =-.21,
SE=.07,t=-2.87,p=.004, d =-.17) and neutral (explicit tasks: [? =-14,SE=.07,t=-191,p
=.056, d = -.11; implicit tasks: [? =-43, SE=.07, t =-5.83, p < .001, d = -.34) stimuli but not
for the sad (explicit: p = .106; implicit: p = .550) ones.

P200. LME analyses on P200 amplitudes showed main effects of channel (x2 (1) =
267.71, p < .001), emotion (x? (2) =29.81, p <.001), and task (x2 (1) = 324.60, p <.001). Post-
hoc multiple-comparison tests suggested that larger P200 amplitudes were observed for

emotional prosody than emotional semantics (f =.57, SE =.03, t =16.51, p <.001, d = .39),
and for explicit tasks than the implicit ones (,L? =.64, SE=.04, t =18.22, p < .001, d = .43).
P200 was also increased for happy stimuli relative to the neutral (§ =.15, SE =.04, t = 3.43,
p=.002, d=.10) and sad (ﬁ =.23, SE=.04, t=54, p <.001, d = .16) ones, while there was no
significant difference between neutral and sad stimuli (p =.119). Significant interactions
between channel and emotion (x? (2) = 42.86, p <.001) and between emotion and task (x2
(2) =15.49, p < .001) were found. More importantly, we observed a three-way interaction
among channel, emotion and task (x? (2) = 24.45, p < .001). Increased P200 was found in
emotional prosody compared with emotional semantics in all three emotional categories
regardless of task types, but this trend was significant for happy (explicit tasks: § = .44,
SE=.08, t=5.30, p <.001, d = .31; implicit tasks: ,[? =.83, SE=.08, t=9.96, p <.001, d = .58)
and neutral (explicit tasks: ,l? =.93, SE=.08, t =11.17 p < .001, d = .65; implicit tasks: B =
.66, SE = .08, t =7.92, p <.001, d = .46) stimuli. For sad stimuli, P200 amplitudes were sig-
nificantly larger in the prosodic channel (relative to the semantic one) in explicit tasks, and
displayed a non-significant increasing trend in implicit tasks (explicit tasks: f = .45, SE =
.08, t=15.37, p <.001, d = .31; implicit tasks: p = .347).

LPC. LME analyses on LPC amplitudes showed main effects of channel (x> (1) =
242.33, p <.001), emotion (x2 (2) = 61.53, p <.001), and task (x2 (1) = 18.60, p < .001). Post-
hoc analyses showed that larger LPC amplitudes were observed for emotional prosody

than emotional semantics (B = 41, SE= .03, t =15.70, p < .001, d = .37), and for the
implicit task than the explicit one (ﬁ =-12, SE=.03, t =-4.32, p < .001, d = -.10). LPC was
more positive for happy (8 =.20, SE =.03, t=6.09, p <.001, d =.18) and sad (8 =-.24, SE =
.03, t =-7.35, p < .001, d = -.21) relative to neutral stimuli, while no significant difference
was found for happy and sad stimuli (p = .421). There was a significant interaction between
task and emotion (x2 (2) = 97.46, p < .001), and more importantly, a significant interaction
among channel, emotion and task (x? (2) = 58.30, p <.001). Prosody elicited more positive
LPC amplitudes than semantics for all emotional categories in both tasks, but the effect
was non-significant for happy stimuli in explicit tasks (p = .331).
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Table 1. Mean amplitude (uV) of N100, P200 and LPC elicited by happy, neutral and sad stimuli in
prosodic and semantic channels across explicit and implicit tasks.

Measure wh Explicit Implicit
Channe

Prosody Semantics Prosody Semantics

Emotio (Mean/SD) (Mean/SD) (Mean/SD) (Mean/SD)
Happy -4.06 1.79 362 193 377 1.63 356  1.80
N100 Neutral -3.62 1.89 347 191 366 174 322 157
Sad -3.69 1.92 -3.57 1.82 -3.32 1.90 -3.28 1.74
Happy 5.00 2.06 4.56 2.02 4.68 1.79 3.85 1.77
P200 Neutral 5.25 1.99 432 1.88 4.29 1.91 3.63 1.76
Sad 4.80 2.07 4.35 1.95 4.04 1.94 3.96 2.03
LPC Happy 2.09 1.45 2.02 1.53 2.36 1.41 1.72 1.29
Neutral 1.90 1.32 1.33 1.40 2.23 1.30 1.95 1.30
Sad 2.43 1.18 1.86 1.31 2.20 1.33 1.86 1.16

3.2 Inter-trial phase coherence measures

Figure 4 shows the time-frequency representations of trial-to-trial phase-locking
measured by ITPC for happy, neutral and sad stimuli in prosodic and semantic channels
across explicit and implicit tasks. The mean and standard deviation of delta, theta, and
alpha ITPC values associated with N100, P200 and LPC amplitudes are summarized in
Table 2 and illustrated in Figure 5.

N100. In the N100 window, LME analyses on delta and theta ITPC showed main ef-
fects of channel (delta: x? (1) =22.07, p <.001; theta: x? (1) = 24.67, p <.001), emotion (delta:
X2 (2) =9.64, p = .008; theta: x2 (2) = 10.65, p = .005) and task (delta: x2 (1) = 20.05, p < .001;
theta: x2 (1) =19.87, p <.001). Delta and theta ITPC values were larger in the explicit task
than the implicit one (delta: f =.03, SE =.007, t = 4.54, p <.001, d = .48; theta: § =.03, SE
=.006, t =4.52, p <.001, d = 48), and in the prosodic channel than the semantic one (delta:
f =.03, SE =.007, t = 4.75, p < .001, d = .50; theta: f =.02, SE =.006, t =5.03, p <.001, d =
.53). Happy stimuli produced greater delta and theta ITPC than the neutral (delta: £ =
.02, SE =.008, t =2.85, p = .013, d = .37; theta: f§ = .02, SE =.007, t = 3.14, p = .005, d = .40)
and sad (delta:  =.02, SE=.008, t=2.51, p=.034, d = .32; theta: § =.02, SE=.007, t =2.39,
p =.046, d=.31) ones, while no significant difference was found for neutral and sad stimuli
(p=.736). Analyses on alpha ITPC suggested main effects of channel (x? (1) = 4.00, p =.046)
and task (x2 (1) =10.00, p = .001). Alpha ITPC values were greater in the prosodic than the
semantic channel (,L? =.01, SE=.005, t =1.99, p = .047, d = .21), and in the explicit than the
implicit task (,[? =.02, SE=.005, t =3.18, p =.002, d = .34). P200. In the P200 window, LME
analyses on delta ITPC exhibited main effects of channel (x2 (1) = 45.06, p <.001), emotion
(X2 (2) =7.86, p=.020) and task (x? (1) =13.17, p <.001). There was increased delta ITPC in
the prosodic than the semantic channel (ﬁ =.04, SE=.006, t=6.91, p<.001, d =.73), and in
the explicit than the implicit task (8 =.03, SE =.007, t =3.66, p <.001, d =.39). Happy stimuli
produced greater delta ITPC values than the neutral one (§ = .02, SE =.008, t =2.69, p =
.021, d = .35), while no significant difference was found between happy and sad stimuli
and between neutral and sad ones (p > .05). Analyses on theta and alpha ITPC indicated
main effects of channel (theta: x2 (1) =29.41, p <.001; alpha: x2 (1) =13.31, p <.001) and task
(theta: x2 (1) =16.74, p < .001; alpha: x2 (1) = 6.45, p = .011). Larger ITPC values were found
in the prosodic than the semantic channel (theta: B =.02, SE =.006, t =5.51, p<.001,d=
.58; alpha: /)3 =.02, SE=.005, t =3.66, p <.001, d = .39) and in the explicit than the implicit
task (theta: f =.02, SE =.006, t =4.14, p < .001, d = .44; alpha: § =.01, SE =.005, t =2.55, p
=.011, d=.27).

LPC. In the LPC window, no significant main effect or interaction was found for delta,
theta or alpha ITPC (all p > .05).
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Table 2. Delta, theta, and alpha ITPC measures in the windows of N100, P200 and LPC elicited by happy, neutral and sad stimuli in

prosodic and semantic channels across explicit and implicit tasks.

Auditory Frequency sk Explicit Implicit
ERP measure band hannel Prosody Semantics Prosody Semantics
Emotion (Mean/SD) (Mean/SD) (Mean/SD) (Mean/SD)
Happy 37 A1 .32 12 .34 A1 .28 .09
Delta Neutral .33 A1 31 A1 .30 q1 .28 .09
Sad 33 A1 32 .10 31 .10 .28 .08
N100 Happy .33 .09 .29 .10 .31 .10 27 .09
(Mean/SD) Theta Neutral 31 .10 .28 A1 28 .10 .25 .09
Sad .30 A1 .29 .10 28 .08 27 .09
Happy 23 .09 22 .08 22 A1 .20 .07
Alpha Neutral 23 .08 21 .10 22 .08 .20 .08
Sad 23 .08 21 .08 .19 .09 21 .09
Happy 41 .15 .38 13 40 A1 34 11
Delta Neutral 40 12 .35 12 .37 13 31 A1
Sad 40 12 37 12 .39 12 .35 12
P200 Happy 34 .10 33 .10 .33 .10 .29 .09
(Mean/SD) Theta Neutral 33 .10 .30 .10 31 d1 27 .09
Sad 33 .10 31 11 31 .10 .29 .09
Happy .25 .09 22 .08 .23 .10 21 .07
Alpha Neutral 24 .09 21 .09 .23 .08 .20 .09
Sad 24 .08 21 .08 .20 .08 21 .08
Happy .19 .06 .19 .05 .18 .05 17 .05
Delta Neutral .19 .05 .18 .06 21 .06 .19 .05
Sad 17 .04 .19 .05 .18 .04 19 .04
LPC Happy 17 .05 17 .05 .16 .04 .15 .04
Theta Neutral 17 .03 15 .05 17 .05 17 .04
(Mean/SD)
Sad .16 .03 17 .04 .15 .04 .16 .03
Happy .15 .04 .16 .05 14 .03 14 .03
Alpha Neutral 14 .04 14 .03 14 .03 15 .04
Sad 14 .03 15 .04 .15 .03 14 .04

Table 3. Summary of LME models indicating the relationships between auditory ERP amplitude and ITPC measures.

Auditory Frequency Chi-square Parameter Standard error ¢ value p value

ERP band estimate

measure
Delta 48.01 -4.10 1.00 -4.09 <.001

N100 Theta 1.30 51 1.37 .38 025
Alpha 6.88 -2.58 97 -2.65 <.001
Delta 133.15 5.27 1.02 5.16 <.001

P200 Theta 17.17 3.48 1.51 2.30 <.001
Alpha 3.69 217 1.13 1.92 .055

LPC Delta 13.49 3.04 82 3.71 <.001
Theta 6.58 3.47 1.35 2.58 .010
Alpha 44 -.84 1.28 -.66 513
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Figure 4. Time-frequency representations showing trial-to-trial phase-locking measured by ITPC for (a) happy, (b) neutral and (c) sad stimuli in prosodic and
semantic channels across (A) explicit and (B) implicit tasks.
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Figure 5. Bar plots of delta, theta and alpha ITPC associated with (a) N100, (b) P200 and
(c) LPC for happy, neutral and sad stimuli in prosodic and semantic channels across ex-
plicit and implicit tasks. Mean phase locking value is displayed in the bar charts with error

bars showing 95% confidence intervals.

3.3 Relationships between auditory ERP and ITPC

LME analyses revealed that delta (x? (1) = 48.01, p <.001) and alpha (x> (1) =6.88, p =
.009) ITPC were significant predictors of N100 amplitudes. In addition, all three ITPC
measures were significant or marginally significant predictors of P200 amplitudes (delta:
X2 (1) = 133.15, p < .001; theta: x2 (1) = 17.17, p < .001; alpha: x2 (1) = 3.69, p = .055). LPC
amplitudes were predicted by delta (x2 (1) =13.49, p <.001) and theta ITPC (x2 (1) = 6.58, p
=.010). For these significant effects, higher ITPC values were significantly associated with
stronger N100, P200 and LPC enhancement (Table 3).

3.4 Behavioral results

Identification accuracy and reaction time data of happy, neutral and sad stimuli in
prosodic and semantic channels across explicit and implicit tasks are summarized in Table
4 and visualized in Figure 6.

When analyzing the behavioral data, we excluded responses over two standard de-
viations from the mean reaction time (3.4%) [84]. Results of MANOVA indicated main
effects of channel (Pillai’s trace = .03, F (2, 347) = 5.53, p = .004), emotion (Pillai’s trace = .10,
F (4, 696) = 9.50, p < .001), and task (Pillai’s trace = .41, F (2, 347) = 122.04, p < .001), and
significant interactions between emotion and task (Pillai’s trace = .07, F (4, 696) = 6.64, p <
.001) and between channel and task (Pillai’s trace = .02, F (2, 347) = 4.44, p = .013) on accu-
racy and reaction time.
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Separate univariate ANOVAs on accuracy data revealed a main effect of emotion (F
(2, 348) = 15.79, p < .001). Post-hoc multiple-comparison tests indicated that happy (f =
.02, standard error (SE) = .005, t = 3.66, p < .001, Cohen’s d = .47) and neutral (ﬁ =.03, SE =
.005, t=5.51, p <.001, d =.71) stimuli triggered more accurate responses than the sad ones.
There was no significant difference between happy and neutral stimuli (p = .157). In addi-
tion, there was a main effect of task (F (1, 348) = 61.32, p < .001). Explicit tasks produced
less accurate responses than the implicit ones ([)3 =-.03, SE=.004, t=-7.81,p<.001, d = -
.82). More importantly, significant interactions between emotion and task (F (2, 348) =
11.75, p <.001) and between channel and task (F (1, 348) = 8.55, p = .004) were found. In
explicit tasks, happy (8 =.04, SE =.007, t = 5.20, p <.001, d = .95) and neutral (f =.05, SE =
.007, t=7.11, p <.001, d = 1.30) stimuli elicited more accurate responses than the sad ones,
and there was no significant difference between happy and neutral stimuli (p = .138). In
addition, emotional prosody yielded more accurate responses than semantics when atten-
tion was focused on the emotional aspect of the stimuli (ﬁ =.02, SE=.006, t =3.00, p=.003,
d = .45). In implicit tasks, however, there was no significant difference between any of the
two emotional stimuli nor between the prosodic and semantic channels (all p > .05).

Separate univariate ANOVAs on reaction time revealed a main effect of channel (F
(1, 348) =9.54, p = .002). Emotional prosody elicited faster responses than semantics (£ = -
44.0, SE=14.2, t =-3.09, p = .002, d = -.33). There was also a main effect of emotion (F (2,
348) =3.67, p = .026). Happy stimuli triggered faster responses than the neutral (f =-41.41,
SE =174, t=-237, p=.048, d = -.31) ones and marginally significantly faster responses
than sad (B =-40.39, SE =174, t = -2.32, p = .055, d = -.30) ones. There was no significant
difference between neutral and sad stimuli (p = .998). Furthermore, a main effect of task
was found (F (1, 348) = 188.88, p <.001). Explicit tasks produced slower responses than the
implicit ones (8 =196, SE=14.2, t =13.73, p < .001, d = 1.45).

Table 5 summarizes the effects of channel, emotion and task and their interactions in
each neurophysiological and behavioral measure.
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Figure 6. Identification (a) accuracy and (b) reaction time of happy, neutral and sad stimuli
in prosodic and semantic channels across explicit and implicit tasks. Mean accuracy is

displayed in the bar charts with error bars showing 95% confidence intervals.
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Table 4. Mean identification accuracy and reaction time of happy, neutral and sad stimuli

in prosodic and semantic channels across explicit and implicit tasks.

Measure Task Explicit Implicit
annel Prosody Semantics Prosody Semantics
Emotion (Mean/SD) (Mean/SD) (Mean/SD) (Mean/SD)
Happy 98.21%  2.87% 94.70%  6.29% 98.30%  2.34% 98.96%  1.47%
ACC Neutral 97.93%  2.34% 97.59%  2.48% 98.96%  1.19% 99.25%  0.98%
Sad 93.48%  4.99% 92.30%  7.99% 98.17%  2.77% 99.11%  1.49%
Happy 532.90 147.14 541.48 134.41 355.92 131.45 390.82 89.99
RT Neutral 580.87 143.07 599.90 157.93 368.54 151.08 437.44 107.08
Sad 572.34 140.49 654.54 169.75 352.81 120.02 402.99 104.76
Note. “ACC” stands for accuracy, and “RT” stands for reaction time.
Table 5. Summary of the effects of channel, emotion and task and their interactions in
each neurophysiological and behavioral measure.
Stages Early stages: basic auditory processing Late stages: higher-order cognitive processing

Indices and

Sensory processing

of acoustic signals

Initial derivation of

emotional meaning

Conscious

construction of

Behavioral identification of

emotional stimuli

functions emotional
(N100) (P200) ] Accuracy Reaction time
meaning (LPC)
Pro > Sem Pro > Sem
. ) Pro > Sem
Channel (amplitudes & all (amplitudes & all . Pro = Sem Pro < Sem
(amplitudes)
ITPC) ITPC)
Hap > Neu = Sad
Hap > Neu = Sad .
) ) (amplitudes) Hap =S5ad>Neu  Neu=Hap>
Emotion (amplitudes, delta and . Hap <Neu = Sad
Hap > Neu (amplitudes) Sad
theta ITPC)
(delta ITPC)
Exp > Imp Exp > Imp
. . Exp <Imp
Task (amplitudes and all (amplitudes & all . Exp <Imp Exp > Imp
(amplitudes)
ITPC) ITPC)
. Pro > Sem not for
Interaction  Pro > Sem not for Pro > Sem not for Pro > Sem not
happiness in
among sadness sadness in implicit . for implicit Pro = Sem
explicit tasks
] ) plicit task
factors (amplitudes) tasks (amplitudes) tasks

(amplitudes)

Notes. Pro = prosody; Sem = semantics; Hap = happy;

implicit; “=” indicates no significant differences.

4. Discussion

Neu= neutral; Exp = explicit; Imp =

The present study investigated how communication channels, emotion categories
and task types affected different stages of auditory emotional speech perception. We ex-
amined the auditory ERP responses, their corresponding oscillatory activities and the be-
havioral performances elicited by spoken words expressing happiness, neutrality and
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sadness in either the prosodic or semantic channel under explicit and implicit emotion
perception tasks. Overall, our neurophysiological and behavioral data revealed the mod-
ulatory role of channels, emotions, tasks and their reciprocal interactions in auditory emo-
tion perception. Specifically, emotional prosody (relative to semantics) and happiness (rel-
ative to neutrality and sadness) are more perceptually dominant with greater neural ac-
tivities during the sensory processing of acoustic signals and initial derivation of emo-
tional significance, and better behavioral performance during cognitive evaluation of the
stimuli. While explicit tasks also trigger greater neural responses than the implicit ones
during early auditory processing, they produce reduced brain responses and poorer pro-
cessing performance in the later stages. Interestingly, the prosodic dominance effect is
meditated by emotional categories and task focuses, but the extent of modulation is spe-
cific to different processing stages. In addition, our study indicated that oscillation syn-
chrony plays an important role in the neural generation of auditory event-related re-
sponses by showing increased ITPC significantly correlated with enhanced auditory ERP
amplitudes. These major findings will be discussed in detail in the following subsections.

4.1 Effects of communication channels on emotional speech perception

Early auditory evoked potentials (i.e., N100 and P200) were identified for semantic
and prosodic stimuli across participants, which indicates that both linguistic and paralin-
guistic emotion processing occurs before making judgments about the spoken stimuli
[2,80,85,86]. These two types of information processing share some similarities in the time
courses, which concurs with the three-stage model of emotion processing proposed by
Schirmer and Kotz [35]. However, as predicted in Hypothesis 1, we observed important
differences in the perceptual salience of the two communication channels: emotional pros-
ody is consistently more perceptually salient than the semantic channel throughout emo-
tional speech perception. It is generally assumed that early neurophysiological measures
(e.g., N100, P200) primarily reflect sensory perception and late neurobehavioral measures
(e.g., LPC, accuracy, reaction time) demonstrate high-order cognitive processing. Our
study shows that there was a general increase in all ERP amplitudes and ITPC values, as
well as shorter reaction time for emotional prosody relative to semantics. This suggests
that prosody dominates over semantics not only during low-level sensory perception but
also during high-level cognitive evaluation even when semantic processing is given more
weight later on.

To the best of our knowledge, this is the first study to provide neurophysiological
evidence showing larger auditory evoked responses with smaller neural jittering for the
prosodic dominance effect during early and late emotional speech processing. The present
study was also able to isolate the emotion processing in the response-making stage from
the earlier perceptual and cognitive stages by measuring reaction time from the offset of
auditory stimuli. The response time data demonstrated that prosody continues to domi-
nate over semantics in the later decision-making stage, which replicates previous behav-
ioral research on unisensory and multisensory emotion perception in our lab [2,50,51,87].
The predominance of prosody over semantics can be related to differences in stimulus
characteristics of the two channels. As shown in Tables S3, S4 and S6 in Supplemental Ma-
terials, prosodic stimuli showed greater variations in acoustic properties, including mean
duration and f0, and emotional arousal among different emotional categories compared
with the semantic ones, thus enjoying greater perceptual salience throughout the three
stages of emotion word processing. In addition, since our participants all spoke a tonal
language (i.e., Mandarin-Chinese) as their mother tongue and lived in an East-Asian coun-
try with a high-context culture, they were likely to develop greater sensitivity to pitch-
related cues that are important for prosody processing and rely heavily on contextual
messages during social communication [15,88].

Interestingly, the processing dominance of prosody over semantics are modulated
by emotion categories and task types, though such modulatory effects are differentially
represented at the three processing stages. The prosodic dominance effect was attenuated
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for sadness processing and in the implicit task during early auditory processing and de-
cision-making. However, the effect was reduced for happiness processing in the explicit
task during conscious emotion processing in the brain. Specifically, compared with emo-
tional semantics, prosody elicited larger N100 amplitudes for happy and neutral stimuli
but not for the sad ones in both explicit and implicit tasks. Larger P200 amplitudes were
found in the prosodic channel for happy and neutral stimuli regardless of task focuses,
but for sad stimuli in the explicit task only. Larger LPC amplitudes were also observed
for emotional prosody except for happiness processing in the explicit task, though there
was a general increase in accuracy irrespective of emotion category when participants
were guided to focus on the emotionality of prosody than that of semantics. Though pros-
ody elicited higher accuracy during explicit emotion identification, this channel domi-
nance effect was somewhat reduced during earlier stages of cognitive processing, as in-
dexed by non-significantly different LPC amplitudes between the two sensory channels
when participants encountered happy stimuli in the explicit task.

The differential representations of emotional and task modulation as time unfolds
may be related to the distinct functions of each processing stage. In the context of early
emotional speech processing, N100 reflects the physical features of the auditory stimuli,
and P200 serves as an index of the emotional salience of a vocal stimulus [21,33,86]. In this
perspective, sad stimuli in the present study were characterized by longer mean duration
and lower mean f0 compared with the happy and neutral ones (Tables S3 and 54 in Sup-
plemental Materials), which makes it difficult to differentiate the two communication chan-
nels for sadness processing irrespective of task requirements in the N100 window. In the
P200 window, the prosodic dominance effect reached significance in explicit emotion
identification tasks, while it only displayed a non-significant trend for the processing of
sadness in implicit tasks. This implies that attention directed towards the emotional mean-
ing of the stimuli plays a facilitatory role in the derivation of emotional significance from
prosodic cues. Higher identification accuracy of prosodic stimuli in the explicit tasks but
not in the implicit ones further suggests that task focuses not only shape early emotional
speech perception but continue to interact with the channel dominance effect in the re-
sponse-making stage of emotion processing. This finding is not surprising as in the im-
plicit task, participants relied on similar vocal cues (esp. fO) for the perception of speaker’s
gender in both channels [89]. By contrast, while they counted on various acoustic features
(e.g., f0, duration, voice quality) to determine the emotional information of prosodic stim-
uli, they conducted higher-order semantic analyses to determine that of verbal content,
which made the two channels more distinguishable in the explicit task. Moreover, LPC is
more sensitive to lexico-semantic processing than earlier sensory components [90] and to
emotional stimuli especially those with high arousal [33], which may explain why no sig-
nificant amplitude difference was found between the processing of happy semantics and
that of happy prosody in explicit tasks.

4.2 Effects of emotion categories on emotional speech perception

One important question centering around the effect of emotion is whether emotional
signals can be differentiated from the neutral ones in speech processing [34,35,52]. Some
differences were identified between the emotional and non-emotional signals in the pre-
sent study, but the strength of the emotionality effect tends to be valence-dependent. Con-
sistent with previous neurophysiological and behavioral observations [80,91-93], happy
stimuli were consistently more perceptually salient than the neutral ones, as reflected by
significantly larger N100, P200 and LPC amplitudes, greater delta and theta ITPC values
in the N100 window, and greater delta ITPC values in the P200 window. However, sad-
ness did not differ from neutrality in the N100 and P200 windows, but elicited signifi-
cantly larger LPC amplitudes later on. This is understandable as LPC reflects a more elab-
orate building-up of emotional meaning [33]. Such results underline the idea that the emo-
tional salience of happiness emerges from early sensory stages, whereas sadness does not
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manifest its emotional significance until high-order cognitive processing of the spoken
stimuli.

During the response-making stage, in line with previous behavioral results [68], the
identification accuracy of neutral stimuli was significantly higher than that of the sad stim-
uli, and even slightly (but not significantly) higher than that of the happy stimuli, though
these differences only occurred in explicit tasks. It is likely that while both emotional stim-
uli contained semantics-prosody incongruency (e.g., happy/sad semantics spoken in a
neutral prosody or semantically neutral words spoken in a happy/sad prosody), neutral
stimuli were always congruent in prosody and semantics, thus producing more accurate
identification when participants focused their attention on the emotional content of the
stimuli. Interestingly, the reaction time of neutral stimuli lay between that of the happy
and sad ones, which may be due to the fact that neutrality stands in the middle both for
acoustic properties (e.g., f0 and duration) and emotional attributes (e.g., valence and
arousal) [94]. However, the generalizability of the differences between accuracy and reac-
tion time measures warrants investigations in future studies.

Another important finding consistent with our prediction in Hypothesis 2 was that
there were significant neurobehavioral differences between specific emotion types. Com-
pared with sadness, happiness tended to be more perceptually salient as it triggered larger
N100 and P200 amplitudes, greater delta and theta ITPC values in the N100 window,
higher accuracy and shorter reaction time compared with the sad ones. Our electrophysi-
ological data suggest that the differentiation between emotional categories can start as
early as around 100 ms, which might be attributable to differential acoustic and arousal
characteristics of the two emotions [35,43,58,95]. For example, happiness is often charac-
terized by a faster speech rate (shorter duration), higher intensity and mean f0, and higher
emotional arousal compared to sadness, thereby triggering larger auditory ERP responses
during the initial sensory and emotional decoding of the stimulus. As delta oscillations
depend on the activity of motivational systems and reflect salience detection, and theta
oscillations are involved in emotional regulation [53,96], better phase alignment of cortical
oscillations in happiness processing implicates that happiness tends to be more motiva-
tionally and emotionally significant than sadness, which might also contribute to its sen-
sory dominance. In addition, happiness continued to produce better identification perfor-
mances compared with sadness during behavioral evaluation of the auditory stimulus,
which supports the claims of a positive outlook and prosocial benevolent strategies in
social communication [59].

4.3 Effects of task types on emotional speech perception

In the present study, participants intentionally directed their attention to the emo-
tional aspect of the stimuli in explicit tasks, while they paid attention to the non-emotional
property (speaker’s gender) of the stimuli in implicit tasks. Our electrophysiological, time-
frequency, and behavioral data confirmed the third hypothesis that explicit tasks trig-
gered larger neural responses during earlier stages of auditory emotion perception but
produced reduced brain activities and poorer behavioral performance during later cogni-
tive processing. Previous studies demonstrated distinctive effects of attention on N100
and P200, with increased attention producing more negative N100 but less positive P200
amplitudes [62-64]. While we observed enhanced N100 as an indication of increased at-
tentiveness in explicit tasks, there was also an increase in P200 amplitudes when attention
was guided towards the emotional characteristics of the stimulus in our study. The P200
following the N100 is often referred to as part of the N1-P2 complex in auditory processing
and shares many characteristics with the preceding component [97]. Another plausible
account is that N100 and P200 are sensitive to cognitive efforts as increased processing
demands lead to enhanced auditory ERP amplitudes [37,66]. Given the differential roles
of required attentiveness and cognitive efforts in shaping the auditory ERP components,
we speculate that the two effects may exert an additive effect on the more negative-going
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N100 component in explicit tasks; by contrast, they may counteract in affecting the P200
amplitude with task demands exerting a more decisive influence.

The nature and difficulty of different task types can also explain the neural oscillatory
patterns and late cognitive processing performances observed in the current study
[67,68,92,98]. All ITPC indices in the N100 and P200 time windows showed a significant
enhancement in explicit emotion recognition tasks relative to the implicit condition. ITPC
differences could reflect task-induced changes in the power of oscillations or concurrent
evoked responses instead of actual changes in the phase of the ongoing activity [99]. Ac-
cording to Weiss and Mueller [67], higher inter-trial phase coherence is often found during
increased task complexity, which requires a higher level of neuronal cooperation or syn-
chronization. In this regard, our ITPC data suggest increased synchrony of neuronal os-
cillations across trials in the explicit task requiring top-down control of attention on the
emotional aspect of the stimuli, which is more cognitively demanding than the gender
discrimination task. However, we remain cautious when drawing conclusions concerning
the oscillation results since our time-frequency representations contained power all the
way down to 0Hz, which may reflect transient brain responses [100].

As expected, the differences between task types continue to influence the cognitive
processing of the auditory stimuli. The implicit task elicited more positive LPC than the
explicit one. Since LPC is often considered as a possible variant of P300, a decline in am-
plitudes may indicate greater task difficulty in explicit emotional identification [69]. Sim-
ilarly, we found significantly better identification performances in both accuracy and re-
action time measures in the implicit relative to the explicit task. It is conceivable that while
the gender discrimination task was a binary (i.e., female vs. male) alternative forced-
choice (AFC) task, the emotion recognition task involved differentiation among the three
emotional categories (i.e., happy, neutral and sad), which automatically required more
cognitive resources in memory retrieval and introduced more judgmental confounds in
the response-making stage.

4.4 Neurophysiological and behavioral measures of emotional speech perception

One noteworthy finding is that ITPC values were significant predictors of auditory
ERP amplitudes across experimental conditions, which supports our final hypothesis.
Specifically, increased delta and alpha ITPC were correlated with more negative N100,
increased delta, theta and alpha were related to more positive P200, and increased delta
and theta was predictive of more positive LPC. These patterns are consistent with findings
from healthy [22,28] and clinical [23,25,27,74] populations. Although previous studies
have examined whether ITPC is able to predict variations in the obligatory N1-P2 complex
response to speech sounds [101], very few studies have investigated whether measures of
trial-by-trial neural synchrony are potential indicators of auditory ERP responses (espe-
cially late components) using emotional speech stimuli. Therefore, our novel finding has
added to the extant literature in showing that stimulus-evoked phase alignment of cortical
oscillations contributes to the neural generation of auditory ERPs in early and late emo-
tional speech processing [24,30].

It is noteworthy that different types of neurological activities and their subsequent
behavioral performances did not always exhibit the same profile in characterizing emo-
tional speech processing. For instance, while interaction effects among channels, emotions
and tasks were observed for all auditory ERP components, no significant interplay was
found among the three factors in the ITPC measures. Moreover, there remained some dis-
tinctions even among the results from different indices belonging to the same type of ex-
perimental measure (e.g., waveform amplitudes in different time windows, ITPC data of
different frequency bands, or accuracy and reaction time as behavioral data). These dif-
ferences in findings may be related to differential sensitivities to various measurement
indices and processing stages [98,102]. Future work can further investigate in what
measures, contexts, and processing stages the observed effects of channels, emotions and
tasks can be generalized and in what conditions they may or may not be replicated, which
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will offer more refined ways to interpret the underlying mechanisms of emotional speech
processing [51].

4.5 Implications, limitations and future studies

The present study elucidates how the channel dominance effect, emotionality effect
and task effect converge in shaping emotional speech processing, which sheds new light
on the theoretical debates and underlying neural substrates and behavioral mechanisms
of emotion cognition. Our findings contributed tonal language data from a high-context
culture to the three-stage model of emotion cognition by delineating the temporal dynam-
ics, neural oscillation characteristics and behavioral performances of emotional prosody
and semantics processing in explicit and implicit emotion perception tasks. Apart from
the three contextual factors explored in the current study, individual differences have also
been repeatedly reported to influence emotion processing [35]. Future work can specify
how the individual variables, including personality [103], age [104] and gender [71], can
modulate emotional speech processing at different stages. Since we involved participants
from a tonal language background and a high-context Chinese culture, the current work
can also inspire new efforts to unravel the cross-linguistic and cross-cultural differences
in emotion processing [105]. Furthermore, the current experimental protocol can be ap-
plied to testing clinical populations who reportedly display dysfunctions in auditory pro-
cessing and emotion perception, such as cochlear implant users [106], individuals with
schizophrenia [37,42], autism [107] and Parkinson disease [108], which can promote in-
sightful understanding of the behavioral symptomology and underlying neural basis of
the diseases.

Limitations of the current study need to be acknowledged. First, emotional infor-
mation was conveyed through either the prosodic or semantic channel in our experiment.
Though it is possible to communicate affective messages through a single channel (e.g.,
talking on the telephone or listening to news broadcast) in real-life settings [109], it is more
often the case that emotions are expressed concurrently through auditory (e.g., prosody
and semantics) and visual (e.g., facial expressions) channels in which congruent and in-
congruent information can be transmitted. Therefore, it is worthwhile to delve into the
neural correlates of multisensory integration of emotions and investigate how different
channels interact with one another in online emotion processing [110]. Second, findings
might also be limited as we focused on two of the basic emotions (i.e., happiness, sadness)
and neutrality in our study. Though such selection of emotions allowed us to compare
voluntary and involuntary prosodic and semantic processing using emotional and non-
emotional stimuli, it has led to some asymmetries in task difficulty between the explicit
(three AFC) and implicit (two AFC) tasks as discussed earlier in the third subsection of
Discussion. Future studies are encouraged to employ an experimental design with compa-
rable complexity between tasks and explore whether the current findings can be extended
to other categories of basic (e.g., anger, disgust, surprise, fear) and complex (e.g., embar-
rassment, guilt) emotions and required focuses of attention (e.g., emotional arousal of the
stimuli or decoders) [43]. Third, we observed significant differences in brain responses
between neutral prosody and semantics, which may be related to some intrinsic differ-
ences between the prosodic and semantic stimulus sets, such as the word frequency, word
types (i.e., noun vs. adjectives), word number (i.e., 60 different words for the prosodic set
vs. 180 words for the semantic set), speech features (e.g., duration, {0, voice quality), pro-
sodic contours (e.g., tonal combination) of the disyllabic stimuli. It also seems difficult to
make sure whether comparable amounts of valence were presented in each channel type.
As such, it is possible that the larger ERP effects in the prosodic channel were due to more
valenced stimuli used in that channel. Future studies are recommended to isolate the emo-
tional aspect alone by controlling the potential confounds such as removing all the speech
elements and presenting sound contours that differ in the same way between conditions,
or using the exact same words (with or without emotional connotations) for testing dif-
ferent conditions. Fourth, we observed N400 amplitude differences in some conditions
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(e.g., implicit neutral and sad), which may affect the subsequent measure of LPC ampli-
tudes. This is likely due to the design of our experiment, in which we divided our EEG
session into two tasks (i.e., explicit or implicit) and each task contained two blocks (i.e.,
prosodic or semantic). Although the order of task and block was counterbalanced across
participants, whether different orders led to differential amounts of repetition effect war-
rants further investigation. Moreover, we can see from the topographic maps in Figure 2
that the LPC effect was partially driven by some frontal negative responses to semantic
conditions, so whether these are indeed LPC effects requires closer examination. The ERP
methodology is limited in spatial resolution that is important for localizing the brain re-
gions involved in generating scalp-recorded potentials [111]. Therefore, future studies
combining ERP and functional magnetic resonance imaging techniques are needed to
specify the engagement of brain structures involved in the time course of emotional
speech processing.

5. Conclusions

The current work studied the interplay of channel, emotion and task effects on emo-
tional speech processing using electrophysiological and behavioral measures. The results
showed that prosody (relative to semantics) and happy stimuli (relative to the neutral and
sad ones) gain more perceptual salience during the sensory processing of acoustic signals,
initial derivation of emotional significance, and cognitive evaluation of the stimuli. Alt-
hough the explicit emotion identification task tends to trigger greater neural responses
compared to the implicit gender discrimination task during early processing stages, there
is evidence for greater difficulty in task completion in the later decision-making stage. The
channel salience effect over semantics tends to be emotion- and task-specific at different
processing stages. In addition, stimulus-evoked phase alignment of oscillatory activity at
different frequency bands plays a crucial role in generating the auditory event-related re-
sponses. Taken together, communication channel, emotion category and task focus inter-
act to shape the time course, neural oscillations and behavioral activities of emotional
speech processing, which enriches theoretical understanding of auditory emotion pro-
cessing and provides the basis for further investigation on individual differences in emo-
tion cognition from cross-cultural and clinical perspectives.
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