
CHARLES UNIVERSITY

Faculty of Arts

Department of Psychology

Bachelor’s Thesis

Natálie Kikoťová

The Effect of Negative Emotion on Neural Speech 

Tracking and Lexical Processing

Vliv negativních emocí na neuralní sledování řeči a 

zpracování lexikální informace

Supervisor: Kateřina Chládková, Ph.D.

2024



Acknowledgements

Firstly, I would love to express my gratitude to Dr. Kateřina Chládková for supervising my 

thesis, for her patience and her enthusiasm. The support she has provided goes beyond what I 

could have ever imagined, and I feel privileged to have been able to work alongside her in her  

lab for the past four years.

I  am  grateful  to  the  Laboratory  of  Behavioral  and  Linguistic  Studies,  the  Institute  of 

Psychology of the Czech Academy of Sciences, and the Faculty of Arts of Charles University 

for  generously  providing  access  to  their  equipment  and  enabling  me  to  conduct  the 

experiments.

Additionally, I would like to thank Ester Salajová for her assistance in recording the angry 

and neutral speech segments. I would also like to thank all the participants who took part in 

the pilot and final EEG experiment.

Finally, I am very grateful to my friends and family for their loving support. A special thank 

you goes to my colleagues from the SPEAKIN Lab research group for their helpful insights, 

long discussions about neural speech tracking and unwavering moral support.



Declaration 

I hereby declare that I have prepared my thesis independently. All sources, references, and 
literature used or excerpted during the elaboration of this work are properly cited and listed 
in completed reference to the due source. Thesis was not used at another university or to 
obtain another or the same degree. 

Natálie Kikoťová

Prague, 30.4. 2024



Abstract

The  thesis  investigates  the  differences  in  the  neural  processing  of  emotional  and  non-

emotional speech. The theoretical part summarizes previous research findings on emotional 

language processing and the underpinnings of  speech processing in the domain of  neural 

oscillations. The empirical part reports the results of an EEG study that was conducted to 

explore the differences in neural speech tracking during exposure to angry and neutral speech.  

Twenty-six participants listened to recordings of angry and neutral conversation segments, as 

well as to speech-shaped noise, while their EEG was recorded. Neural speech tracking, which 

was  quantified  as  oscillatory  power  and  the  inter-trial  phase  coherence,  and  the  N400 

component  of  event-related  potentials  (ERP)  to  sentence-final  words  were  analyzed.  The 

results revealed larger  delta,  theta,  and  gamma power during exposure to angry speech in 

comparison  to  neutral  speech.  Negative  emotional  valence  also  significantly  reduced  the 

amplitude of the N400 elicited by sentence-final words. The results demonstrate enhanced 

neural  processing  and facilitated  prediction  in  angry  as  compared to  neutral  speech.  The 

present  study represents  one of  the first  investigations of  the oscillatory dynamics during 

continuous emotional speech processing. 

Key words: emotional speech; neural speech tracking; anger; EEG



Abstrakt

Tato práce se  zabývá rozdíly v neurálním zpracování  emočně zabarvené a  neutrální  řeči. 

Teoretická část shrnuje předchozí výzkumné poznatky ohledně zpracování emočně zabarvené 

řeči  a  představuje  základní  mechanismy  neurálního  zpracování  řeči  z pohledu  neurálních 

oscilací. Empirická část popisuje výsledky EEG studie, která zkoumala rozdíly v neurálním 

sledování řeči během poslechu naštvané a neutrální řeči. Experimentu se zúčastnilo dvacet 

šest participantů, kteří byli vystaveni nahrávkám naštvaných a neutrálních úryvků konverzací 

a  nahrávkám  rytmického  šumu.  Neurální  sledování  řeči  bylo  kvantifikováno  jako  síla 

neurálních oscilací a koherence oscilační fáze. Dále byly analyzovány evokované potenciály 

(konkrétně  komponenta  N400)  na  poslední  slovo  každého  úryvku  konverzace.  Výsledky 

ukazují vyšší sílu delta,  theta a gamma oscilací během poslechu naštvané řeči ve srovnání s 

neutrální  řečí.  Negativní  emoční  valence vedla  také k významnému snížení  amplitudy na 

komponentě  N400.  Výsledky naznačují  zvýšení  neurální  aktivity  a  facilitaci  prediktivních 

procesů při poslechu emočně zabarvené řeči. Tento experiment představuje jednu z prvních 

studií oscilační dynamiky během kontinuálního zpracování emočně zabarvené řeči. 

Klíčová slova: emočně zabarvená řeč; neurální sledování řeči; hněv; EEG
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Introduction

Emotional  speech  holds  significant  importance  in  our  daily  social  interactions.  Rapidly 

decoding  and  effectively  comprehending  emotional  speech  is  essential  for  identifying 

potential  threats  or  life-saving  opportunities,  fostering  interpersonal  relationships,  and 

achieving  social  goals.  Hence,  considering  an  evolutionary  standpoint,  it  is  crucial  that 

processing resources are directed towards the processing of emotionally significant speech 

and that mechanisms enhancing speech comprehension are employed.

The question of how humans process emotional words has been thoroughly studied in the past 

decades and has yielded a wide range of findings on how the human brain detects emotional 

significance in verbal material. However, there is a limited number of studies investigating the 

processing of  continuous emotional speech, that integrates both emotional lexical-semantics 

and  emotional  prosody.  With  respect  to  electrophysiology,  emotional  speech  is 

underresearched in the brain-rhythm literature; the most common method to study emotional 

language processing are the event-related potentials.

Therefore,  the  aim  of  this  thesis  is  to  contribute  to  a  comprehensive  understanding  of 

emotional speech processing and the mechanisms distinguishing it  from the processing of 

non-emotional speech. Our aim is to investigate the oscillatory dynamics of emotional speech 

processing following the procedures from the neural speech tracking literature.  Using this 

methodology may aid answering the question of how perceptual processes are modulated to 

decode emotionally salient signals rapidly and effectively.

The first section of the theoretical part will review the latest electrophysiological findings on 

emotional  language  processing,  focusing  predominantly  on  lexical  processing  and  the 

attentional  and  predictive  mechanisms  supporting  visual  and  spoken  emotional  word 

perception. The second section will summarize the key principles of neural speech processing 

and  introduce  the  approaches  and  methods  which  are  applied  in  the  empirical  part.  The 

empirical part of the thesis describes the methodology and the results of an EEG experiment  

on the neural tracking of emotional speech and discusses the results in relation to the findings 

presented in the theoretical part.
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I. Theoretical part

1 Emotions and language 

1.1 Conveying emotions in speech

1.1.1 Two main channels

Humans have the ability to express emotions through language. While conveying emotions in 

written discourse is restricted to the use of semantic information, the process of translating 

one's emotional state into spoken interactions can occur via both the verbal (semantic) and 

vocal (prosodic) channel. The verbal channel provides information about linguistic units in 

speech, its syntactic structure, and meaning (which is represented by the content words the  

speaker uses for their expression). The vocal channel provides the listener with non-lexical 

(sometimes termed paralinguistic) information represented by changes in prosody, which is 

modulated by the speaker's emotional state (Berkmoes & Vingerhoets, 2004).

From the perspective of acoustics, in order to successfully decode emotional meaning from 

continuous speech the listener must integrate a variety of parameters, such as the percept of 

pitch (cued by the fundamental frequency), rhythm (duration of syllables and pauses, i.e., 

speech rate), loudness, and voice quality (e.g., breathy voice, creaky voice). The decrease or 

increase in one acoustic parameter can be associated with conveying various emotional states.  

Therefore, one isolated acoustic cue cannot be considered a perfect predictor of a specific 

emotional  state  (Ilie  &  Thompson,  2006),  and  a  flexible  interpretation  of  a  specific 

combination of parameters is in order. For example, the melodic contour of angry speech, 

compared to neutral speech, is generally more pronounced and contains greater pitch and 

loudness changes. With respect to speech rate, angry speech is generally characterized by 

faster, irregular rhythm. Conversely, the intonation of joyful speech is smooth, rounded, and 

slow-varying and its rhythm tends to unfold in a more regular manner (Sbattella et al., 2014).

1.1.2 Modality differences in emotion processing

Findings  from studies  on  emotion  processing  consistently  indicate  that  the  processing  of 

emotional speech is longer, deeper, and more elaborate than the processing of neutral speech 

(Fields & Kuperberg, 2012; Kissler et  al.,  2008; Sander et al.,  2005).  That the emotional 

valence of a stimulus modulates its neural processing has been thoroughly demonstrated with 

emotional pictures (Lane et al.,  1999) and facial expressions (Batty & Taylor, 2003), and 

unsurprisingly,  similar  processing  differences  have  been  observed  with  emotional  verbal 
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material  as  well.  However,  as  many  authors  argue,  the  magnitude  of  difference  when 

contrasting emotional and non-emotional stimuli is often much larger for pictures and facial  

expressions as opposed to verbal material. This may be because the detection of emotional 

significance  is  more  automatic  for  pictorial  stimuli  than  for  verbal  stimuli,  as  the  latter 

requires the additional pre-requirement of extracting the semantic representation in order for 

the emotional valence to be  encoded. Despite that and as evidenced by a vast number of 

studies,  the  emotional  content  of  words,  too,  modulates  cognitive  processes  and  their 

underlying neural mechanisms.

Notably,  Grandjean  (2021)  argues  that  an  important  advantage  of  auditory  processing  in 

general is that it represents space as a 360° sphere which allows humans (and animals) to 

process  information  that  is  not  directly  available  through  other  senses.  For  example,  we 

cannot see if someone is standing behind us, but we can hear them talking or making noises  

which is crucial for detection of threats and survival. From an evolutionary standpoint, this  

poses a functional difference between auditory and visual processing of emotional stimuli. 

In social  settings,  we encounter emotional language in the form of a continuous auditory 

stream that unfolds in real time. Our ability to decode the speaker’s emotional state from 

speech is  dependent  upon a  swift  analysis  of  the speech signal,  which,  in  comparison to 

written emotional material, integrates emotional information not only from the verbal but also 

the vocal channel. Therefore, it is essential to understand the mechanisms that support such 

parallel processing of emotional semantic content and prosody and enable humans to detect 

emotional relevance in spoken interactions. 

1.2 The neural time course of emotional language processing

To date, the most common method used for investigating emotional language processing have 

been the event-related potentials (ERP). ERP are electrical responses evoked by an external 

stimulus and are typically recorded from electrodes placed on the human scalp. The different 

peaks  of  the  response  (ERP components)  are  characterized by their  polarity  (negative  or  

positive going) and latency. 

A  significant  advantage  of  ERP  is  their  ability  to  capture  the  precise  time  course  of 

processing. In the context of emotional word processing, ERP aid the investigation of how the 

emotional valence of a word impacts specific cognitive processes. 
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1.2.1 Lexical processing

To determine the emotional significance of a word,  first,  its  meaning has to be extracted 

through accessing lexical representations in the brain and relating them to the presented verbal 

material.  With  regard to  the  lexical  processing of  individual  emotional  words,  Kissler  & 

Herbert  (2013)  demonstrated that  in  a  lexical  decision,  task lexical  access  was  faster  for 

emotional  than  for  non-emotional  words,  manifesting  as  an  earlier  word-pseudoword 

differentiation  for  negative  relative  to  neutral  words  (252  and  324  ms  after  word  onset, 

respectively). It is, however, unclear whether this effect can be attributed specifically to the 

emotionality of words, or whether it is related to the differential lexical processing of various 

semantic classes.

Similarly, Siakaluk et al. (2016) found facilitatory effects of emotionality on reaction times in 

three lexical decision tasks using three sets of emotional verbal stimuli – concrete nouns, 

abstract nouns, and verbs. The authors concluded that the emotional dimension of a word (and 

the ease with which a word elicits emotions) is an integral part of its lexical-semantics and 

leads to facilitated lexical decision. 

To some extent,  the time course of lexical access in individual visual word processing is 

reflected in the latency of the early posterior negativity (EPN) component, peaking typically 

around 250 ms after  word onset  (with  a  parieto-occipital  distribution).  The EPN indexes 

implicit processing of the emotional valence of a word regardless of task demands and is  

associated with increased attentional capture (Citron, 2012), which is reflected by a greater 

amplitude of the EPN to emotional (negative, positive) words than to neutral words (Kissler & 

Herbert, 2013). 

Formerly, the N400 component was also considered to partly reflect the extraction of a word’s 

semantic content. However, recently, it is increasingly clearer that the N400 does not reflect 

the semantic analysis per se, but rather the semantic agreement of the presented word with its  

preceding context. Such semantic prediction and integration represent an integral component 

of speech comprehension, as speech processing is vastly based on the continuous formation of 

semantic predictions and their subsequent integration with the preceding sentence context (as 

described in section 1.3.1.).

Another ERP component that is robustly affected by the emotional dimension of a word is the 

late positivity component (LPC), which has been observed in response to both visually and 

13



auditorily presented emotional verbal material. The LPC is a slow, positive wave occurring 

around 600 ms after the word onset and is considered to reflect sustained processing and 

evaluation of emotional stimuli based on task demands. Some authors report differences in 

LPC amplitudes  based  on  valence,  with  negative  words  eliciting  greater  amplitudes  than 

positive and neutral words (Fields & Kuperberg, 2012); however other studies have reported 

advantages for both negative and positive in contrast with neutral words (Kanske & Kotz, 

2007). 

While  earlier  components  are  typically  related  to  the  processing  of  sensory  information 

(whether  it  is  visual  or  auditory),  later  ERP  components  generally  reflect  higher  level 

cognitive processes, such as sustained analyses that integrate prior knowledge and contextual 

information (Brandeis & Lehmann, 1986).

1.2.2 Emotional prosody processing

The differential processing of emotional and non-emotional prosody has been the subject of 

experimental studies for many decades. For a long time, a traditional perspective has been that 

the right hemisphere regulates the processing of emotional prosody and plays an important 

role in the detection of emotion from the voice. This view was mostly based on results of 

clinical studies with patients who had lesions in right frontal and temporal areas of the brain 

(Kotz et al.,  2011).  Later experimental studies (in which emotional words were presented 

either  in  the  right  or  left  hemifield),  however,  found  little  evidence  supporting  a  strict  

dominance  of  the  right  hemisphere  in  emotional  prosody  processing,  rather  suggesting  a 

bilateral activation during the perception of emotional prosody. For example, using functional 

magnetic resonance imaging (fMRI), Grandjean et al. (2005) demonstrated enhanced bilateral 

activation of the mid superior temporal sulcus (STS) in response to angry relative to neutral 

prosody.

According to Schirmer and Kotz (2006), emotional prosody processing can be divided into 

three stages (Figure 1A). Within the first 150 ms, incoming acoustic information is processed 

in a bottom-up manner which employs subcortical pathways from the ear to the brainstem, 

thalamus, and the core and belt areas of the auditory cortex in the temporal lobe (Figure 1B). 

Such encoding of the acoustic features of a stimulus is reflected in the N100 component of the 

ERP, which reflects the differences in the physical properties of emotional and non-emotional 

prosody. Subsequently, emotional acoustic cues are integrated in order to derive an emotional 

meaning and significance. This process is organized along the auditory pathway from the 
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superior temporal gyrus to the superior temporal sulcus. This implicit attentional orienting 

towards an emotionally significant stimulus is reflected in the increased amplitude of the P300 

to  emotional  (angry,  sad,  fearful)  than  to  non-emotional  (neutral)  intonation  (Kotz  & 

Paulmann, 2007). In the stage that follows, the information about emotional significance is 

made available for more complex cognitive processes that recruit frontal cortical areas, as 

such that it can modulate semantic processing or deeper emotional evaluative judgements. 

Figure 1: (A) Three-stage model of emotional prosody processing. During the first stage (up 

to  ~150 ms),  acoustic  information is  processed in  a  bottom-up manner.  Around 200 ms, 

emotionally significant cues are integrated. At a later processing stage (around 400 ms), the 

extracted  emotional  information  is  available  for  deeper  cognitive  processing.  (B)  Areas 

employed in emotional prosody processing – right sagittal view (light blue: auditory cortex),  

dark blue: anterior part of the superior temporal sulcus, green: frontal and orbitofrontal gyrus, 

yellow arrows: processing directions). From Beyond the right hemisphere: brain mechanisms  

mediating vocal emotional processing by A. Schirmer & S.A. Kotz, 2006. Copyright 2006 by 

Trends in Cognitive Sciences.

1.3 Cognitive mechanisms and biases associated with emotion processing

1.3.1 Predictive processing in emotional contexts

In  electroencephalography,  semantic  prediction  and  semantic  integration  are  relatively 

robustly indexed by the N400 component of the event-related potentials (Berkum et al., 1999; 

Kutas & Hillyard, 1980). The N400 is a negative peaking waveform around the latency of 400 

ms after the onset of a stimulus. With respect to neural language processing in general, a less  

predictable word elicits a stronger N400 response than a word that is more predictable based 

on preceding (sentence) context. For instance, in a sentence “I take my coffee with cream and  

sand” the final  word “sand” would elicit  a  strong N400 effect  because it  is  semantically 
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incongruent with the preceding context and represents a violation of the prediction that was 

formed  based  on  semantic  context.  The  N400  wave  is  elicited  by  every  word  within  a 

sentence  and  reflects  the  amount  of  processing  resources  directed  towards  the  semantic 

integration and semantic analysis of that word even in cases of no semantic violation (Berkum 

et al., 1999).

With respect to emotional stimuli, the literature indeed shows that the emotional dimension of  

words extends the semantic context of a sentence. It can serve as an additional contextual 

resource influencing the prediction of upcoming words and supporting their integration into 

the  preceding  sentence  context.  Several  studies  investigating  the  effect  of  high-arousing 

words on the processing of subsequent neutral targets suggest that the presentation of arousing 

words  may  lead  to  perceptual  potentiation,  as  their  presence  may  affect  the  attentional 

allocation for subsequent lexical processing of the neutral target words (Hinojosa et al., 2012; 

Ding et al., 2015). Ding et al. (2020) showed that the emotional arousal of presented action 

verbs influenced the anticipatory processing of  their  subsequently presented agents  which 

manifested as a larger sustained negativity for the neutral  verbs (in contrast  to emotional 

verbs) in a highly predictable context.

In emotionally congruent  sentences (i.e.,  where the valence of  the emotional  target  word 

matches the preceding context), semantic prediction and integration of the target might be 

facilitated due to the additional contextual information provided by the emotional valence of 

the  sentence.  In  simpler  terms,  it  might  be  easier  to  predict  an  emotional  word  in  an 

emotionally congruent sentence context than a neutral word in a neutral sentence context. As 

the  authors  argued,  this  could  explain  the  results  observed  by  Zhang  et  al.  (2021)  who 

demonstrated the effect of congruent emotional context on sentence comprehension during 

silent reading. They compared two-sentence discourses where either both sentences or neither 

sentence conveyed a negative emotion. The target word, which was presented in the second 

sentence,  was  emotionally  congruent  with  the  preceding  sentential  context.  In  congruent 

negative discourse, the target word elicited a smaller amplitude of the N400 than did a neutral 

target word in neutral discourse.

However,  the  results  of  previous  studies  investigating  the  N400  to  emotional  words  are 

difficult  to  interrelate,  most  likely due to  differences in  experimental  paradigms and task 

demands. For example, some studies report an increased amplitude of the N400 to negative 

words presented in a neutral context (De Pascalis et al., 2009; Grass et al., 2016; Herbert et  
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al., 2008; Holt et al., 2009). These results might be interpreted by a surprisal effect caused by 

the unexpected emotional valence of a presented word after a preceding neutral context that  

had been established either by a preceding sentence or by the experimental task itself. The 

attentional capture by an emotional word might then result in a deeper semantic evaluation or 

a  more  demanding  semantic  access,  and  thus  also  a  larger  N400.  Other  studies  report  a 

decrease in the amplitude of the N400 component to emotional words that were presented in  

an emotionally  congruent  context.  Kanske et  al.  (2011)  tested the  predictive  value  of  an 

emotional cue on semantic integration using an attentional cueing paradigm. They observed 

that  cues that  correctly predicted the emotional category of an upcoming word facilitated 

semantic  integration which manifested as  a  decrease in  the N400 amplitude to  the target 

emotional  words when they were preceded by a  valid  emotional  cue.  Interestingly,  some 

studies  investigating the processing of  emotional  words in  lexical  decision tasks report  a 

reduced N400 to emotional words compared to neutral words (Kanske & Kotz, 2007; Wang et 

al., 2019) which has been interpreted as a reflection of facilitated lexical access for emotional 

compared to neutral words (Wang et al., 2019). 

Chen et al. (2013) compared the neural oscillatory processing of emotional and conceptual 

congruency  during  sentence  comprehension  using  event-related  spectral  perturbations 

(ERSP). They presented participants with written sentences where the target word was either 

emotionally incongruent, conceptually incongruent, or congruent with the preceding context. 

They  found  an  increase  in  gamma activity  (relative  to  baseline)  for  the  emotionally 

incongruent condition compared to the conceptually incongruent and congruent condition. 

This finding is particularly interesting, as studies investigating gamma activity in relation to 

semantic  prediction  in  language  comprehension  report  increased  gamma activity  to 

semantically congruent sentences in contrast to sentences containing a semantic violation (see 

section  2.2.).  A  possible  explanation  is  that  different  neural  mechanisms  underlie  the 

processing  of  emotional  and  conceptual  incongruities;  however,  further  investigation  is 

needed in order to disentangle the effects of emotional valence and semantic prediction on 

gamma activity.

To summarize, contextual predictability influences the N400 (and gamma oscillatory activity) 

to an emotionally congruent or incongruent target word as evidenced by the results of the 

studies reviewed above.
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1.3.2 Attentional mechanisms

The  emotional  dimension  of  a  word  automatically  attracts  attention,  as  such  it  engages 

attention irrespective of whether the stimulus is explicitly attended. One of the paradigms 

used to investigate the attentional processing of emotional words is the Emotional Stroop 

Task, where emotional (typically taboo) and neutral words are presented in various colors and 

participants are instructed to name the respective color as quickly as possible. McKay et al.  

(2004) demonstrated that color-naming times are longer for taboo words relative to neutral 

words, arguing that reading a taboo word leads to reallocation of attentional resources from 

the word’s color to the presented word itself, interrupting the primary task and consequently 

slowing down color naming. In a different adaptation of the Stroop task, Bertels & Kolinsky 

(2016) replicated this effect in an auditory paradigm, highlighting that this phenomenon is not  

restricted to the visual modality.

Bertels et al. (2010) also found similar attentional biases towards emotional words using an 

auditory adaptation of the dot probe task. In their experiment, two words were simultaneously 

presented from a left and right loudspeaker. The words were followed by a to-be detected 

beep.  Negative words induced attentional biases towards their location which manifested as 

reduced  reaction  times  to  the  detection  of  the  subsequent  beep  delivered  to  the  same 

loudspeaker, suggesting that they served as a more efficient cue. 

These studies indicate that the attentional modulations caused by emotional valence pertain to 

lexical processing in both the visual and auditory modality across experimental paradigms.

Such  attentional  effects  of  the  emotionality  of  a  stimulus  have  been  replicated  in 

electrophysiological studies as well (Kissler at al., 2009; Wang & Bastiaansen, 2014). Their 

results generally imply that the observed differences in the neural processing of emotional and 

non-emotional stimuli are independent of explicit attention. For instance, Kissler et al. (2009) 

investigated  the  processing  of  emotional  words  during  silent  reading.  Participants  were 

instructed to count either the number of adjectives or verbs. The authors found an enhanced 

amplitude of the EPN to emotional words irrespective of whether the word came from the 

target category (adjectives or verbs),  indicating that the emotional content of a word was 

processed automatically. With regard to the processing of emotional prosody, an fMRI study 

by Sander et al. (2005) showed increased bilateral activation of the middle STS both in trials 

during which angry prosody was attended, as well as in trials in which angry prosody was 

ignored.
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1.3.3 Negativity bias

Humans process emotions in an asymmetrical manner, displaying an advantage for negative 

emotional  material  early  in  socio-emotional  development.  This  higher  sensitivity  to 

potentially  threatening  stimuli  can  be  manifested  through  increased  attention  to  negative 

material, better recall of negative material, and greater weight of negative material during 

evaluative judgments (Unkelbach et al., 2020).

Specific  to  the  processing  of  verbal  stimuli,  several  electrophysiological  studies  provide 

evidence in support of the negativity bias. ERP data from Fields & Kuperberg (2012) revealed 

an increased amplitude of the LPC to unpleasant as compared to pleasant words. That could 

be attributed to  their  greater  motivational  significance,  as  late  positivity  typically  reflects 

higher  cognitive  processing  and  evaluative  judgements.  Field  & Kuperberg’s  study  aptly 

illustrates the negativity bias in verbal emotional processing and replicates previous studies 

demonstrating the negativity bias with non-verbal visual stimuli (Huang & Luo, 2006; Ito et 

al., 1998; Scott et al., 2009).

The processing advantage may be attributed to greater informational value of negative stimuli, 

as typically, the presence of negative stimuli indicates potential threat and danger and can 

have serious consequences for one’s life and wellbeing. This creates demand for increased 

attentional and cognitive resources directed towards a negative emotional stimulus (Vaish et 

al., 2008).
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2 Neural mechanisms of speech processing

2.1 Temporal and spectral modulations in speech 

The speech signal is rhythmic on multiple temporal scales. The most prominent rhythm in 

speech is the interchanging of syllables and of prosodic words. In normal speech tempo, there 

is typically 5 to 6 syllables per second and approximately 1 to 2 words per second which 

corresponds to neural oscillatory activity in the theta (4–8 Hz) and the delta (0.5–4 Hz) band, 

respectively. The speech signal also contains smaller chunks than syllables, that is, speech 

segments  or  coarticulated parts  of  segments,  which can be  reflected in  neural  oscillatory 

activity  in  the  higher  frequencies  (>  30  Hz)  (Tune  &  Obleser,  2022).  These  temporal  

modulations  contained  in  the  acoustic  envelope  of  speech,  rather  than  the  fine-grained 

structure of the spectrum, are critical for the decoding of the speech signal and successful 

speech comprehension (Tune & Obleser, 2022).

2.2 Neural oscillations in speech processing

To date, the most widely used method for the study of language processing have been the 

event-related potentials.  The main limitation of  ERP is,  however,  that  they are unable to  

capture the dynamics of continuous speech processing as they can only measure the neural 

response locked to one specific time point in the speech signal. A bit more recently, the neural 

processing of speech has been studied through analyzing patterns of rhythmic neural activity 

in the brain – neural oscillations. 

Neural oscillations reflect the synchronized spiking of neuronal populations in cortical and 

subcortical areas of the brain. They are crucial for communication across brain networks and 

support information transfer in different brain regions through the coordinated alternation of 

excitatory  and  inhibitory  phases  of  firing  neuronal  populations  (Buzsaki  &  Draguhn, 

2004). Neural  oscillations  integrate  information  about  the  firing  patterns  of  neurons  at 

different frequency scales. This hierarchical structure of neural oscillations (which is similar 

to the structure of speech) might allow for the parallel processing of time-varying features at 

different frequencies contained in the acoustic envelope, i.e., sensory demultiplexing (Hyafil 

et  al.,  2015).  Through  the  process  of  sensory  demultiplexing,  the  brain  can  analyze  the 

different rhythmic patterns of the speech signal and combine them hierarchically in order to 

create an integrated speech percept.
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Cumulative  evidence  from experimental  studies  on  speech  processing  suggests  that  slow 

oscillatory  activity  in  the  delta and theta band  (0.5–4  Hz,  and  4–8  Hz,  respectively)  is 

predominantly responsible for syllable and word segmentation as its frequency corresponds to 

the rate of syllables (~ 6 syllables per second in Czech; Weingartová & Volín, 2014) and 

prosodic words (~2 prosodic words per second) in continuous speech (Tune & Obleser, 2022). 

However, it is important to note that besides speech-specific processes, activity in the delta 

and  theta band  has  been  researched  in  relation  to  more  domain-general  functions.  Theta 

oscillations are generally associated with lexical memory retrieval, while  delta oscillations 

have been related to timing and binding processes (Herweg et al., 2020; Tune & Obleser, 

2022).

The precise role of gamma band oscillatory activity (> 30 Hz) remains debated in research on 

speech processing. From the perspective of neural speech tracking, some authors argue that 

gamma synchronization  to  the  subsyllabic  patterns  in  speech  reflects  higher  linguistic 

processes – for instance, phonemic categorical perception (Giraud & Poeppel, 2012). Others 

have linked such gamma synchronization to acoustic-perceptual processes and suggested that 

gamma oscillations collaborate with low-frequency activity via phase-amplitude coupling to 

integrate  acoustic  representations  in  speech  (Attaheri  et  al.,  2022a;  for  more  on  phase-

amplitude coupling, see section 2.3.). 

Moreover,  gamma band oscillatory activity has been linked to semantic processing at  the 

sentence level (Tune & Obleser, 2022). It is considered to be involved in semantic unification 

processes, as such it reflects the predictability of incoming words based on preceding sentence 

context (Bastiaansen & Hagoort,  2015; Mai et  al.,  2016).  Hald et  al.  (2006) observed an 

increase  in  gamma power  during  the  processing  of  sentence-final  words  that  were 

semantically  congruent  with  the  preceding  sentence  compared  to  words  that  produced  a 

semantic violation. According to their results, a more coherent and predictable context might 

be, to some extent, reflected by greater  gamma power. Wang et al. (2012) argue that such 

observed  gamma power  increases  could  be  related  to  the  agreement  between  the  pre-

activation of the neural representations of the predicted word and the incoming word. They 

propose that the  gamma power increase is more likely to be related to the checking of the 

incoming  linguistic  representation  against  top-down  contextual  predictions,  rather  than 

reflecting a direct prediction of a word.
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2.3 Neural speech tracking

Neural  oscillations  support  the  segmentation and identification of  discrete  linguistic  units 

(phonemes, prosodic words, and syllables) by tracking the acoustic envelope of the incoming 

speech signal and by temporarily aligning their phase to its acoustic patterns (Figure 2). The 

oscillatory phase angle represents the relative position of peaks and throughs in the signal and 

can be reset in response to an external stimulus, for example speech onset (Obleser & Kayser,  

2019). Phase-locking to an external input represents the process through which neurons in the 

auditory cortex time their high-excitatory and low-excitatory activity to match the information 

load in the incoming acoustic structure so that the arriving information is processed during the 

episodes of excitatory activity with maximal gain (Giraud & Poeppel, 2012; Peelle & Davis,  

2012). This ability to track the speech envelope has been proposed as a mechanism supporting 

the  parsing  of  speech  into  linguistic  units,  thus  facilitating  speech  comprehension.

Figure 2: Neural tracking of speech. From  A parsimonious look at neural oscillations in  

speech perception by S. Tune & J. Obleser, 2022. Copyright 2022 by Springer International 

Publishing.

In a seminal MEG study Luo & Poeppel (2007) demonstrated that the phase of oscillations at 

4–8 Hz (i.e., theta), tracks the acoustic structure of sentences and showed that sentences could 

be distinguished from one another based on information about the oscillatory phase only. 

Furthermore,  tracking  performance  was  correlated  with  speech  intelligibility  as  less 

intelligible  speech signal  (due to  higher  levels  of  degradation)  lead to  worse  theta phase 

tracking.
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Neural tracking occurs most prominently at the rate of syllables and prosodic words ( theta 

and delta band, as described above). Neural tracking of speech in the  theta frequency band 

corresponds to the alignment of neural activity to the sustained rhythmic patterns of speech 

occurring at the temporal modulation rate, while neural tracking in the delta band reflects the 

processing of acoustic onsets in the speech envelope (Chalas et al., 2023). That is, increases in 

delta power tracking are  related to  acoustic  transitions from periods of  silence to  speech 

onsets rather than sustained rhythmic activity at lower frequencies (Chalas et al., 2023).

Both delta and theta tracking are involved in the phonological analysis of speech but whether 

they play a role in higher-level speech processing remains unclear. Mai et al. (2016) found 

higher theta and delta power when participants listened to speech as opposed to non-speech 

sounds supporting the notion that  theta and  delta power reflect syllabic and supra-syllabic 

patterns  in  speech.  However,  the  authors  found  no  differences  between  normal  speech 

containing real words and pseudo-speech. Their results indicate that  theta and delta support 

phonological rather than semantic processes. Number of studies, however, suggests that delta 

band tracking reflets not only the acoustic analysis of the speech signal but also higher-order 

linguistic processes, such as the processing of syntactic structure and semantics (Coopmans et 

al., 2022; Molinare & Lizarazu, 2018). Etard & Reichenbach (2019) report increased  delta 

band tracking when participants were exposed to their native language as opposed to a foreign 

language  with  comparable  acoustics,  highlighting  the  role  of  delta tracking  in  speech 

comprehension.

Coupling between oscillations in the lower and higher frequency range represents another 

mechanism underlying the parsing of continuous speech into discrete linguistic units and the 

integration of acoustic representations in speech (Attaheri et al., 2022a). The phase of low-

frequency oscillations (mainly theta) modulates the amplitude of higher oscillations (gamma) 

which  may  represent  one  of  the  fundamental  mechanisms  underlying  the  integration  of 

rhythmic patterns occurring at different temporal scales. Authors have hypothesized that the 

phase-amplitude coupling between theta and gamma oscillations subserves the syllabification 

of phonemes based on the temporal dynamics of the auditory signal (Hovsepyan et al., 2020; 

Morillon et al.,  2012).  In line with this hypothesis,  Lizarazu et al.  (2019) discovered that 

theta-gamma coupling  follows  alternations  in  speech  rate  (accelerated  or  decelerated), 

suggesting  that  the  coupling  mechanism does,  in  fact,  reflect  the  tracking  of  the  input’s 

acoustics. 
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Furthermore,  it  has  been suggested  that  theta-gamma coupling  is  related  to  phonological 

working memory, and lexical semantic processes, specifically semantic integration (Mai et al., 

2016). Besides language specific functions,  theta-gamma coupling has been associated with 

domain-general processes, such as memory and learning (for a review see Colgin, 2015).

2.3.1 Selected contributions of prosody

Prosody comprises of suprasegmental information about the rhythm, intonation, and stress in 

speech and supports the detection of linguistic boundaries, such as phonemes, syllables, and 

phrases. Not only does prosody aid the segmentation of the speech stream, but it also conveys 

important cues about the speaker’s intent, such as irony, sarcasm, and affective states, which 

extend the  message by adding further  contextual  information and create  another  layer  of 

meaning (Myers et al., 2019). The constituent parts of prosody vastly contribute to speech 

comprehension, and unsurprisingly, to the neural tracking of speech.

Bachmann et al. (2021) recorded cortical and subcortical EEG activity to continuous speech 

and found that adding relative pitch as a predictor lead to significant improvement of the 

decoding model in case of the cortical (but not subcortical) responses, most likely due to clear 

dissociation between pitch tracking and envelope fluctuations in cortical  responses.  These 

findings are consistent with those of Teoh et al. (2019) showing that relative pitch tracking is 

band-limited to  delta phase and that this measure of pitch processing is, indeed, separable 

from  other  acoustic  features  conveyed  by  the  amplitude  envelope.  That  is  in  line  with 

previous studies reporting coupling between the fundamental frequency contour and cortical 

responses at around 0.5 Hz, corresponding to the delta band (Bourguignon et al., 2013). 

A specific demonstration of the role of prosody in neural speech processing and language 

development is infant-directed speech (IDS). IDS is distinguished by exaggerated prosodic 

patterns,  such  as  prolonged  vowel  length,  slower  tempo,  and  easier  syntactic  structure, 

relative to adult-directed speech (ADS) (Fernald & Simon, 1984). Findings from behavioral 

studies indicate that infants have a significant preference for IDS, such that they fixated on a 

visual stimulus longer when it produced IDS in contrast with ADS (Cooper & Aslin, 1990; 

ManyBabies Consortium, 2020) and chose social partners that used IDS rather than those 

using ADS (Schachner & Hannon, 2011). 

Compelling  evidence  from neural  speech  tracking  studies  with  infants  suggests  that  IDS 

facilitates  speech  decoding  by  enhancing  low-frequency  cortical  tracking  (Attaheri  et  al., 
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2022b; Kalashnikova et al., 2018; Menn et al., 2022). Menn et al. (2022) investigated the 

advantages for the neural tracking of IDS both at the rate of syllables and prosodic stress, 

finding stronger speech tracking only for the latter. The authors argue that the advantage of 

IDS rests predominantly in the enhanced prosodic stress which may aid word segmentation by 

establishing  a  more  regular  rhythm  or  by  holding  infants’  attention  better  than  less 

pronounced prosodic stress in adult speech. This is in line with Attaheri et al. (2022b) who 

report  higher  delta relative  to  theta speech  tracking  when  infants  were  exposed  to  sung 

nursery rhymes. Attaheri et al. (2022a) found that data from the same experiment run with 

adults broadly replicated the patterns found in infants, suggesting that prosodic stress might 

play a key role in facilitating speech comprehension across development.

Taken together, the studies mentioned above demonstrate the contribution of pitch and stress 

cues to neural speech tracking.

2.3.2 Attentional modulations

Besides  being  determined  by  bottom-up  acoustic  information  in  speech,  such  as  the 

alternations of syllables and word stresses, neural tracking is strongly modulated by attention. 

A convincing number of studies show that neural representations of speech can be enhanced 

or suppressed as a function of selective attention and that the coupling of neural oscillations 

and speech can be adjusted to converge with the listener’s goals (Holtze et al., 2021; Obleser  

&  Kayser,  2019;  Vanthornhout  et  al.,  2019).  In  experimental  settings,  this  is  best 

demonstrated by the “cocktail party” situation where the listener needs to isolate one talker  

among  multiple  competing  speech  streams.  In  an  EEG  study  by  Kerlin  et  al.  (2010), 

participants listened to two simultaneously heard speech streams preceded by a visual cue that 

indicated whether they should attend to stream presented on the left or right side (left/right 

ear). Their results showed that speech representations in the 4–8 Hz range (corresponding to 

the theta band) were enhanced when speech was presented to the to-be attended ear. This was 

supported  by  hemispheric  differences  in  alpha power  which  indicated  the  direction  of 

attention (ipsilateral alpha enhancement and contralateral alpha suppression); furthermore, the 

strength of  alpha lateralization was associated with the extent to which selective attention 

enhanced the cortical representations of the speech signal (Kerlin et al., 2010).

Similarly, Rimmele et al. (2015) demonstrated that neural speech tracking is modulated by 

selective attention when participants were simultaneously exposed to natural and vocoded 

speech and had to attend to only one stream while ignoring the other. However, attentional 
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enhancement effects were detected only in the case of natural speech. The neural tracking 

response for vocoded speech was similar to that of unattended natural speech, pointing to a 

significant contribution of higher-order linguistic processes to the more precise tracking of the 

attended speech stream.

Other studies show that attentional capture (Holtze et al., 2021) but also other higher-order  

processes, such as listening effort (Decruy et al., 2020) and predictive processing (Golumbic 

et al., 2013; Park et al., 2015) can be reflected in neural speech tracking.

2.3.3 Semantic contributions

As demonstrated by the studies reviewed in the section above, neural speech tracking is not 

exclusively  driven  by  low-level  acoustic  features.  Besides  top-down  (but  non-linguistic) 

modulations,  such  as  attention  or  listening  effort,  a  listener’s  ability  to  extract  linguistic 

information from speech represents another integral component of neural tracking. 

The phase-locking of cortical oscillations to the rhythmic patterns in speech is stronger when 

linguistic information is available to the listener (Peelle et al., 2013). The authors presented 

participants  with speech stimuli  with varying levels  of  intelligibility  while  preserving the 

speech envelope to control the amount of non-sensory information contained in the signal. 

Their results (and similarly, the results of Rimmele et al., 2015, as mentioned in the section 

above)  are  consistent  with  the  hypothesis  that  neural  tracking  is  dependent  on  various 

informational sources that are not exclusively conveyed in the speech envelope.

To further investigate the lexical-semantic contributions to speech tracking, Lizarazu et al. 

(2021) investigated how language proficiency affects the cortical tracking of syllables and 

words in speech. They compared the neural speech tracking of second language (L2) speakers  

of Basque in the  delta and  theta band and found that cortical activity in these bands was 

related to L2 proficiency. 

Taken  together,  results  from  the  above-mentioned  studies  provide  evidence  that  speech 

perception and processing, reflected in neural speech tracking, constitutes a constant interplay 

of low-level sensory and high-level cognitive processes.

2.3.4 Measures of neural speech tracking

Across studies the quantification of neural speech tracking varies as there is a number of 

measures that can be used to capture the similarity between the speech signal and the neural 
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response. One fundamental approach is to measure the total oscillatory power in frequency 

bands across the range that is defined with respect to the power spectrum of the acoustic 

envelope of the speech signal (generally delta and theta band). The second approach pertains 

to measuring the oscillatory phase which can be analyzed by computing the inter-trial phase 

coherence (ITPC, phase-locking value). ITPC indicates how consistently a certain phase angle 

occurs at a specific point in time across trials (Wöstmann et al., 2017) and is calculated from 

the frequency decomposed signal for a specific frequency range based on the properties of the 

speech signal  (e.g.,  delta and  theta band).  Coherent  phase across trials  points  to stronger 

speech tracking.

The neural response during exposure to speech is then compared to the neural response during 

exposure to a  baseline condition.  This  allows for  filtering out  the neural  response that  is 

shared with  the  processing of  acoustic  features  and rhythm in  general  and is  not  speech 

specific.  The  baseline  condition  is  chosen  based  on  study  design;  it  is  typically  an 

unintelligible  auditory  signal  which  to  some  extent  preserves  several  acoustic  features 

contained in natural speech. For example, vocoded speech (speech distorted by noise, e.g., 

Rimmele et al., 2015), spectrally rotated speech (e.g., Lizarazu et al., 2020), white noise, or 

amplitude modulated (speech-shaped) noise (e.g., Molinaro & Lizarazu, 2018).

More  computationally  demanding  methods  quantify  neural  speech  tracking  as  a  direct 

comparison  between  the  amplitude  envelope  of  speech  and  the  neural  signal.  The  most 

straightforward approach is to directly cross-correlate the amplitude envelope of speech and 

the neural signal. Recently there has been an increase in studies that use forward modelling to 

predict  the  EEG response  based  on  the  amplitude  envelope  using  the  temporal  response 

function (TRF). After modelling the neural signal, the predicted response is then correlated 

with the real neural response, indicating the extent to which input information is represented 

in the neural signal.

Several other methods, such as stimulus reconstruction, mutual information (MI) or cerebral-

acoustic coherence (CaC), are used to quantify neural speech tracking. For further explanation 

of those see Wöstmann et al. (2017) or Harding et al. (2019).
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II. Empirical part

3 Research aim

In this study, we aimed to investigate the differences in the neural  tracking of emotional  

(angry)  and  non-emotional  (neutral)  speech.  Our  motivation  was  to  use  continuous 

conversational stimuli in order to explore the processing of emotional speech on the level of  

whole sentences as opposed to isolated words only.

Up to date, emotional speech (and specifically, emotional prosody) has been unexplored in the 

neural tracking literature (with the exception of recent research on the neural tracking of IDS 

as mentioned in section 2.3.1.).  Many authors have thus inquired that  novel experimental 

studies be carried out in order to comprehend how the human brain integrates information at  

various temporal scales to process emotional speech (Grandjean, 2020; Myers et al., 2019).

As  the  emotional  speech  condition,  we  chose  anger.  This  is  because  (1)  across  emotion 

recognition studies, anger is the least misclassified emotion based on prosodic cues from the 

speaker’s voice (Fenster et al., 1977; Scherer et al., 2001), and (2) several studies have shown 

that  the  emotion  effects  are  more  pronounced  in  negative  compared  to  positive  material 

(Fields & Kuperberg, 2012; Huang & Luo, 2006; Ito et al., 1998; Scott et al., 2009).

3.1 Hypotheses and predictions

H1: Based on prior ERP studies indicating a processing advantage for emotional stimuli, we 

hypothesized that the processing of angry speech would be enhanced in comparison to neutral 

speech and predicted observing greater neural speech tracking in the  theta and  delta band, 

indexed by increased oscillatory power in the delta and theta band and higher ITPC for the 

delta and theta band. 

H2:  Based on prior  studies  on  the  N400,  we hypothesized  that  the  additional  contextual 

information  conveyed  by  the  emotional  valence  of  speech  would  facilitate  predictive 

processing  of  upcoming  emotional  words  and  predicted  that  in  emotionally  congruent 

sentential  context,  emotional  (negative)  words  would  elicit  a  smaller  N400  than  non-

emotional (neutral) words. 
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H3:  In  line  with  the  literature  on  neural  speech  tracking,  which  suggests  an  increase  in 

gamma band  oscillations  for  semantically  predictable  contexts  than  for  nonpredictable 

contexts, we predicted that in emotionally congruent sentential context, gamma power would 

be  stronger  while  listening  to  the  emotional  (angry)  speech  than  while  listening  to  non-

emotional (neutral) speech.
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4 Methods

4.1 Participants

We recruited twenty-six participants (18 females, 8 males, mean age = 22.12 years, SD = 

2.49, age range = 19–27 years) from the participant pool of the Laboratory of behavioral and 

linguistic studies (LABELS). All subjects were right-handed native speakers of Czech, who 

reported normal hearing and did not have a history of any psychiatric disease nor neurological 

impairment. After data preprocessing, we excluded two participants from the ERP analysis 

due to a low number of artifact-free trials.

4.2 Stimuli

4.2.1 Speech material

For the speech material we created a set of 100 conversation segments (50 in the angry and 50 

in the neutral condition). Each segment comprised of two sentences where a female speaker is 

talking to another person. The last word of the second sentence was emotionally congruent 

with the preceding sentence context, i.e., it was either negative (in the angry speech condition) 

or neutral (in the neutral speech condition). An example of a neutral segment was  Nemusíš  

nic nastavovat manuálně. Tohle čidlo to všechno kontroluje. “You don't have to set anything 

manually.  This  sensor  controls everything,”  and  an  example  of  an  angry  segment  was 

Přestaň na mě takhle blbě čumět. Ten tvůj přiblblej ksicht mě irituje. “Stop staring at me like 

that. This dumb face of yours is annoying me.” The full list of the conversational segments 

can be found in Appendix A. The sentences and the segment-final words (in bold font in the 

examples above) in the angry and neutral conditions were cross-matched for syllable count. 

The conversation segments were recorded by a female actress who was instructed to produce 

the  sentences  in  a  congruent  emotional  prosody.  The  average  intensity  of  each  of  the 

conversation segments  was  equalized across  segments  using Praat  (Boersma & Weenink, 

1992–2024). The duration of the silent gap between the two sentences within a conversation 

segment was artificially edited to 400 ms in Praat (Boersma & Weenink, 1992–2024) in cases  

when the duration exceeded the mean duration by more than 1.5 standard deviation (n = 14).

4.2.2 Pilot rating task

The speech material was rated on several scales in two pilot experiments, administered online 

(using Psychtoolkit, Stoet, 2010, 2017) with native speakers of Czech (different participants 

than in the subsequent EEG experiment). In the first pilot, participants performed a judgement 

task with written representation of the conversation segments. Participants rated the valence, 
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arousal, and plausibility of the conversation segments and categorized them selecting from the 

six basic emotion categories, namely, anger, disgust, fear, sadness, happiness, surprisal. After 

the first pilot, 12 out of original 112 segments were excluded from the final list (as outliers in  

valence or plausibility). The second pilot was a judgment task with the audio recordings in  

which a different group of participants judged the conversation segments on valence (on a 

three-point scale -1, 0, +1) and naturalness (on a 7-point scale between 1 and 7). 

A linear mixed-effects model with varying slopes for each participant revealed a significant 

difference in valence between the angry and neutral recordings (B = 0.605, SE = 0.012, df = 

32.02, t = 49.36, p < .001). No significant difference in naturalness between conditions was 

detected (B = -0.086, SE = 0.084, df = 31, t = -1.025,  p = .314). Table 1 summarizes the 

linguistic  characteristics  of  the  speech  stimuli.  Figure  3  plots  the  mean  valence  and 

naturalness ratings from the second pilot with recordings.

Table 1: Linguistic characteristics of the speech material in the angry and neutral condition: 

segment  duration  (ms),  duration  of  silent  gaps  (ms),  syllable  rate  (syllables  per  second), 

valence (on a three-point scale -1, 0, +1), naturalness (on a 7-point scale between 1 and 7),  

mean pitch (Hz),  pitch change (i.e.,  maximum pitch -  minimum pitch,  measured in  Hz), 

minimum intensity (dB), maximum intensity (dB). The table shows the mean and standard 

deviation (in brackets) for each characteristic.

Characteristic
Condition

Angry speech Neutral speech

Segment duration 4.357 (0.443) 3.974 (0.343)

Duration of silent gaps 0.414 (0.119) 0.437 (0.125)

Syllable rate 5.09 (0.49) 5.62 (0.39)

Valence -0.987 (0.112) 0.223 (0.469)

Naturalness 5.12 (1.62) 4.95 (1.53)

Mean pitch 290.77 (22.36) 267.558 (13.137)

Pitch range 269.762 (46.626) 210.919 (53.258)

Maximum intensity 83.372 (0.708) 83.669 (0.545)

Minimum intensity 36.534 (4.534) 38.732 (5.232)
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Figure 3: Mean valence and naturalness ratings per conversation segment and condition. Dots 

represent  ratings  pooled  across  32  participants  from  the  second  pilot  rating  task  with 

recordings.

4.2.3 Speech-shaped noise

The recordings  of  speech were  transformed into  speech-shaped noise using Praat  and its 

native  functions  (Boersma  &  Weenink,  1992–2024,  using  the  materials  provided  by 

ListenLab, 2023). First, we derived a long-term average spectrum for the two sets of speech 

segments from the neutral and the angry condition (i.e., the neutral conversation segment and 

the corresponding angry conversation segment) and filtered a white noise signal with that  

spectral object. Then we converted each speech segment (separately for the neutral and the 

angry condition) to an intensity and subsequently to an amplitude tier. Finally, we multiplied 

the  filtered  noise  (common for  the  two corresponding  segments)  with  the  amplitude  tier 

specific to the neutral or to the angry segment. This process resulted in speech-shaped noise 

for each segment in each condition, maintaining the envelope of the original neutral or angry 

speech stimulus while keeping identical spectral content between the two conditions.

Each speech block was always preceded by a block of speech-shaped noise. The speech-

shaped noise stimuli established a baseline allowing for comparison of the semantically rich 

speech condition to rhythmically similar but non-speech like stimuli (similarly to Molinaro et 

al., 2018), enabling the assessment of the neural tracking of emotional prosody.
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4.3 Supplementary methods

Before  the  experiment,  participants  filled  out  the  Positive  and  Negative  Affect  Schedule 

(PANAS; Watson et al., 1988). PANAS consists of 20 items which measure current positive 

(10 items) and negative (10 items) affective state of the participant. Each item is an adjective 

expressing  a  either  a  positive  or  negative  feeling  (e.g.,  curious,  ashamed,  tense)  that  

participants rate according to how strongly it represents their current mood (on a 1–5 scale). 

The cumulative score, separately for the positive and negative affect, reflects the intensity of 

the subjectively perceived affective experience. The score ranges from 10 to 50 indicating 

low/high intensity of the affective state of the respective emotional valence. 

After the completion of the experiment, participants filled out a form with questions about the 

perceived differences in the neutral and angry speech block, and the frequency of exposure to 

angry speech in their daily life. Specifically, we asked how often (on a scale 1–5) they use the 

angry tone of voice and curse words themselves, and how often they are on the receiving side 

of this type of speech. The final questionnaire can be found in Appendix B.

4.4 Procedure

The order of the conversation segments was randomized. Each conversation segment was 

repeated twice within the presentation block, resulting in a total of 100 trials per block. The 

inter-trial interval varied randomly between 390 and 410 ms.

Prior  to  the  experiment,  participants  provided  informed  consent  (see  Appendix  C)  and 

completed the PANAS questionnaire. Participants were tested individually in a quiet room, 

seated  comfortably  about  1  meter  away,  frontally  from a  computer  screen.  Stimuli  were 

presented  at  65  dB  SPL  (measured  at  the  location  of  the  participant’s  head)  from  two 

loudspeakers placed in 30° angles next to the monitor. 

We presented participants with the four blocks of stimuli, each block lasting approximately 

eight minutes. Participants were allowed to take short breaks between blocks for relaxation 

and  refreshment.  First,  a  speech-shaped  noise  block  was  presented,  followed  by  the 

corresponding speech block (from the same condition). Each participant listened to blocks 

from  both  the  neutral  and  the  angry  condition  –  the  order  of  the  two  conditions  was 

counterbalanced through random assignment across participants. Participants were instructed 

to listen passively during the speech-shaped noise blocks and to listen attentively during the 

speech blocks as in some of the trials they were to answer a comprehension question about 
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what the speaker said. This comprehension task occurred after ~1/10 of trials to ensure that 

participants were paying attention to the semantic content of the recordings. 

4.5 EEG recording and preprocessing

The EEG data were acquired at a sampling rate of 200 Hz from 19 scalp electrodes placed 

according to the international 10/20 system. An additional FCz electrode served as an online 

reference. Two external sensors were placed at left and right mastoid, one at the outer canthi  

of the right eye, one below the right eye, and one on the nose. Impedances were kept below 10 

kΩ.

Preprocessing was performed using the  EEGLAB toolbox (Delorme & Makeig,  2004)  in 

Matlab (The Mathworks Inc., 2022). The data were bandpass filtered at 0.1 and 80 Hz and re-

referenced to the nose.  A notch filter at 50 Hz was applied to filter out the electrical line 

noise.  Further  preprocessing  steps,  including  artifact  rejection  methods,  for  the  ERP and 

power analysis are described below.

4.5.1 ERP data analysis

The filtered data were epoched from -0.1 s  to 1 s  relative to target  word onset  (i.e.,  the 

sentence- final word in each conversation segment). The epochs were baseline-corrected to 

the 100-ms pre-stimulus interval. Using an automatic artifact rejection approach, epochs in 

which the absolute amplitude exceeded 100 μV were marked and subsequently rejected as 

artifacts. Participants who had less than 30 % of remaining epochs after artifact rejection were 

excluded from further analyses (N = 2). 

For each participant, an average ERP waveform was computed for the angry and the neutral 

condition separately. A grand-average negative peak per condition was determined between 

200 ms and 500 ms after target word onset. In the per-participant average waveform, the 

N400 amplitude was measured by calculating the mean amplitude within a 100-ms window 

centered around the grand-average negative peak, separately for the Cz and Fz electrodes.

4.5.2 Time-frequency analysis

The EEG data were epoched into 10-s segments (leaving out cases in which the 10-s interval  

would have been interrupted by a comprehension question). This procedure resulted in a total  

of 74 epochs in each speech condition and 98 epochs in each speech-shaped noise condition, 

per participant. Using the automatic artifact rejection approach, epochs in which the absolute 

amplitude exceeded 210 μV were marked and subsequently rejected as artifacts. Participants 
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who had less than 40 % of remaining epochs after  artifact  rejection were excluded from 

further  analyses  (N  =  0).  The  epoched  data  were  decomposed  using  a  Morlet  wavelet 

transform across 200 sliding windows. The transformation was calculated in 0.1-Hz steps 

between 0.2 and 80 Hz, with 1 cycle at the lowest frequency and increasing by a factor of 0.5  

for the higher frequency bins.

For each subject, total power in the delta (defined here as 0.1–2 Hz), theta (defined here as 3–

7.9 Hz), and gamma band (30–80 Hz) for the Cz electrode was computed across all epochs for 

each condition. As the speech-shaped noise blocks served as a baseline condition, the average 

total  power  in  the  noise  epochs  was  subtracted  from  the  average  total  power  in  the 

corresponding speech epochs.

Inter-trial phase coherence was used to quantify the phase synchrony across trials. Higher 

ITPC indicates  stronger  phase-locking  with  respect  to  external  stimulation  and  has  been 

shown to reliably reflect speech comprehension (Batterink & Paller, 2017). For each subject, 

ITPC for the  delta band (corresponding to the rate of prosodic words, 0.1–2 Hz) and  theta 

band (corresponding to the rate of syllables, 3–7.9 Hz) was computed at the Cz electrode for 

all  epochs,  in  each condition.  ITPC was calculated as  circular  average at  time point  and 

frequency and averaged across time points and respective frequency band, using the newtimef 

function of  EEGLAB. Then,  the average ITPC in the speech-shaped noise condition was 

subtracted from the average ITPC in the corresponding speech condition.

4.6 Statistical analysis 

All statistical analyses were conducted in R (R Core Team, 2024) using linear mixed-effects 

models (packages  lme4, Bates et al., 2015;  lmerTest, Kuznetsova et al., 2017). A separate 

model was fitted for each of the frequency bands (delta, theta, gamma – after the subtraction 

of speech-shaped noise) and the predicted measure (total band power, ITPC). Another model 

was fitted for the N400 component of ERP. 

For each model, the effect of condition (with a sum-to-zero contrast -negative vs. +neutral)  

was estimated, with random intercepts for channel and for participant. Marginal means were 

estimated using the package ggeffects (Lüdecke, 2018).

4.7 Ethical aspects

The experiment was approved by the Ethics Committee of the Institute of Psychology of the  

Czech Academy of Sciences. After receiving information about the experimental procedure, 
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participants signed an informed consent form agreeing to participation in the experiment and 

the use of the collected data for research purposes. All collected data were anonymized. Each 

participant was given a unique identifier under which they participated in the experiment. 

Participant  names  were  recorded only  in  case  of  students  who wanted  to  exchange  their 

participation for ECTS credits and were deleted after the credits were collected.

Before  the  experiment,  the  administrator  disclosed  that  negative  words  and  insults  were 

included in the to-be presented speech material. Participants were informed of their right to 

withdraw their participation in the study without providing explanation. After the experiment, 

participants were debriefed about the true purposes of the study. 
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5 Results

5.1 Positive and Negative Affect Schedule

Table 2 provides the mean score, standard deviation, median, minimum, and maximum for the 

positive and negative scales acquired from PANAS. Figure 4 plots the distribution of the 

scores  for  the  positive  and  negative  scale.  There  is  low  variability  in  the  data;  most 

participants scored low on the negative mood scale and around the average for the positive 

mood scale. Therefore, we discarded our original intention which was to control for mood 

variability across participants by including the positive and negative scale in the final models 

for ITPC and total power.

Table 2: Descriptive statistics for the positive and negative scales.

Scale Mean (standard deviation) Median Min–max

Positive 27.20 (5.07) 27.5 18–36

Negative 15.85 (6.70) 14 10–41

Figure 4: Distribution of the positive (right) and negative (left) scores from PANAS.
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5.2 Neural speech tracking: speech vs. noise

Oscillatory power was significantly greater during the exposure to speech in comparison to 

speech-shaped noise in both the delta (ß = 0.938, SE = 0.143, df = 75, t = 6.566, p < .001) and 

theta (ß = 0.528, SE = 0.089, df = 75, t =5.909,  p < .001) band. Furthermore, ITPC was 

significantly stronger for speech in comparison to speech-shaped noise in both the delta (ß = 

0.017, SE = 0.002, df = 75, t = 10.037, p < .001) and theta (ß = 0.013, SE = 0.002, df = 75, t = 

6.599, p < .001) band. Figure 5 illustrates the estimated means and confidence intervals.

Figure 5: (A) Estimated power (left) and ITPC (right) for the speech and speech-shaped noise 

condition in the delta band. (B) Estimated power (left) and ITPC (right) for the speech and 

speech-shaped noise condition in the theta band.

5.3 Valence effects

5.3.1 Total oscillatory power

Figure 6 shows the grand-averaged total power in the lower and higher frequencies. Each 

condition is illustrated separately, i.e., speech condition (angry, neutral) and speech-shaped 

noise condition (angry, neutral).
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Figure 6: Grand-averaged total power in the higher frequencies (30–80 Hz) (the four graphs 

on the left) and lower frequencies (0.2–10 Hz) (the four graphs on the right). Yellow colors 

represent greater log power (dB).

The model for the delta power (referenced to the respective speech-shaped noise condition) 

revealed a significant intercept (ß = 1.876, SE = 0.298, df = 25, t = 6.286,  p < .001) and a 

main effect of condition (ß = -0.439, SE = 0.209, df = 25, t = -2.101, p = .046) showing that 

delta power was significantly larger during angry compared to neutral speech. The model for 

the  theta power  (referenced  to  the  respective  speech-shaped  noise  condition)  revealed  a 

significant intercept (ß = 1.056, SE = 0.209, df = 25, t = 5.060, p < .001) and a main effect of 

condition (ß = -0.276, SE = 0.115, df = 25, t = -2.399, p = .024) indicating that theta power 

was significantly larger during angry compared to neutral speech. Figure 7 shows the grand-

averaged  total  power  in  the  lower  frequencies.  Figure  8  plots  the  estimated  means  and 

confidence intervals. 
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Figure 7: Grand-averaged total power in the lower frequency range (0.2–10.2 Hz) for the 

angry (left) and neutral (right) speech condition after the subtraction of speech-shaped noise. 

Yellow colors represent greater log power (dB).

Figure 8: Estimated  delta (left)  and  theta (right)  power  in  the  angry and neutral  speech 

condition (referenced to the respective speech-shaped noise condition).

The model for the gamma power (referenced to the respective speech-shaped noise condition) 

revealed a significant intercept (ß = 1.043, SE = 0.303, df = 25, t = 3.446,  p = .002) and a 

main effect of condition (ß = -0.772, SE = 0.248, df = 25, t = -2.902, p = .008) showing that 

gamma power was significantly larger during angry compared to neutral speech. Figure 9 

shows the grand-averaged total gamma power for the angry and neutral speech condition after 

the  subtraction  of  the  baseline  noise  condition.  Figure  10  plots  the  estimated  means  and 

confidence intervals.
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Figure 9: Grand-averaged total power in the higher frequency range (30–80 Hz) for the angry 

(left) and neutral (right) speech condition after the subtraction of speech-shaped noise. Yellow 

colors represent greater log power (dB).

Figure 10: Estimated gamma power in the angry and neutral speech condition (referenced to 

the respective speech-shaped noise condition).

5.3.2 Inter-trial phase coherence

Figure 11 plots the grand-averaged ITPC in the frequency range 0.2–10 Hz. Each condition is 

illustrated  separately,  i.e.,  speech  condition  (angry,  neutral)  and  speech-shaped  noise 

condition (angry, neutral). 
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Figure 11: Grand-averaged ITPC in the angry speech, neutral speech, angry speech-shaped 

noise  and  neutral  speech-shaped  noise  conditions.  Yellow  colors  represent  higher  ITPC 

values.

The model  for  ITPC in the  theta band (referenced to  the respective speech-shaped noise 

condition) detected a significant  intercept  (ß = 0.026,  SE = 0.005,  df  = 25,  t  = 5.038,  p 

< .001), however no significant main effect of condition was detected (ß = 0.004, SE = 0.003, 

df  = 25,  t  = 1.199,  p = .242).  The model  for  ITPC in the  delta band (referenced to the 

respective speech-shaped noise condition) revealed a significant intercept (ß = 0.033, SE = 

0.003, df = 25, t = 10.05,  p < .001), however no significant main effect of condition was 

detected (ß = -0.001, SE = 0.003, df = 25, t = -0.292, p = .772). Figure 12 plots the grand-

averaged ITPC in the frequency range 0.2–10 Hz for the angry and neutral speech condition 

after  the  subtraction  of  the  baseline  condition.  Figure  13  plots  the  estimated  means  and 

confidence intervals for the delta and theta band.
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Figure 12: Grand-averaged ITPC for the angry (left) and neutral (right) speech condition after 

the subtraction of the speech-shaped noise. Yellow colors represent higher ITPC values.

Figure 13: (A)  Estimated ITPC in the  delta and (B)  theta band for the angry and neutral 

speech condition (referenced to the respective speech-shaped noise condition).

5.3.3 N400

The model for N400 revealed a significant intercept (estimate = -2.702, SE = 0.539, df =  

4.124, t = -5.015, p = .007) indicating that the ERP response was negative overall. The model 

also detected a significant main effect of condition (ß = -0.484, SE = 0.180, df = 70, t = -

2.686,  p  =  .009)  showing  that  emotional  negative  words  evoked  a  significantly  smaller 

negative response (N400) than the non-emotional neutral words. Figure 14 shows the grand 

average ERP averaged across Fz and Cz electrodes. Figure 15 shows the estimated marginal 

means and confidence intervals. 
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Figure 14: Grand-averaged ERP for negative (red) and neutral (black) words. Negative is 

plotted downward.

Figure 15: Estimated N400 amplitude for negative and neutral words (means and 95% 

confidence intervals).
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6 Discussion

The  present  study  investigated  the  neural  processing  of  angry  and  neutral  speech  by 

measuring two indicators of neural speech tracking – oscillatory power in the delta, theta, and 

gamma band and the inter-trial phase coherence for the  delta and  theta band. ERP to the 

sentence-final words were recorded, specifically the N400 component, an index of semantic 

prediction  and  integration  in  speech  comprehension.  Participants  were  exposed  to  two-

sentence segments of conversations, each carrying either a negative or neutral valence, ending 

with words that matched the emotional context of the preceding sentences. Prior to each block 

of speech, participants listened to speech-shaped noise.

Oscillatory power and inter-trial phase coherence in the delta and theta band was stronger for 

the speech conditions (regardless of the emotional valence) compared to speech-shaped noise. 

The emotional valence of heard conversation impacted the total power in the delta, theta, and 

gamma band (referenced to the respective speech-shaped noise condition which served as a 

baseline condition). Oscillatory power was significantly larger during angry in contrast with 

neutral speech exposure. No effect of emotional valence on the inter-trial phase coherence 

was detected in  either  the  delta or  theta band.  Consequentially,  the  results  regarding the 

differences  in  neural  tracking  of  angry  and  neutral  speech  (H1)  are  ambiguous  (as  we 

observed significant  differences in  oscillatory power but  not  in  ITPC) and insufficient  to 

reject the null hypothesis that angry and neutral speech elicit similar neural tracking.

Furthermore,  the  emotional  valence  of  the  sentence-final  word  impacted  the  N400 

component; the N400 response was significantly smaller to negative words in a preceding 

negative  context  than  to  neutral  words  in  a  preceding  neutral  context.  The  joint  results 

regarding the N400 and gamma power support our hypotheses H2 and H3.

6.1 Positive and Negative Affect Schedule

Overall, the mean score for the positive scale suggests that most participants were in a neutral 

or positive mood. The distribution of the negative scores was skewed to the left, indicating 

that  most participants did not experience negative affect  before the experiment.  Although 

some previous studies indicate that  there is  a relationship between affective state and the 

processing of emotional stimuli (Chwilla et al., 2011), we were unable to test this effect due to 

the low variability of our participants’ affective states.
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6.2 Neural speech tracking: speech vs. noise

Neural  tracking  was  stronger  for  speech  in  comparison  to  speech  shaped  noise.  That  is 

consistent with previous studies reporting stronger tracking for normal speech compared to a 

non-speech baseline (Molinaro & Lizarazu, 2018; Rimmele et al., 2015). This indicates that  

the measured oscillatory power and ITPC in the  delta and  theta band during exposure to 

speech cannot be explained by a purely bottom-up synchronization of neural oscillations to a 

rhythmical  sensory  input,  but  rather  reflect  processing  that  is  specific  to  speech 

comprehension.

6.3 Enhanced processing of emotional speech

Previous studies on neural  speech tracking have linked  delta and  theta oscillations to the 

segmentation of the speech stream along the syllable and prosodic word rate. We wanted to 

compare the neural  tracking of  emotional  (angry)  and neutral  speech by calculating total  

oscillatory power and ITPC in the delta and theta band. We expected observing differential 

neural  tracking  either  due  to  the  salient  prosodic  differences  associated  with  emotional 

speech, or due to higher employment of cognitive resources that is related to the processing of 

emotionally significant stimuli in general.

The higher oscillatory power in the delta and theta band implies enhanced processing during 

the perception of angry in comparison to neutral speech. From the neural tracking perspective, 

this could mean greater tracking of the acoustic properties of the angry speech input. The 

difference was slightly larger for delta power which would support the theory that the effect 

was driven by the salient prosody of angry speech. Given that we used speech-shaped noise as 

a baseline condition (i.e., an auditory signal with the intensity contour of speech), we have 

solid evidence that the differences in delta and theta power are not due to different rhythmic 

properties of our angry and neutral speech signal. However, as we did not observe an effect  

for the ITPC, we cannot conclude that the differences in oscillatory power were caused by 

stronger or more accurate tracking of angry speech compared to neutral speech. 

As mentioned in the theoretical part, besides being involved in speech processing, activity in 

the delta and theta band has been related to working memory. For instance, Bastiaansen et al. 

(2005) found event-related increases in theta power to open class words (e.g., verbs, nouns, 

and adjectives) in comparison to closed class words (e.g., conjunctions, prepositions) when 

subjects were reading a short story. The authors attributed the changes in theta power to the 

retrieval of lexical-semantic information from memory. Thus, another viable theory is that the 
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greater  theta power we observed during the angry speech condition could to some extent 

reflect facilitated retrieval from lexical memory for emotional speech. 

Therefore,  prospectively,  we  intend  to  calculate  other  neural  tracking  indexes,  such  as 

cerebral-acoustic coherence or the temporal response function, in order to better understand 

whether  the  oscillatory  differences  could  indeed  be  attributed  to  the  differential 

synchronization of neural activity to angry and neutral speech.

6.4 Gamma power as an index of facilitated prediction

The literature on neural speech processing indicates that increased gamma activity is linked to 

the  processing  of  words  that  are  semantically  congruent  with  their  preceding  context. 

Therefore, gamma power might reflect the predictability of the incoming words based on the 

preceding sentence (Bastiaansen & Hagoort, 2015; Hald et al., 2006; Mai et al., 2016). As 

previous  studies  on  emotional  priming  suggest  (Eder  et  al.,  2012;  Kanske  et  al.,  2011), 

emotionality of a preceding cue modulates the predictability of the subsequent target which 

leads to  facilitated integration of  the target  into the preceding context.  According to  this  

theory, the increased gamma power during the perception of emotional speech, together with 

the effect on the N400 component that we observed in our experiment, might indeed reflect 

reduced integration demands due to a facilitatory effect of the congruent emotional context. 

However, our results are in opposition to Chen et al. (2013) who observed  gamma power 

increases  during  the  processing  of  emotionally  incongruent  in  comparison  to  congruent 

words. 

Taken together with the studies reviewed above, our results lead us to conclude that neural  

activity in the  gamma band is  in some way modulated by the interaction of emotional and 

predictive processes.

Oscillatory activity in the gamma band has also been related to memory processes (Headley & 

Paré, 2013) and sustained attention (Jensen et al., 2007; Siegle et al., 2010). Therefore, it is  

important to note that the observed greater gamma activity during the perception of emotional 

speech might be attributed to other cognitive processes. To better understand the contribution 

of speech-specific and domain-general processes to our observed data, we intend to perform 

further analyses, e.g., calculate the phase-amplitude coupling of theta and gamma oscillations.
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6.5 N400 as an index of semantic-emotional access

Our results regarding the effect of emotional valence on the N400 are in line with previous 

studies reporting a decreased amplitude of the N400 to negative in comparison to neutral 

words presented in an emotionally congruent context (Kanske et al., 2011; Wang et al., 2019; 

Zhang et al.,  2021). More specifically, with the present auditory stimuli we replicated the 

findings  of  Zhang et  al.  (2021)  on  a  decrease  of  the  N400 amplitude  to  negative  words 

following a negative sentence context. 

The  N400  effect  has  been  related  to  semantic  prediction  and  integration,  with  more 

predictable words requiring less integration efforts and thus eliciting a smaller amplitude of 

the N400 (Berkum et al., 1999; Kutas & Hillyard, 1980). The observed modulation of the 

N400 amplitude by negative valence might be explained by facilitated predictive processing 

of the emotional target word. The preceding sentence context (conveyed by the emotional 

semantic  content  as  well  as  emotional  prosody)  provides  the  listener  with  additional 

contextual information which changes the predictability of upcoming words. Consequentially, 

the processing demands on the subsequent integration of the emotionally congruent target 

word might be reduced.

In the grand-average ERP, we observed differences in the amplitude of the ERP between the 

negative and neutral condition all the way from 0 to 800 ms after target word onset (i.e., the 

difference was not exclusive to the N400 component). However, it is important to highlight 

that we recorded auditory ERP to sentence-final words embedded in naturalistic speech. There 

is a high number of confounding factors that are challenging to control for when using speech 

as  experimental  stimuli  (e.g.,  articulation,  pronunciation,  prosodic  differences). 

Consequentially, this leads to higher variability in the shape of the ERP response. 

In the future, calculating the predictability for each segment-final word in both conditions 

might  be beneficial  in  order  to  determine whether  the observed effect  on the N400 (and 

possibly, the effect on gamma power, too) might actually be attributed to the differences in 

predictability due to the additional emotional context.  To achieve this,  surprisal values or 

cloze probability for segment-final words could be calculated.
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6.6 Potential limitations

In our experiment, we only used one female speaker to record our stimuli. Future studies 

should use recordings of multiple male and female speakers to cover a wider range of possible 

speaker characteristics. This might increase experimental validity.

We wanted to use one set of stimuli for both the female and male participants while keeping  

the speech material as self-relevant as possible. Therefore, we formulated the speech stimuli 

to be gender neutral. That led to the exclusion of all insults that could be used only to address 

males or females. Despite that, we still faced the challenge of having to use formulations that 

would not explicitly reveal the gender of the addressed listener. In future studies, two separate 

speech sets (based on gender) might be more suitable in order to accentuate the participant’s 

impression that the speech is addressed directly at them.

The emotional speech in our experiment was acted which might raise concerns as to whether 

the participants perceived the prosody of angry speech as emotional. Although some studies 

suggest that acted emotional speech might lead to exaggerated displays of affect (Shahid et  

al., 2009; Wilting et al., 2006), they also provide substantial evidence that emotional speech 

recorded by a trained actor does elicit some emotional percept in the listener. Furthermore, in 

the final questionnaire following the EEG experiment, participants were instructed to report 

the perceived differences between the two experimental blocks in the speech condition (i.e., 

angry  and  neutral  speech  blocks).  Based  on  our  participants’  answers,  there  are  distinct 

differences in perceived emotional valence of our speech blocks not only in the semantic 

content, but also in the emotional intonation.

It is also important to highlight the conceptual issue regarding the term neutral word. In most 

studies,  researchers  typically  contrast  emotional  verbal  material  with  relatively  non-

emotional,  neutral  material,  characterizing  neutral  words  as  stimuli  that  do  not  carry  an 

emotional charge. While this definition might be most suitable for experimental research, it is 

important  to  acknowledge  its  main  limitation.  That  being  the  fact  that  the  perceived 

emotionality  of  a  word  is  heavily  contingent  upon  individual  factors,  such  as  personal 

experiences and attitudes related to the object or situation in question. For example, the word 

“plastic” is a neutral word per se, however, for some people might have negative connotations 

due to environmental reasons. 
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6.7 Concluding remarks

Emotional speech carries important information that might have potential consequences for 

achieving or obstructing one’s goals. Thus, the ability to detect that a speaker is angry is 

important to swiftly evaluate the motivational significance of the social interaction. In cases 

when our personal or social goals are potentially endangered, the facilitated processing of 

emotional stimuli can be advantageous by allowing to reallocate cognitive resources towards 

decision-making strategies that ultimately lead to an appropriate reaction to the stimulus.
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7 Conclusion

The present  study represents  one  of  the  first  explorations  of  the  oscillatory  dynamics  of 

continuous  emotional  speech  processing.  Previous  EEG  studies  have  concentrated 

predominantly on the investigation of evoked responses (ERP and ERSP) to written emotional 

words,  typically  presented  in  isolation  (Wang  &  Bastiaansen,  2014),  or  embedded  in 

sentences (Chen et al., 2013). To our knowledge, ours is the first study investigating total  

oscillatory  power  during  the  continuous  processing  of  emotional  auditorily  presented 

sentences. 

In this study, we attempted to challenge classical experimental paradigms for the investigation 

of emotional speech and word processing. Our aim was to create stimuli that would integrate 

congruent emotional information from the vocal and verbal channel, simulating conditions 

under which humans encounter emotional speech in real-life settings. For this reason, we used 

short conversation segments formulated in a way as if the speaker is addressing the listener 

(i.e., the participant). Using longer segments of speech allowed us to use processing methods 

from the neural  speech tracking literature and explore the oscillatory processing of larger 

chunks of speech.

We found that negative words elicited a smaller amplitude of the N400 component of the 

event-related potentials, in comparison to neutral words. Listening to emotional speech led to 

greater delta,  theta, and gamma power. The analyses failed to find a difference in the inter-

trial  phase coherence for  angry and neutral  speech.  The results  are  in  line with previous 

studies suggesting enhanced processing of emotional material; however, further investigation 

is necessary in order to determine whether the observed differences in oscillatory power could 

be attributed to stronger neural speech tracking or whether they are related to domain-general 

processes involved in the perception emotional speech.

Our experiment contributes to the general understanding of how the human brain is wired to  

process emotionally salient speech input. Prospectively, the results may aid in understanding 

the  neural  processes  underlying  the  disrupted  ability  to  decode  emotions  from  speech 

observed in many psychiatric and neurological disorders, such as schizophrenia, Parkinson’s 

disease or autism.
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