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Abstract  

Speech prosody, an essential component of social interaction for conveying emotional information, 

has been often overlooked in the assessment and management of hearing-impaired individuals. 

Furthermore, existing literature remains inconclusive on whether hearing loss impairs emotion 

perception and to what extent hearing aids can compensate for potential deficits in prosody 

processing. Previous studies have predominantly examined behavioral performance in emotion 

perception tasks, with limited insight into the neural processing of prosody in normal-hearing and 

hearing-impaired populations.  

This study investigated whether the speech-evoked frequency-following response (FFR) can track 

variations in fundamental frequency (F0 contour) in emotional speech, and to examine 

male/female differences in the neural encoding of emotional prosody. Additionally, we evaluated 

the impact of hearing loss and simulated hearing aid processing on the neural representation of F0 

contours. To complement electrophysiological measures, the behavioral responses of hearing-

impaired individuals were also examined through an emotion identification task conducted under 

cognitively demanding conditions. We further investigated the association between individuals’ 

ability to perceive prosody and their speech-in-noise perception. 

First, FFRs were recorded from normal-hearing young adults in response to the word “balloon” 

spoken by one male and one female talker with sad and happy emotion, and F0 tracking accuracy 

was calculated. This method was then applied to hearing-impaired individuals (aided and unaided) 

and age-matched normal-hearing controls using male-spoken “balloon” expressing sad and happy 

emotions. Afterward, all participants underwent an emotion identification test with a secondary 

free recall task. The Quick Speech-In-Noise test (QuickSIN) was also conducted to determine 

participants’ SNR loss. 
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The results showed the FFR can track F0 contours in emotional speech, influenced by emotion 

type and talker voice characteristics but not by listener sex. Hearing loss disrupted neural 

representation of F0 contours, although amplification could partially restore it. Hearing loss also 

adversely affected behavioral performance and increased cognitive demands for prosody 

perception; however, amplification could not fully compensate for this perceptual deficit. 

Moreover, SNR loss was negatively correlated with emotion identification accuracy.  

This study emphasized the need to consider prosody perception difficulties in the assessment and 

rehabilitation of hearing-impaired individuals and suggested the FFR's potential for identifying 

deficits in prosodic processing.  
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Introduction 

Interactive communication relies on speech being transmitted in a clear, dynamic, and responsive 

flow [1]. This requires the speaker to produce speech components accurately and the listener to 

effectively perceive and interpret the relevant cues to make sense of the message. Some of these 

cues are at the consonant/vowel segmental level and the others are suprasegmentals spread across 

multiple segments [2, 3]. Despite suprasegmental features contributing an important layer of 

meaning to speech [4], most speech perception studies have focused on the segmental aspects of 

speech, leaving suprasegmental features largely unexamined. 

Suprasegmental information, also known as prosody, conveys a wide range of linguistic and 

affective information [5, 6]. Linguistic prosody delivers grammatical and pragmatic cues, while 

affective prosody expresses the attitude and the emotional state of the speaker [5, 6]. In emotional 

expression, prosodic cues are acoustically characterized by variations in fundamental frequency 

(F0 contour), level (intensity contour), and duration [7, 8]. Each emotion has a specific acoustic 

profile that the auditory system must faithfully receive and accurately encode. At higher levels of 

processing, the auditory system integrates these cues with broader neural networks involved in 

language, cognition, and memory to extract contextual meaning and pick out relevant information 

[9-12].  

When hearing impairment occurs, the auditory system has limited access to the acoustic features 

of speech not only due to reduced audibility, but also because of degraded spectro-temporal 

resolution and disrupted integrity of peripheral structures and the central auditory pathway [13-

15]. Even when hearing aids provide audibility, they often do not fully restore speech perception 

[16, 17]. The degree to which hearing loss and hearing aids affect prosody perception remains 

elusive. Some behavioral studies have indicated that hearing loss leads to deficits in emotion 
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perception [18, 19], whereas others have argued that residual hearing may be adequate to preserve 

emotional cues [20, 21]. Studies on hearing aids have also shown inconsistent results, with some 

evidence supporting benefits for emotional speech perception [22], while other findings suggest 

that frequency and amplitude compression may distort the intensity and spectral cues essential for 

distinguishing emotions [23, 24]. Despite the importance of neural networks involved in prosody 

processing [9, 25], these studies have focused on the behavioral aspects of emotion perception, 

and there is limited understanding of the subcortical and cortical processing in both normal-hearing 

individuals and those with hearing impairment. 

Electrophysiological approaches make it possible to investigate the neural mechanisms underlying 

speech processing in the brain, and the Speech-evoked Frequency Following Response (sFFR) is 

one such non-invasive neural measure. Whereas the traditional FFR relied on simple non-speech 

stimuli such as pure tones or clicks to reflect basic temporal encoding, the Speech-evoked FFR 

(sFFR) uses  acoustically rich speech signals to reflect how the central auditory system encodes 

the dynamic temporal and spectral features of speech [26, 27]. F0-related information is one of the 

key speech features encoded in the sFFR, based on the timing pattern of neural discharges and 

interspike intervals [28]. Using synthetic or natural isolated vowels and simple syllables, some 

sFFR studies have demonstrated that the phase-locked neural activity responsible for the FFR is 

dynamic enough to track small variations in speech periodicity over time [29-31]. However, the 

ability of the sFFR to reliably track F0 contours beyond segmental information remains unclear. 

Also, as prior studies have indicated that the sFFR is affected by the acoustic characteristics of 

male and female voice [32], and that F0 encoding may vary across male and female listeners [33, 

34], further investigation is needed to assess the effect of talker and listener on neural encoding of 

prosody. This study aimed to examine whether the sFFR can capture F0 contours associated with 
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sad and happy emotions in young adults with normal hearing, and to assess sex-related differences 

in F0 tracking ability. 

Additionally, previous studies have provided strong evidence supporting the use of the sFFR in 

hearing loss assessment and hearing aid fitting using isolated vowel sounds or monosyllabic 

stimuli. Specifically focusing on F0 encoding, several studies have reported both reduced and 

enhanced F0 amplitude, averaged over brief vowels/monosyllables, in individuals with hearing 

loss, as well as in those using hearing aids [32, 35-38].  However, the extent to which hearing loss 

and hearing aids influence the neural encoding of time-varying F0 information within the context 

of prosody remains to be investigated. Accordingly, another aim of this study was to evaluate F0 

contour tracking accuracy in response to sad and happy emotions in hearing-impaired individuals 

under both unaided and aided conditions, and to compare their performance to that of age-matched 

normal-hearing individuals.  

To complete the test battery and provide more comprehensive assessment, this study additionally 

constructed and employed an emotion identification test. Given that verbal prosody perception 

engages cognitive functions [9, 39], a free recall task was added to the emotion identification test 

to evaluate the impact of hearing loss and hearing aid on emotional prosody perception in a more 

cognitively demanding condition. Moreover, as prosody is not routinely assessed in standard 

audiologic evaluations, we aimed to determine whether common clinical tests could help predict 

performance on emotional prosody tasks among hearing-impaired individuals. Given that Quick 

Speech-in-Noise test (QuickSIN) relies on auditory and cognitive skills also essential for emotion 

perception, such as pitch perception, temporal resolution, and cognitive functions, we examined 

the extent to which speech-in-noise performance predicts emotion recognition ability. Identifying 
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a correlation between these two tests may shed light for audiologists on potential prosodic deficits 

when patients perform poorly on speech perception tasks in noisy environment.  

Thesis objectives 

This project focused on the prosody perception abilities of hearing-impaired individuals, both with 

and without amplification. To this end, we first aimed to provide an overview of the different 

functions and forms of prosody and reviewed existing research on prosody perception in hearing-

impaired individuals and the role of hearing assistive technologies, with the goal of identifying 

current gaps and limitations in literature.  

Secondly, to address some of these gaps, we investigated the feasibility of using the sFFR to 

evaluate prosody processing in normal-hearing young adults by assessing the accuracy of F0 

contour tracking across different emotions. This included examining the effects of talker and 

listener sex on neural encoding of prosodic features.  

After confirming the applicability of the FFR to prosody, our third objective was to investigate 

how hearing loss and hearing aid processing affect the neural tracking of F0 contours.  

Lastly, we aimed to examine the perceptual performance of the same hearing-impaired individuals 

on a behavioral emotion identification test, and how cognitively demanding the task was for them 

compared to normal-hearing participants. We also investigated whether their QuickSIN scores 

were correlated with their performance on the emotion identification test. 

Thesis Outline 

This thesis consists of six chapters and is presented as a series of manuscripts, some of which have 

been submitted or published, and others are ready for submission to peer-reviewed journals, as 

outlined below. 
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Chapter 2 provides a background on perception of prosody in hearing-impaired individuals and 

users of hearing assistive devices. This narrative review has been published in Journal of Speech, 

Language, and Hearing Research.  

Chapter 3 includes the result of the sFFR recording in normal-hearing individuals and indicates 

the sFFR capability to capture emotional cues and the variables that modulate it. This chapter has 

been submitted to a peer-review journal for publication as original research.  

Chapter 4 reports the findings on how hearing loss and hearing aid influence the neural encoding 

of acoustic-related emotional cues. The chapter is complete and ready for journal submission. 

Chapter 5 presents the behavioral performance of hearing-impaired individuals, both with and 

without hearing aid, in response to emotional speech. It also addresses the relationship between 

speech perception in noise and emotion perception in hearing impaired individuals. This chapter 

is ready to be submitted.  

Finally, Chapter 6 provides a general discussion that summarizes the key findings of this thesis 

and draws connections between behavioral and electrophysiological results. It concludes by 

proposing new approaches for assessing prosody perception in individuals with hearing loss and 

suggests new avenues for enhancing clinical evaluation and rehabilitation. 
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Abstract 

Purpose: Prosody perception is an essential component of speech communication and social 

interaction through which both linguistic and emotional information are conveyed. Considering 

the importance of the auditory system in processing prosody-related acoustic features, the aim of 

this article is to review the effects of hearing impairment on prosody perception in children and 

adults. It also assesses the performance of hearing assistive devices in restoring prosodic 

perception.  

Method: Following a comprehensive online database search, two lines of inquiry were targeted. 

The first summarizes recent attempts towards determining the effects of hearing loss and 

interacting factors such as age and cognitive resources on prosody perception. The second analyzes 

studies reporting beneficial or detrimental impacts of hearing aids, cochlear implants, and bimodal 

stimulation on prosodic abilities in people with hearing loss.  

Results: The reviewed studies indicate that hearing-impaired individuals vary widely in perceiving 

affective and linguistic prosody, depending on factors such as hearing loss severity, chronological 

age, and cognitive status. Also, most of the emerging information points to limitations of hearing 

assistive devices in processing and transmitting the acoustic features of prosody. 

Conclusion: The existing literature is incomplete in several respects, including the lack of a 

consensus on how and to what extent hearing prostheses affect prosody perception, especially the 

linguistic function of prosody, and a gap in assessing prosody under challenging listening situation 

such as noise. This review article proposes directions that future research could follow to provide 

a better understanding of prosody processing in the hearing impaired, which may help healthcare 

professionals and designers of assistive technology to develop innovative diagnostic and 

rehabilitation tools.   

Keywords: Prosody perception; Hearing loss; Hearing aid; Cochlear implant 
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1. Introduction 

Interactive communication requires information to be clearly transmitted in the form of 

dynamic and two-way flow of the speech signal (Ng & Bradac, 1993). To make this possible, all 

speech components must be accurately produced by the speaker, and the listener must be capable 

of perceiving and interpreting the relevant features to extract the message (Brown, 1995). Some of 

these features are at the consonant/vowel segmental level and the others are suprasegmentals lying 

across multiple segments (Bolinger & Bolinger, 1986). The suprasegmental information in speech 

is neglected in the vast majority of speech perception studies; however, it is an important 

contributor of information that complements the properties of segmental sounds like vowels and 

consonants (Miller, 1978; Nygaard et al., 2009).  

The suprasegmental information, also called prosody, refers to the melody of speech and 

is comprised of three main elements, namely intonation, stress, and rhythm (Shattuck-Hufnagel & 

Turk, 1996). These prosodic elements are defined acoustically as variations in fundamental 

frequency (F0), intensity, and duration of the utterance (Banse & Scherer, 1996; Cruttenden, 

1997). At the perceptual level, these acoustic features correspond to pitch, loudness, and length, 

respectively (Pickett & Morris, 2000). Intonation is mainly characterized by F0 variations over 

time, also referred to as F0 contour. However, changes in intensity and duration are also associated 

with intonation patterns (Lieberman, 1965; Raphael et al., 2007). Stress refers to the intensity 

variations (namely level contour) and duration, along with F0 (Gay, 1978; van der Hulst, 2006). 

Rhythm is primarily determined by changes in duration (e.g., syllabic rate) and intensity as well 

as F0 (Nooteboom, 1997; Raphael et al., 2007). Figure 1 shows an example of how these acoustic 

parameters vary in different prosodic patterns.  
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Figure 1. Waveform, spectrogram and F0/level contours for the sentence “Say the word bite” from the 

Toronto Emotional Speech Set (Dupuis & Pichora-Fuller, 2011) spoken by a female in two simulated 

emotional states: (a) Happy (duration: 1.90s, F0: mean of 294 Hz, range: 204-419 Hz, Level: mean of 73 

dB, range 24-79 dB) and (b) Sad (duration: 2.04s, F0: mean of 196 Hz, range: 75-250 Hz,  Level: mean of 

61 dB, range 28-68 dB) 

Prosody conveys a wide range of information during speech communication, including 

linguistic and affective information. Linguistic prosody provides valuable markers through which 

the listener can parse continuous speech into meaningful segments and track information that lies 

beyond the words (Fischer, 2018; Shattuck-Hufnagel & Turk, 1996; Vaissière, 1983). This 

function improves speech recognition, especially in noisy environments, by directing attention to 

particularly important syllables, words, or phrases in a sentence (Binns & Culling, 2007; Chen et 

al., 2018). Not only does prosody directly reflect the speaker's intended content and meaning but 

affective prosody also contributes to express the emotional state of speaker (Banse & Scherer, 

1996; Mozziconacci, 1998). There is also a growing body of data indicating that prosody 

perception in children is a prerequisite for healthy language acquisition, reading development, and 

social development (Barth-Weingarten et al., 2010; Calet et al., 2019; Myers et al., 2018; Paul et 

al., 2005; Peppé & McCann, 2003).  
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How well prosodic phenomena are perceived depends on several factors, one of which is 

the hearing function (Kalathottukaren et al., 2017; Picou et al., 2018). The healthy auditory system 

is able to encode the spectro-temporal features of speech accurately (Delgutte, 1997; Katz et al., 

2015). In the case of hearing impairment, the salience of the prosodic patterns can diminish and 

lead to impaired perception of prosody, which is associated with poor speech recognition (Grant, 

1987; Gürses et al., 2020; Niu et al., 2019). Among hearing-impaired individuals, difficulties in 

prosody perception may be different from adults to children as they depend on age-related changes 

in cognition, as well as type and prescription time of hearing assistive devices (Jiam et al., 2017; 

Picou et al., 2018). Despite the significant impact of prosody perception deficit in day-to-day 

communication of hearing-impaired individuals, this is rarely considered in clinical evaluation or 

hearing aid fitting. That modern digital hearing aids (HAs) and cochlear implants (CIs) have not 

been able to fully satisfy all users lends credence to the importance of this issue (Goy et al., 2016; 

Meister et al., 2009, 2011; Most & Aviner, 2009; Most & Peled, 2007; WysocKa & Mackiewicz, 

2017). However, it remains unclear to what extent hearing assistive devices can restore affective 

and linguistic prosody.  

This review paper provides an overview of recent findings on different functions of 

prosody and their neurophysiological basis. Also, our purpose is to address the current gaps 

concerning the prosody perception abilities of people with hearing loss in order to inform the 

reader of the current state of knowledge on this topic and outline possible avenues for further 

research. More specifically, we aim to present the range of prosodic perception deficits and their 

implications in people with hearing loss. Also, the efficacy of hearing assistive devices at restoring 

prosodic cues under quiet and noise conditions is described.  
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2. Types of Prosody 

Classification of prosody can be useful to distinguish the various functions of this 

phenomenon in human communication. Given the broad range of prosody perception deficits, a 

classification system also enables experts to develop specific assessment tools for evaluating 

different prosodic skills. Accordingly, there is a general agreement that prosody can be 

functionally categorized into "linguistic prosody" and "affective prosody" (Belyk & Brown, 2014; 

Raithel & Hielscher-Fastabend, 2004). Alongside these two functions, some studies have also 

related the indexical information, such as age, identity, and gender of the speaker to prosody.  

2.1. Linguistic prosody 

The prosodic structure of an utterance signals linguistic contrasts by providing grammatical 

and pragmatic distinctions (Hirschberg, 2002). The grammatical function of prosody comprises 

lexical stress, phrasal prominence, syntactic chunking, and the identification of a sentence as 

declarative or interrogative (Field, 2005; Marshall et al., 2009; Pickett & Morris, 2000; Steffman, 

2021). Lexical stress is the emphasis placed on a given syllable in the word and is associated with 

increased intensity, longer duration, and higher pitch. Which syllable of the word is stressed can 

produce differences in meaning or word function (e.g., noun "PERmit” vs. verb “perMIT") 

(Nakatani & Schaffer, 1978; Zuraiq & Sereno, 2007). If stress is put on words at the phrase or 

sentence level, it could carry prominence that represents the speaker's intended meaning (e.g., 

"KARA likes cats" communicates that it is Kara, not Lisa, who likes cats) (Pickett & Morris, 2000). 

Syntactic chunking refers to the condition in which the speaker disambiguates syntactically 

equivocal strings of words (e.g., “That is just insight” vs. “That is just in sight”) by using pauses 

and lengthening at the word level. Falling and rising intonation patterns can also differentiate 
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declarative sentences from interrogative sentences (e.g., “That is just insight.” vs. “That is just 

insight?”) (Pickett & Morris, 2000). 

The pragmatic function of prosody includes turn-taking and sarcasm (Hjalmarsson, 2011; 

Vaissière, 1983). Turn-taking allows the speaker to show the end of conversation by lengthening 

the final syllable and decreasing intensity and frequency (Ohsuga et al., 2006; Wells & Peppé, 

1996). Sarcasm is another phenomenon in verbal communication, expressing the condition where 

an utterance is used as its opposite meaning (Anolli et al., 2000; Colston, 1997). In the sarcastic 

condition, the key words usually have longer duration, flatter pitch contours, and shallower rising 

level contours irrespective of sentence type and speaker gender (Chen & Boves, 2018; Dumouchel 

et al., 2009).  

Perception of these prosodic functions can be assessed by a few published behavioral tests 

in English, including Perception of Prosody Assessment Tool (PPAT), Profiling Elements of 

Prosody in Speech-Communication (PEPS-C), and Test of Prosody via Syllable Emphasis 

(TOPsy) (Klieve & Jeanes, 2001; Nayak et al., 2022; Peppé & McCann, 2003). However, these 

tests do not comprehensively cover all subsets of the aforementioned functions, which may 

indicate a need for the development of novel and specific practical approaches. For further details 

on available prosody perception instruments, see Table S1 in Appendix J. 

2.2. Affective prosody 

A successful social interaction depends on the extent to which the listener can understand 

what others feel and think (Busso et al., 2009). This affective communication has a prominent 

place in human interactions, which aids in social development, social cognition, and emotional 

well-being (Chatterjee et al., 2019). Limited access to emotional cues could impede 

communications, resulting in low morale, confliction, poor psychosocial function, and reduced 



17 
 

quality of life (Rivers et al., 2012; Schorr et al., 2009). Emotional states, according to the 

categorical system, can be described with a few basic descriptors such as fear, sadness, joy, 

happiness, and so on (Calvo & D’Mello, 2010; Calvo & Mac Kim, 2013; Izard, 1977).  Also, the 

varieties of emotions can be categorized based on the dimensional system in which emotions are 

characterized with two dimensions: arousal (exciting vs. calming) and valence (pleasant vs. 

unpleasant) (Bradley et al., 2000; Picou et al., 2018). Much of this emotional information is 

conveyed verbally and through prosodic features of speech (Watson et al., 2020; Scherer, 1995). 

Generally, those emotions which lead to listener arousal are usually related to high-pitch and high-

intensity sounds (Picou et al., 2018; Weninger et al., 2013). Although the acoustical features of 

different emotions may  overlap, each emotion has its own acoustic profile through which the 

auditory system can distinguish that emotion from others (Banse & Scherer, 1996; Goy et al., 2017; 

Picou et al., 2018). 

Perceiving and interpreting the emotional patterns in speech prosody involves a multi-step 

process in which the peripheral auditory system first extracts and encodes the acoustic cues and 

transmits them to the different nuclei in the brainstem for further processing (Fries, 2005; 

Grandjean, 2021). Thereafter, the emotion-related cues are processed along the ascending auditory 

pathway including the inferior colliculus in the midbrain, the medial geniculate nucleus in the 

thalamus, and cortical areas (Ceravolo et al., 2021; Pannese et al., 2015). Alongside the 

feedforward information flow, feedback information processing is also activated in cortical areas 

to infer contextual meaning and pick out relevant information through attentional top-down 

mechanism (Dupuis & Pichora-Fuller, 2014; Fries, 2005). In addition, visual cues (facial 

expressions and gestures) are required to integrate with speech prosody in order to optimally 

recognize a speaker's emotions  (de Boer et al., 2021; Ernst & Banks, 2002).  
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As is the case for linguistic prosody, there are some validated but limited number of 

assessment tools that can be utilized for evaluating the perception of emotional prosody, such as 

the Emotional Communication in Hearing Questionnaire (EMO-CHeQ), Minnesota Tests of 

Affective Processing (MNTAP), Aprosodia battery, and Advanced Clinical Solution (ACS) (Lai 

et al., 1991; Pearson, 2009; Ross et al., 1997; Singh et al., 2019), as described in Table S1 in 

Appendix J. Furthermore, in auditory emotion research, the Toronto Emotional Speech Set (TESS) 

has been used for assessing emotion identification in adults, which includes 200 words embedded 

in the carrier phrase “say the word”. These sentences were recorded using one older and one young 

female voice to express seven different emotions, including angry, disgust, fear, happy, pleasant 

surprise, sad, and neutral (Dupuis & Pichora-Fuller, 2014). 

2.3. Brain networks of linguistic and affective prosody perception 

The processing of affective and linguistic prosody is often lateralized to right and left 

hemispheres, respectively (Sheppard et al., 2020; Witteman et al., 2011). Nevertheless, processing 

speech prosody involves multiple brain regions consisting of a large-scale network that spreads 

spatially across both hemispheres, with greater lateralization in temporal-lobe auditory areas 

(Belyk & Brown, 2014). Some neuroimaging studies have indicated that these two aspects of 

prosody engage both distinct and shared brain areas (Grandjean, 2021). Affective prosody can be 

exclusively localized in different regions, including the orbital part (BA 47) of left inferior frontal 

gyrus (IFG), thalamus, right posterior superior temporal gyrus (pSTG/BA 22) and right middle 

temporal gyrus (MTG/BA 21) (Kotz et al., 2003; Pichon et al., 2009; Seydell-Greenwald et al., 

2020; Wildgruber et al., 2005). Linguistic prosody, in contrast, has been found to strongly 

stimulate areas like claustrum, left pSTG, opercular part of bilateral IFG (ventral BA 44), bilateral 

middle frontal gyrus (BA 9) and right supramarginal gyrus (BA 40) (Gandour et al., 2007; Tong 
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et al., 2005). Furthermore, shared overlapping areas between affective and linguistic prosody 

mostly include but are not limited to, bilateral supramarginal gyrus (SMG/BA 40), right STG (BA 

22), right middle frontal gyrus (BA 9), midline supplementary motor area (SMA/BA 6), and left 

insula (BA 13) (Aziz-Zadeh et al., 2010; Belyk & Brown, 2014; Hesling et al., 2005; Lima et al., 

2016). These brain networks are represented in Figure 2.  

 

Figure 2. The distinct and shared higher brain areas involved in affective and linguistic prosody  

 

3. Effect of hearing loss and interacting factors on prosody perception 

A narrative review of the literature was conducted to summarize peer-reviewed articles on 

the effect of hearing loss on prosody perception published from 2000 to May 2022. To find 

pertinent investigations, key words “prosody perception” or “linguistic prosody” or “affective 

prosody” or “emotion perception” or “emotion” or “emotion identification” combined with 

“hearing impairment”, “hearing loss”, “cognition”, “children”, “adults”, “prosody rehabilitation”, 
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“auditory training”, “training” were searched on the electronic databases PubMed, Scopus, and 

Google Scholar. After removing duplications, this search strategy uncovered 94 articles. The title 

and abstract of each research study were first screened by the first author and then inclusion was 

validated by the second and third authors. Articles were included if they: (a) had enrolled children 

or adults who had been diagnosed with hearing loss; (b) had used behavioral or 

electrophysiological assessment tools to assess speech-embedded vocal prosody; (c) had compared 

the prosodic abilities of hearing-impaired individuals against normal hearing listeners or other 

people with hearing loss or under different conditions; and (d) had measured the parameters that 

appear to mediate prosody perception in hearing impairment, including hearing loss severity, age 

at onset of hearing impairment, and use of auditory training. Excluded were articles that 

investigated acoustic variations in tonal languages, visual-only speech prosody perception, 

prosody production, or emotional perception of music. Also, conference abstracts and review 

articles were excluded. Subsequently, 25 key studies were selected to screen by full text.  

3.1. Hearing loss severity  

Once damage to the auditory system occurs, reduced audibility limits access to prosodic 

cues due to inadequate auditory input. Moreover, even if speech stimuli are presented at a 

suprathreshold level, degraded temporal and frequency resolution in the auditory system may still 

restrict access to the tempo-spectral acoustic features carrying speech prosody, such as F0 and 

level contours (Lai et al., 1991). While an earlier study found that children (14-19 years) with 

hearing loss, but residual hearing in the low frequencies, did not encounter difficulties in 

perceiving acoustic information related to emotions (Boothroyd, 1984), recent studies on vocal 

emotion perception in the hearing-impaired population have shown significant deficit in perceiving 

auditory-only emotional cues, especially those emotions which are associated with less variation 
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in their acoustic profile such as fear, disgust, and surprise (Most & Aviner, 2009; Most & 

Michaelis, 2012). While most of these studies involved individuals with severe hearing loss, Dyck 

et al. (2004) indicated that both younger (6–11 years) and older (12–18 years) children with hearing 

loss ranging from mild to moderate obtain lower scores in emotion recognition and understanding 

ability. The authors of this study have attributed such an emotion recognition deficit in hearing-

impaired children to their delayed acquisition of language abilities. As children age, increased 

social and conversational experiences can partly overcome this developmental delay. However, 

Cannon & Chatterjee (2019) found that voice emotion perception skill in children with mild-to-

moderate hearing loss (8 – 14 years) had no significant deficit, and degree of hearing loss did not 

have impact on their prosodic abilities. In the case of unilateral hearing loss, recent evidence by 

Gürses et al. (2020) showed that single-sided deafness in adults does not affect emotional prosody 

perception skills, supporting the claim that audibility in the normal ear is enough to provide the 

required auditory pattern analysis.  

3.2. Age at onset of hearing impairment  

If hearing impairment occurs in old age, some interacting factors contribute to increase the 

chance of a deficit in the perception of prosody (Legris et al., 2021; Paulmann et al., 2008).These 

factors can be attributed not only to age-related peripheral hearing loss but also to the possible 

presence of central auditory disorders (Mitchell & Kingston, 2014). The functional magnetic 

resonance imaging (fMRI) study conducted by Demenescu et al. (2015) showed declining prosody 

encoding at the level of auditory cortex across the adult lifespan, which was reflected by decreased 

response of superior temporal gyri (STG) to different verbal emotions in aged individuals 

compared to their younger peers. This view was later supported by Rasmus & Błachnio (2021) 

who found that, in older adults, deterioration of affective prosody perception is associated with 
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decrease in spatial hearing ability, frequency pattern recognition, and duration pattern recognition. 

These authors also showed positive correlations between deficit in the perception of linguistic 

prosody and age-related declines in pitch discrimination, temporal recognition, and frequency 

pattern recognition. However, other lines of evidence have revealed different results concerning 

the effect of age-related central nervous system reorganization on the elderly performance with 

prosodic content. For instance, using a mismatch negativity (MMN) experiment, Giroud et al. 

(2019) observed that lower cortical thickness and higher cortical surface area of bilateral auditory-

related areas were associated with larger MMN magnitudes for word stress violations among 

elderly normal-hearing individuals compared to younger adults. The authors pointed out that this 

observation is likely related to elderly people relying on prosodic cues in order to preserve speech 

perception that can be compromised by progressive brain atrophy.  

Moreover, besides central auditory dysfunction, a growing body of literature has indicated 

that age-related cognitive decline can negatively affect perception of prosodic content (Zinchenko 

et al., 2018). Attentional resources that facilitate encoding of speech stimuli into verbal short-term 

and working memory are known as relating to brain regions that undergo such age-related decline 

(LaCroix et al., 2020). According to findings by Dupuis & Pichora-Fuller (2015), even older adults 

with good audiometric thresholds were less accurate in identifying vocal emotions compared to 

their younger counterparts, suggesting the importance of age-associated alterations in cognition 

and top-down mechanisms in emotion perception. 

In children, on the other hand, impaired prosody perception is linked to more severe 

outcomes in comparison with young adults and older people, most notably as related to  difficulties 

in language development, reading acquisition, social development, emotion identification, reduced 

intelligibility of spoken language, inability to interpret sarcasm, and loss of sympathy (Ferre, 2015; 
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Panzeri et al., 2021; Sobhy et al., 2021; Waaramaa et al., 2018). However, how well children 

perform in prosody perception depends on individual factors such as chronological age, language 

age, cognitive status, and duration of prosody perception interventions (Tinnemore et al., 2018; 

Yeshoda et al., 2020). 

3.3. Impact of auditory training 

Some studies have investigated the impact of different training plans on hearing-impaired 

individuals with perceptual prosodic difficulties. Music training is one of the most widely used 

approach in this context. Review studies have indicated that music impacts tasks beyond music 

skills like speech prosody perception by placing higher demands on overlapped sensory and 

cognitive processing mechanisms of speech and music in the brain (Patel, 2014). Using Melodic 

Contour Training with adult post lingually deafened CI recipients, Lo et al. (2015) demonstrated 

that the declarative/interrogation prosody perception improves 6 weeks after testing.  

In deaf children with CIs (6–15 years), recent evidence by Good et al. (2017) also showed 

that music training can lead to improved performance on tasks that require emotional prosody 

perception, supporting the efficacy of such supplementary training techniques following cochlear 

implantation. Likewise, Lo et al (2020) found that a 12-week music training program could help 

children (6–9 years) with prelingual sensorineural hearing loss to improve their abilities in 

identifying question/statement prosody. However, this training had no benefit for emotion 

perception, which was attributed to the ease of the applied test and ceiling effects. In addition to 

music training, further evidence was later obtained regarding the efficacy of suprasegmental 

training on children with hearing loss in improving vocal emotional prosody perception (Yeshoda 

et al., 2020). Such a finding was also reported for HA users by comparing the pre- and post-training 

vocal emotional prosody perception scores (Konadath et al., 2021). Following short term speech 
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stress training, higher scores on speech stress perception were achieved in both children (4.1–9.2 

years) with hearing impairment using HAs and children (3.2–6.1 years) with normal hearing. 

However, HA users showed lower performance (mean score of 7.5/10 for stressed and 6.1/10 

unstressed condition) compared to their normal-hearing peer group (mean score of 8.5/10 for 

stressed and 7.2/10 unstressed condition).   

4. How hearing assistive devices affect prosodic cues 

To identify pertinent studies, a search was performed on peer-reviewed articles in English 

that were published between 2000 and May 2022 in the electronic databases PubMed, Scopus, and 

Google Scholar using the following search terms: “hearing aid”, or “cochlear implant”, or 

“bimodal fitting” or “bimodal simulation” in combination with “linguistic prosody”, “affective 

prosody”, “prosody perception”, “emotion perception”, “emotion identification”. This search 

identified 79 articles. The title and abstract of each article study were first screened by the first 

author and then inclusion was validated by the second and third authors. To be included, the studies 

had to fulfill the following criteria: (a) enrolling participants who used HA, CI, or bimodal fitting 

in either children or adults, (b) applying behavioral or electrophysiological methods to assess the 

efficacy of hearing prostheses in vocal prosody perception, (c) comparing the prosodic abilities of 

HA users, CI recipients, or bimodal hearing users with normal-hearing listeners, or before and 

after using hearing prosthesis, and (d) assessing either detrimental or beneficial effects of hearing 

assistive devices on prosody perception. Articles were excluded if they had investigated emotional 

perception of music or were focused on tonal languages or non-speech sounds. A total number of 

22 articles were identified to be eligible for full text screening, 10 of which investigated prosody 

perception in HA users, 8 of which assessed the efficacy of CIs in prosody perception, and the rest 
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were about the recipients of bimodal stimulation. These studies are summarized in Table S2 in 

Appendix K.  

4.1. Hearing aids and prosody 

While the benefits of HAs on audibility and speech recognition have been amply studied, 

only a few studies have investigated the effect of HAs on speech prosody recognition (Cannon & 

Chatterjee, 2019; Chatterjee et al., 2019; Goy et al., 2016). Some evidence demonstrates that 

increasing audibility in HA technology is associated with altering acoustic cues used in prosody 

perception. Goy et al. (2016) investigated whether HAs can restore the audibility of 

suprasegmental cues, and how well HA users can benefit emotional speech and word recognition. 

Using sentences from the Toronto Emotional Speech Set, they observed that older adults with 

hearing loss showed improved performance in both word recognition and emotion identification 

when they use HAs. However, the benefit of HAs was more remarkable for word recognition (38% 

unaided, 65% aided) than emotion identification (36% unaided, 42% aided), which was attributed 

to the greater efficacy of HAs in restoring the audibility of speech cues than in transmitting the 

speech cues necessary for emotion perception. Likewise, Singh et al. (2019) indicated that hearing-

impaired older adults with HAs had similar performance to age-matched hearing-impaired peers 

without HAs on emotion perception based on the result of The Emotional Communication in 

Hearing Questionnaire (EMO-CHeQ).  

HAs can make emotions less distinguishable depending on how and to what extent the 

amplification methods (linear vs. amplitude compression, dynamic range and speed  of 

compression, single channel vs. multi-channel) change intensity variations and speech spectrum 

(Goy et al., 2018). As such, the enhanced gain for low-level sounds compared to high-level ones 

distorts the amplitude envelope of speech by making it less variable. Also, more amplification 
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being applied in the high frequencies in prescription formulas changes the spectral features of 

speech (Goy et al., 2017), which can presumably impact the perception of intensity variations. 

Arefi et al. (2017) also described the effect of HA amplitude compression as in the aforementioned 

study, which indicated reduced recognition of some emotions (fear, sad, angry, and happy) 

following simulated fast-acting compression, slow-acting compression, and linear amplification. 

Neither study examined the changes of duration and F0 contours that may result from other speech 

enhancement algorithms in HAs.  

 Christensen et al. (2019) also found that HAs could not efficiently compensate for affective 

prosody perception deficit in English speaking older adults with hearing loss relative to age-

matched peers with normal-hearing, suggesting additional contribution of hearing impairment in 

prosody recognition deficit, separate from age-related prosody perception difficulties. Within the 

hearing-impaired group, the effect of age and talker gender were significant. This finding was 

associated with reduced emotional identification accuracy (overall percent correct difference ≃ 

13% for male talker and 6% for female talker), increased reaction time (e.g., sad emotion and male 

talker: minimum reaction time in hearing-impaired group ≃ 0.7 s vs. normal-hearing group ≃ 0.3 

s), and lower sensitivity on voice emotion recognition task for adults who had been fitted with 

bilateral HAs (e.g., d’ value for angry emotion and male talker: hearing-impaired group ≃ 2.9 vs. 

normal-hearing group ≃ 3.7). 

 Legris et al. (2021) found similar results; emotional identification scores of participants 

with presbycusis in the Montreal Affective Voice test improved but remained low one month after 

using HAs compared to age-matched normal peers (mean of 59% before rehabilitation and 69% 

after rehabilitation vs. 88% for normal-hearing individuals), particularly at high speech levels, 

where compression was activated to decrease gain and to expand the dynamic range. However, the 
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Profile of Emotional Competence (PEC) questionnaire revealed improvement in the ability of 

presbycusis participants to identify their own and others' emotions after HA fitting. Although such 

an improvement in emotion perception before and after using HAs was not statistically significant, 

it could nonetheless be a sign of increased quality of life following HA use.   

Interestingly, different findings have been found by Cannon & Chatterjee (2019). They 

noted that the ability of voice emotion recognition by children with mild to moderate hearing loss 

(8–14 years), some of whom were fitted with HAs, was similar to their normally hearing 

counterparts (6–17 years) using either adult-directed (less exaggerated prosody) or child-directed 

(more exaggerated prosody) materials. In both groups, all participants responded better to 

sentences with more exaggerated prosodic cues, but with different patterns of interactions. The 

emotion recognition of children with hearing loss showed stronger interaction with developmental 

age, vocabulary, and materials, while in normal-hearing children, linguistic ability played a 

prominent role in emotion recognition. Prior to this observation, Most & Michaelis (2012) had 

indicated that young children (4.0–6.6 years) with HAs do not significantly differ from normal-

hearing children in emotion perception under three different conditions: auditory, visual, and 

auditory-visual modes. However, using within-group comparisons, children with HAs were found 

to perform better when given both visual and auditory cues (average corrected score of 85.5%) 

compared to only visual cues (average corrected score of 72.0%), suggesting that additional 

auditory information could be provided by HA in combined auditory-visual mode. Schmidt et al. 

(2016) had reported that HAs changed the pattern of acoustic parameters to restore affective 

prosody so that the emotion perception ability of adult HA users reached the level of age-matched 

normal-hearing listeners. In their approach, HA users were asked to rate the degree of arousal and 

valence for some short audio-only utterances. Also, by comparing the affect ratings of HA users 
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with acoustic parameters cueing different emotions, they observed that the HA users were more 

sensitive to the intensity differences.  Laugen et al. (2017) found that not only could preschool 

children wearing HAs (4–5 years) perform equivalently to typically hearing children on emotion 

perception tasks, but also that the parents of these children could estimate the child’s emotion 

understanding accurately. Parents’ estimation accuracy can reveal whether the parents contribute 

properly to their children’s emotional and cognitive development, which helps in detecting 

families who may need support in this matter.  

4.2. Cochlear implants and prosody 

CIs can partially restore hearing in severe to profound hearing loss by stimulating the 

auditory nerve directly via electrodes (Dhanasingh & Jolly, 2017). However, the limited number 

of electrodes, limited insertion depth, the position of the electrodes, the spread of neural excitation 

in electrical hearing, and limitations in processing strategies limit spectral and temporal resolution, 

especially at low frequencies, which can compromise pitch perception (Canfarotta et al., 2020; 

Dhanasingh & Jolly, 2017; Fu et al., 2017; Macherey et al., 2011). Given that pitch variations 

convey essential cues for prosody perception, the tonotopic mismatch between the acoustic input 

and the cochlear place of stimulation can restrict the user's perception of prosody. Similarly, 

though to a lesser extent, adult CI users have reduced ability in performing tasks that heavily rely 

on intensity and duration (Peng et al., 2009). In this regard, the negative effect of electric 

stimulation was demonstrated by the worse performance of adult CI recipients in perceiving 

alterations in F0 contour (Meister et al., 2009). Compared to normal listeners, many adult CI users 

were worse in a sentence stress perception test, especially when varying F0 occurred over a shorter 

duration, which might limit accurate perception of acoustic cues. In contrast, there were only 
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relatively slight differences between normal and CI participants in perceiving artificial 

modifications of the F0 contour in statement vs. question test and gender difference test.  

More recently, the same research team emphasized the poor performance of adults using 

CIs in perceiving sentence-based stress by measuring smallest detectable differences or difference 

limens (i.e., DLs) based on F0, intensity, and duration (Meister et al., 2011). They found that, 

compared with a control group of normal-hearing listeners, CI recipients had higher DLs for F0 

(71.2 Hz vs. 15.7 Hz) and intensity (3.9 dB vs. 1.8 dB) but relatively similar DLs for duration (51.0 

ms vs. 40.5 ms). The authors concluded that most CI users have problems discriminating variation 

in the spectral and intensity domains but less so in the temporal domain. The study by Hegarty & 

Faulkner (2013) also supported that CI children (7.4–14.6 years) benefited from amplitude and 

duration cues in the absence of pitch cues, which was reflected in better perception of stress when 

children were presented with natural speech stimuli compared to sentences with pitch 

manipulations (approximate mean of correct scores for natural speech of 53 % vs. approximate 

mean of correct scores for manipulated speech of 47 %). Van Zyl & Hanekom (2013) indicated 

that even in noise, adult CI users performed better in a certain/hesitant distinction task where 

durational cues were prominent than in a question/statement distinction task where F0 and intensity 

cues were prominent. The study by Kalathottukaren et al. (2015), which examined prosody 

perception in adults using CIs with the Profiling Elements of Prosody in Speech-Communication 

(PEPS-C) test and Montreal Battery of Evaluation of Amusia (MBEA), also supported the view 

that CI users were less accurate in the perception of pitch contour, emotion, turn-end, and stress, 

suggesting poor acoustic transmission of pitch and intensity cues. However, the performance of 

CI users in the chunking reception subset that relies more on temporal cues was near normal range. 

An earlier study by Luo et al. (2007) had mentioned that although pitch cues are more salient for 
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vocal emotion identification in adult listeners with CIs, they can perceive less than half of the 

emotions by using preserved amplitude and durational cues in speech signal. Accordingly, 

removing the amplitude variations was associated with worsen performance in CI users. This 

suggests that all spectral, temporal and amplitude cues are required for vocal emotion perception 

in listeners with CIs.  

 Agrawal et al. (2012) provided objective evidence of deficit in CI-simulated prosody 

recognition by recording event-related potentials (ERPs) alongside behavioral measures. In this 

study, two CI speech-coding strategies, namely the Advanced Combination Encoder (ACE) and 

Psychoacoustic ACE (PACE), were simulated using vocoded sentences and presented to normal-

hearing adults in order to assess the impact of electric hearing on prosody recognition. In line with 

the behavioral results, vocoded stimuli made recognizing prosody more difficult as indicated by 

prolonged ERP latencies and reduced amplitudes, especially with the ACE strategy. Indeed, larger 

N100 and P200 amplitudes with the PACE strategy suggested an advantage over ACE for prosody 

perception. This finding was attributed to the psychoacoustic-masking model used in the PACE 

strategy that could simulate masking effect present in a normal-hearing cochlea and provide more 

natural frequency bands in which the finer acoustic features were preserved and delivered to the 

implant. Interestingly, among neutral, angry and happy emotions, happiness led to stronger P200 

response. The authors attributed this finding to its larger pitch variation, social salience, and its 

association with widespread brain activity.  

In a follow-up investigation, the same authors presented the original sentences to adult CI 

users instead of simulating CI function with vocoded stimuli (Agrawal et al., 2013).  In addition 

to the N100-P200 complex, time-frequency (TF) analysis was used to reveal non-phased-locked 

(induced) neural activity that elucidates differences between ACE and PACE coding strategies on 
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vocal emotion recognition. Although all participants showed high accuracy and faster recognition 

of happy than angry and neutral prosodic sentences, electrophysiological measurements suggested 

poor emotional voice recognition in CI users compared to normal-hearing subjects. This result was 

manifested in longer N100 latency and reduced N100 and P200 peak amplitudes in CI users, which 

reflects the limited speech cues provided by CI devices. Similar to the previous study, a larger 

amplitude of P200 for happy prosody was found for PACE, confirming the higher efficacy of this 

coding-strategy in transferring prosodic cues. Based on TF analysis, enhanced activity in the 

gamma-range lent strong support to the PACE strategy causing higher neural firing rate compared 

to ACE. The notable aspect of these two studies was that the P200 peak can be considered as an 

indicator of emotional prosody recognition. Similar perceptual findings have also indicated that 

electrode configurations and coding strategies can affect intonation perception (Landwehr et al., 

2014).    

Interestingly, opposite results have been reported by Chatterjee et al. (2015), indicating a 

remarkable benefit obtained by CIs. Using a speech emotion identification task, both adult (27.5–

69.8 years) and school-age (6.0–19.8 years) CI users performed similarly to normal-hearing adults 

listening to a CI simulation of the same stimuli. The authors suggested that a sufficiently developed 

cognitive system in adult CI users or learned adaptive strategies in cochlear-implanted children 

have enabled them to extract emotion from degraded speech. This suggestion is also supported by 

the finding that normal-hearing children showed significantly poorer performance in response to 

CI-simulated speech, given their underdeveloped cognitive system compared to adults and not 

benefiting from adaptation to impoverished speech compared to children using CIs.   
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4.3. Bimodal stimulation and prosody  

In cases where the CI recipients have residual hearing in the non-implanted ear, combined electric 

stimulation and contralateral HA is often suggested, which is referred to as bimodal hearing (Gantz 

& Turner, 2004). While using a HA in the opposite ear was found to increase speech recognition, 

music perception and sound localization over the CI-alone condition (Kong et al., 2004; Turner et 

al., 2004; Tyler et al., 2002), the benefits of bimodal fitting has not been extensively studied for 

prosody perception. Using artificially-manipulated F0, Straatman et al. (2010) demonstrated that 

the percentage correct for distinguishing between questions and affirmations was improved from 

56% to 62% when the HA was added in the non-implanted ear of implanted children (6.0–19.8 

years). Better performance was also found for the discrimination of pitch movements in the 

bisyllabic nonsense-word “baba”. However, even in bimodal fitting, children needed exaggerated 

F0 excursions for doing both tasks. This reinforced the idea that the auditory system can combine 

the low frequency information from the HA with the high frequency input from the CI. Another 

study by Most et al (2011) also found that adults using bimodal stimulation scored better compared 

to adult CI users in perception of intonation (75.0% vs. 55.0%), syllable stress (64.4% vs. 54.6%), 

and word emphasis (71.9% vs. 63.6%).  

Considering that the speech processing strategies in CIs use only the envelope information, not the 

temporal fine structure, Cullington & Zeng (2011) also compared the affective prosody 

discrimination performance of bilateral CI users with bimodal users in adults. However, results on 

the Aprosodia Battery, which is a standardized test for prosody identification, showed no 

statistically significant difference between bimodal (mean score over all subsets of 67.9 %) and 

bilateral CI users (61.6 %). Furthermore, three other pitch-related tasks, including Hearing in Noise 

Test (HINT), Montreal Battery of Evaluation of Amusia, and talker identification were performed 
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in which both groups scored at an approximately equivalent level. Although this study had 

hypothesized better performance of bimodal fitting on tasks requiring good pitch perception, the 

obtained results and the lack of correlation between test results led the authors to point out that 

these tests rely on more diverse cues like stress and timing, which can be adequately extracted 

from the use of both bimodal fittings and bilateral CIs. Comparing bimodal stimulation with CI 

alone condition, Hegarty & Faulkner (2013) also showed that there is no bimodal advantage for 

stress and intonation perception in children (7.4–14.6 years). These children in both the CI and 

bimodal conditions performed better in response to natural sentences than pitch-manipulated ones, 

suggesting that duration and amplitude cues may play an important role in perception of prosodic 

pattern when there is limited pitch information.  

5. Gaps in knowledge 

Prosody perception in people with hearing loss is a relatively neglected topic. Some 

investigations have focused on emotional perception in hearing loss and interacting factors such 

as age and cognitive resources. Such attempts have focused on affective prosody and barely 

touched on the role of linguistic prosody in speech recognition and efficient communication. 

Moreover, limited information is available on the extent to which hearing prostheses can restore 

acoustic-based prosodic cues. So far, only the effect of amplitude compression on affective 

prosody has been studied to some extent but other speech enhancement technologies in modern 

HAs have not been investigated at all. In the case of CIs, little is known about the role of different 

speech coding strategies and electrode array design in restoring prosody perception.  

Several studies have provided converging evidence that challenging listening situations, 

including background noise and reverberation, compromise speech intelligibility by masking the 

speech signal, especially for hearing-impaired listeners who have temporal and spectral processing 
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deficits (Al Osman et al., 2017; George et al., 2010; Humes, 1991; Xia et al., 2018). Hearing-

impaired individuals not only fail to perceive some speech components due to increased 

susceptibility to masking by ambient sounds, but also face difficulties in understanding audible 

parts due to severe distortions resulting from hearing loss (Levitt, 2001). Although HAs allow for 

signal processing strategies to decrease the effect of noise in challenging listening situations while 

controlling the risk of over-amplification (Brons et al., 2015; Leroux et al., 2018; Nabelek et al., 

2004; Shi & Doherty, 2008), the performance of hearing assistive devices in restoring F0 contour, 

level contour and temporal cues has not been extensively studied in those environments. 

Quantifying the masking effect of different noises, minimal acceptable signal to noise ratio, and 

reverberation time in the field of prosody perception can provide supplementary information, 

potentially paving the path towards more comprehensive rehabilitation plans for people with 

hearing loss. On the other hand, since prosodic cues can also be conveyed through facial and body 

movements, the complete response of HA users and CI recipients to prosodic information can only 

be determined when the visual modality is added to the auditory mode, a topic that has not been 

adequately addressed.  

In addition, as discussed earlier, our understanding of the brain networks involved in 

prosody perception is incomplete. While there is limited understanding of the cortical networks 

involved, there has been little or no study on subcortical processing of prosody in normal or 

hearing-impaired individuals or how hearing prostheses affect this processing. Several auditory 

evoked potential methodologies may be used to fill this gap to probe an intermediate step in the 

auditory chain between the acoustic signal and higher brain centers. Some techniques, like the 

frequency following response, can assess the electrophysiological response to speech stimuli with 

a high temporal resolution. Although several studies have shown that the frequency following 
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response can extract F0 contour successfully in normal-hearing individuals (Aiken & Picton, 2006; 

Dajani et al., 2005; Krishnan et al., 2004), this response has not been used in the context of prosodic 

processing, as most of the research on prosody has been conducted via a variety of behavioral 

approaches. Filling such gaps could redirect the recent advances in understanding prosody 

perception of hearing-impaired population towards improving speech recognition and 

social/cognitive performance in this population.  

6. Concluding remarks and future directions 

Prosody perception is key to effective communication through which both linguistic and 

emotional information is conveyed. Since different prosodic patterns are defined by their acoustic 

profiles, hearing abilities are essential for perceiving prosody in spoken language. Thus, more 

attention should be given to potential prosody perception deficit in individuals with hearing loss. 

Based on existing studies, reduced audibility and decreased spectro-temporal resolution make 

hearing-impaired individuals very vulnerable to a loss of prosodic information. Moreover, the 

unique characteristics of individuals with hearing loss such as chronological age, cognitive status, 

degree and configuration of hearing loss, and the presence or absence of clinical intervention can 

also affect the extent of prosody perception deficit and its consequences.  

Current HAs, CI technologies, and bimodal stimulation do not fully restore prosodic cues 

due to their limitation in extraction, processing, and transmission of acoustic variations. As 

evidenced by the studies reviewed, hearing-impaired individuals have reduced access to the pitch 

information, which leads users to rely more on temporal and amplitude cues to perceive prosodic 

patterns. However, some studies suggested that the performance of individuals with hearing 

prostheses in perceiving speech prosody is heavily dependent on pitch cues and cannot be modified 

through using alternative strategies. This may in part be due to prosody processing being an 
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afterthought in the design of hearing assistive devices. With the current rapid advances in 

technology and speech processing, future investigations should test the benefits of new designs 

and strategies on the perception of linguistic and affective prosody, thereby helping to reduce 

communication problems and consequent poor quality of life.  

Finally, while the subject of prosody is of high relevance to speech and language 

pathologists, other specialists, like audiologists, should keep abreast of recent advances in this 

area. Treating prosody as a multifaceted concept and assessing prosodic deficits in different 

clinical populations may not only open various opportunities for research but also lead to improved 

clinical services and innovations in diagnostic and rehabilitation tools. 

7. Limitations 

We reviewed different aspects of prosody perception in hearing-impaired individuals and users of 

hearing assistive devices, but some limitations prevented us from covering this subject more 

comprehensively. First, the prosodic features in speech can have different interpretation or social 

meaning in different cultures, but such cultural differences were not considered in this review. In 

addition, current studies have largely or exclusively been conducted under controlled laboratory 

conditions which can differ markedly from everyday situations. Moreover, we limited our review 

to studies carried out in spoken language; however, prosodic processing in signed language was 

not reviewed, but may be covered in future analysis of prosody perception studies in hearing-

impaired individuals.  
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Abstract 

Emotional information in speech is conveyed through prosodic cues, including variations in 

fundamental frequency (F0 contour), intensity, and duration. Emotion perception has been largely 

studied behaviorally, but the neural mechanisms underlying it are not well understood. The 

Speech-evoked Frequency Following Response (FFR) is a non-invasive neural measure reflecting 

the encoding of speech acoustics in the auditory system. This study investigated the extent to which 

the FFR can represent prosody-related F0 contours and compared neural responses between male 

and female listeners. Sixteen normal-hearing adults underwent FFR recording in response to the 

word “balloon” spoken with sad and happy emotion by a male and a female talker. Using a pitch-

tracking algorithm, F0 tracking accuracy was quantified via Root Mean Squared Error (RMSE) 

and 5% accuracy. The results showed that the FFR can track emotional F0 contours; however, the 

degree of accuracy is modulated by emotion type and talker voice characteristics. Enhanced F0 

tracking was observed for the sad male voice, followed by the happy male, sad female, and happy 

female voices. On the other hand, listener sex did not influence the results. These findings provide 

new insights into the use of FFR as a neural measure for prosody assessment. 
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1. Introduction 

The speech signal is the primary means of conveying information in interactive human 

communication [1,2]. Through the vocal apparatus, a sequence of basic linguistic units is produced 

in acoustical form; syllables build meaningful words, and then words are arranged into phrases to 

state more complex concepts [3,4]. In natural speech, these segments are not uttered at a fixed 

tone, loudness, and rate. The segments are threaded together with different melodies and rhythms, 

which constitute the suprasegmental features of speech [5,6]. Most speech perception studies 

neglect the suprasegmental information, even though it is an important contributor of information 

that complements the properties of segmental sounds [7]. 

Suprasegmental information, also called prosody, contributes to conveying the emotional 

state of the speaker through which the listener can understand what the speaker feels and thinks 

[8-10]. The emotional function of prosody is defined acoustically as variations in fundamental 

frequency (F0), intensity, and duration [11]. To perceive emotional patterns in speech, these 

acoustic-based prosodic cues are initially received and encoded by the peripheral auditory system 

[9,12]. Thereafter, the emotion-related cues are transmitted through the ascending auditory 

pathway, including subcortical and cortical structures, to undergo further processing [13,14]. 

Additionally, cognitive top-down mechanisms are engaged in a feedback information flow to 

extract and deduce contextual meaning and pick out pertinent information [12,15]. Despite the vast 

neural networks involved in prosody processing, most studies have focused on the behavioral 

aspects of emotion perception, and there is limited understanding of the subcortical and cortical 

processing in both normal-hearing individuals and those with impairment. 

The speech-evoked Frequency Following Response (FFR) is a non-invasive neural 

measure reflecting the temporal and spectral encoding of speech in the central auditory system 
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[16,17]. The FFR, recorded via scalp electrodes, arises from synchronized neural activity within 

the auditory pathway [16,18]. Previous studies using tonal sweeps, synthetic and natural vowels, 

and isolated syllables have demonstrated that the phase-locked neural activity underlying the FFR 

is sufficiently dynamic to track small variations in speech periodicity over time [19-21]. However, 

whether the FFR can successfully capture prosodic features beyond segmental information remains 

unclear. Since the acoustic characteristics of speech stimuli produced by male and female talkers 

have been shown to affect FFRs [22], further investigation of talker effects on verbal prosody 

processing is also needed. In addition, although sex-related differences in the central encoding of 

speech stimuli have been reported [23-25], their implications for prosody processing are still 

unclear. In this regard, the FFRs obtained in a suprasegmental context may offer supplementary 

insight into sex differences in the neural encoding of speech prosody.    

This study was designed to investigate the extent to which the FFR can track F0 contours 

in different emotions using a natural two-syllable word as stimulus. We hypothesized that the FFR 

can provide a potential diagnostic tool to test subcortical and cortical contributions to the neural 

encoding of speech prosody. As part of this objective, male- and female-spoken emotional speech 

stimuli were used to determine if and how the neural representation of F0 contours in young adult 

listeners with normal hearing can be affected by male and female voices. Additionally, this study 

aimed to examine whether neural encoding of acoustic features in prosodic speech differs between 

male and female listeners. Using electrophysiological data, this study contributes to a broader 

understanding of how efficiently a healthy auditory system can use prosodic features in natural 

speech processing. 
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2. Methods and Materials 

  2.1. Participants 

A total of 16 adults (8 males, 8 females) between 18 and 31 years of age participated in this study. 

All participants had normal hearing defined as pure-tone audiometric thresholds ≤ 25 dB HL at 

octave frequencies between 250 and 8000 Hz bilaterally. The four-frequency pure-tone average 

(PTA500-4000) ranged from -4 to 19 dB HL across individuals. Otoscopy confirmed no abnormalities 

in the external auditory canal and tympanic membrane in any participant. No participant had a 

history of neurological diseases, brain injuries, or psychiatric problems, as screened through a 

general development questionnaire (Appendix F). All participants were native or near-native 

English speakers who scored 9 or 10 on a 10-point scale in self-report questions from the Language 

Experience and Proficiency Questionnaire (LEAP-Q) [26] about their proficiency in speaking and 

understanding (Appendix D). Given that speakers of tonal languages can be more sensitive to F0 

variations [27,28], only individuals without a tonal language background were recruited. 

Additionally, since previous studies have shown that musicians exhibit enhanced FFRs [29,30], 

the Demographic and Music Experience Questionnaire [31] was used to ensure that only non-

musicians were included (Appendix E). To exclude the negative effect of cognitive impairment in 

prosody perception, all participants were screened using the Standardized Mini-Mental State 

Examination (SMMSE) [32] to assess five cognitive domains, including orientation, registration, 

attention and calculation, recall, and language, with inclusion based on scoring 29 or 30 on a scale 

of 30 (Appendix C). Written informed consent was required from all, with experimental protocols 

approved by the Office of Research Ethics and Integrity at the University of Ottawa (Appendix 

A). 
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  2.2. Stimuli  

The word “balloon” uttered by both male and female speakers with sad and happy emotions was 

used to elicit the FFR. This word was extracted from the sentence "No, I burst the balloon!" in the 

emotional speech database (ESD) [33]. The ESD database contains 350 parallel utterances spoken 

by 10 native English and 10 native Chinese speakers across 5 emotions (neutral, happy, angry, sad, 

and surprise). The word “balloon” was chosen for its fully voiced bisyllabic structure, making it 

well-suited for tracking suprasegmental variations in F0 across the entire stimulus. Given the 

limited availability of valid and reliable emotional speech datasets, balloon also demonstrated 

reliable waveform production during our pilot testing. This study targeted sad and happy emotions 

produced by one male English speaker (Speaker 11) and one female English speaker (Speaker 15), 

selected for their distinct F0 contours, including flat, rising, falling, and rising-falling contours. 

Figure 1 illustrates the F0 variations for the word "balloon" across emotional contexts for both 

male and female talkers. The duration of the stimuli also varied across conditions, with the male 

sad stimulus lasting 457 ms, male happy 565 ms, female sad 655 ms, and female happy 450 ms. 

Table 1 summarizes key F0 parameters for each condition, including mean, maximum, minimum, 

and range values. Higher mean F0, broader F0 ranges, and greater rates of F0 change were 

observed for happy compared to sad emotions, with female talker showing mostly higher F0 values 

than male talker. F0 parameters were extracted using Praat (version 6.2.05; www.praat.org) with 

the default settings. 

Table 1. List of acoustic parameters related to F0 across all the conditions examined.  

Word “balloon” Mean F0 

(Hz) 

Max F0 

(Hz) 

Min F0 

(Hz) 

F0 range  

(Hz) Talker Emotion 

Male Sad 95.5 107.8 88.1 19.7 

Male Happy 150.9 182.5 108.1 74.4 

Female Sad 272.5 332.2 189.6 142.6 

Female Happy 312.9 432.9 179.1 253.8 
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Figure 1. F0 contours for the stimulus word “balloon” spoken by a male and a female with two emotions, 

sad and happy. The blue curve represents the male talker with sad emotion (MS), the orange curve the male 

talker with happy emotion (MH), the green curve the female talker with sad emotion (FS), and the pink 

curve the female talker with happy emotion (FH). 

 

  2.3. EEG recording  

The FFR responses were recorded with the Duet 2-channel AEP system (Intelligent Hearing 

Systems, Miami, FL) using four Ag/AgCI disposable disc electrodes. In accordance with the 

International Electrode System IES 10-20 norms, two inverting electrodes were placed at A1 and 

A2 (right and left earlobes), a noninverting electrode was positioned at Cz (vertex), and the ground 

electrode was located at Fz (forehead). Prior to electrode placement, the skin at these sites was 

prepared using an alcohol wipe and Nuprep Skin Prep Gel. The electrode impedances were kept 

below 5 kΩ, and inter-electrode impedances did not exceed 3 kΩ.  

Two-channel FFR recordings were made over a time window of 793.65 ms (including a 40 ms 

pre-stimulus time), with an online filter setting of 30–1500 Hz, and sampling period of 175 𝜇s. 

The four stimulus conditions, consisting of the spoken word /balloon/ by one male and one female 

speaker expressing happy and sad emotions, were presented binaurally through a shielded insert 

earphone at 80 dB SPL and a rate of 1.26 sweeps per second with an alternating polarity. Individual 
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sweeps were rejected as artifacts if they exceeded 31 microvolts. This experiment was conducted 

in two sessions on different days, each lasting a maximum of three hours. Each session included 

1500 sweeps (three blocks of 500) of each of the four conditions, resulting in 12 blocks of 

recording overall. Following each block, participants were given a brief pause to confirm their 

comfort and reduce the risk of sleepiness. Additionally, after completing 6 blocks in a session, 

participants were given a 15-minute break to reduce fatigue. In total, 3000 artifact free responses 

(6 blocks of 500) were acquired per condition for each participant. To prevent order effects, the 

sequence of emotions and speakers was randomized across participants using a complete 

counterbalancing approach, ensuring that no emotion or speaker was repeatedly presented in the 

same order.   

The experiment was conducted in an electrically shielded and soundproof booth where participants 

were seated comfortably in a reclining chair. To minimize artifacts, participants were encouraged 

to close their eyes, relax, and limit body movements during the recording. They were also asked 

to try not to fall asleep.  

  2.4. Data analysis 

For each condition by participant, the 3000 response sweeps were coherently averaged. To account 

for neural delays in the FFR, the stimulus waveform was shifted forward by 10 ms. To extract the 

F0 contour, both the stimulus and averaged response were segmented into 50 ms frames with a 

40ms overlap. The stimulus F0 contour was captured by computing the median of F0 values 

obtained from each frame using speech pitch estimation methods in MATLAB 2024a specifically 

the ‘pitch’ and ‘pitchnn’ commands. To extract the response F0 value we followed a Harmonic 

Amplitude Summation (HAS) approach [34]. A ±50 Hz frequency search range with 1 Hz 

increments was applied to each frame, centered around the stimulus F0 of the corresponding time-
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aligned frame. For each candidate frequency within this range, the amplitudes of the candidate and 

its harmonics in the response frame spectrum were summed. The candidate yielding the most 

prominent peak was selected as the response F0. The number of harmonics was set to 4 for the sad 

male condition, and to 2 for the remaining conditions, as responses in the sad male condition 

exhibited a clearer harmonic structure.  

Two evaluation metrics were used to assess the accuracy of F0 estimation: (1) 5% accuracy which 

quantifies the proportion of response frames where the estimated F0 values fall within 5% of their 

corresponding stimulus F0 values, and (2) Root-Mean-Square Error (RMSE) which quantifies the 

average deviation between the estimated response and reference stimulus F0 contours. 

  2.5. Statistical analysis  

Neural encoding of F0 contours in participants' FFR responses, measured through RMSE and 5% 

accuracy, was assessed across sad and happy stimuli spoken by male and female talkers using a 

one-way repeated measures analysis of variance (RM-ANOVA) and Tukey’s post hoc test, 

visualized using GraphPad Prism 10.0, and the data are presented as mean ± SDE in Figure 4. To 

evaluate the sex-related differences in processing acoustic features of emotional speech, an 

unpaired two tailed t-test and Welch’s test were conducted for equal and unequal variance data 

(Figure 5). Results with p-values  0.05 were considered statistically significant. Statistical 

significance is shown as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 

3. Results 

  3.1. Spectrographic representation and F0 contour of the FFR 

To ensure the robustness of the recorded responses, aggregate spectrograms (6 blocks × 16 

participants) were examined for each condition before F0 extraction (Figure 2). The spectrograms 

were generated with a window length of 50 ms and an overlap of 40 ms. In the response 
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spectrograms for stimuli presented in the male voice (Figure 2A–B), strong energy was observed 

at F0, 2F0, and 3F0, whereas female-voiced stimuli (Figure 2C–D) showed less prominent F0 and 

very attenuated harmonics. These observations highlight potential differences in the neural 

encoding of F0 as a function of stimulus characterisitics. 

 

Figure 2.  Spectrograms of the average response across all participants (n=16) for the four experimental 

conditions: male talker and sad emotion (A), male talker and happy emotion (B), female talker and sad 

emotion (c), and female talker and happy emotion (D). 

 

The HAS algorithm was subsequently applied to each participant’s FFR to extract the response F0 

contour, and RMSE and 5% accuracy were then computed. Figure 3 displays spectrograms from 

a selected participant (Participant 13), illustrating that the extracted response F0 contour tracks the 

stimulus F0 across all four conditions, although its accuracy varies across conditions. According 

to the 5% accuracy and RMSE metrics for this participant, sad male condition resulted in highest 

accuracy and lowest error, followed by happy male, sad female, and happy female.  



57 
 

 

Figure 3. Spectrograms of Participant 13, showing overlaid F0 contours extracted from the stimulus 

waveform (green curves) and evoked FFR (blue curves) in response to the word “balloon” spoken by male 

talker and sad emotion (A), male talker and happy emotion (B), female talker and sad emotion (C), and 

female talker and happy emotion (D).  

 

  3.2. Effect of stimulus condition on FFR F0 tracking accuracy 

Figure 4 illustrates the results of one-way repeated measures analysis of variance (RM-ANOVA) 

conducted to statistically examine the impact of stimuli type (sad male, happy male, sad female, 

happy female) for the word “balloon” on 5% accuracy and RMSE separetely across all participants.  

Regarding RMSE, a significant main effect of stimulus was observed (F(2.74, 41.20)=137.9, p < 

0.0001), with an effect size of R2=0.90. As shown in Figure 4A, the lowest F0 tracking error was 

observed in the sad male condition (Mean RMSE=2.7 Hz), followed by the happy male (Mean 

RMSE=7.5 Hz), sad female (Mean RMSE=12.0 Hz), and happy female (Mean RMSE=17.5 Hz) 

conditions. Post-hoc Tukey’s mulitiple comparisons test showed significant differences among all 
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conditions (p < 0.05), as shown in Figure 4A. Specifically, F0 tracking error for the sad male 

stimulus was significantly lower than for the happy male (Mean Difference=-5.1 Hz, CI[-7.14, -

3.19], p < 0.0001), sad female (Mean Difference=-9.6 Hz, CI[-11.84, -7.45], p < 0.0001), and 

happy female conditions (Mean Difference=-15.2 Hz, CI[-17.14, -13.26], p < 0.0001). In addition, 

the happy male condition resulted in significantly lower error compared to both the sad female 

(Mean Difference=-4.4 Hz, CI[-6.90, -2.04], p < 0.001) and happy female conditions (Mean 

Difference=-10.0 Hz, CI[-12.57, -7.49], p < 0.0001). Lastly, F0 tracking for the sad female 

condition was associated with lower errors compared to the happy female condition (Mean 

Difference=-5.5 Hz, CI[-7.88, -3.23], p < 0.0001).  

Similar observations were made for 5% accuracy (Figure 4B), where the RM-ANOVA results 

showed a significant effect of stimulus type on the FFR’s efficiency in accurately encoding the 

stimulus F0 contour (F(2.51, 37.67)=84.52, P < 0.0001). The large size effect (R2=0.85) confirmed 

that a large proportion of the variance in the 5% accuracy values is explained by the experimental 

conditions and individual differences did not significantly contribute to the obsereved variance 

(F(15, 45)=1.84, P=0.0580). As shown in Figure 4B, the highest 5% accuracy was observed for 

the sad male condition (mean=96.9), followed by happy male (mean=81.8), sad female 

(mean=81.7), and happy female (mean=63.7). Tukey's multiple comparisons test indicated that 

this significant difference was present among all conditions (p < 0.05), except between the happy 

male and sad female conditions. Participants demonstrated higher accuracy in response to the sad 

male stimulus compared to the happy male (Mean Difference=15.1, CI[10.01, 20.18], p < 0.0001), 

sad female (Mean Difference=15.2, CI[8.47, 21.90], p < 0.0001), and happy female stimulus 

(Mean Difference=33.2, CI[28.24, 38.11], p < 0.0001). The happy male condition also elicited a 

significantly more accurate response than the happy female stimulus (Mean Difference=18.1, 
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CI[12.66, 23.50], p < 0.0001), and the sad female condition had significantly higher 5% accuracy 

than the happy female condition (Mean Difference=17.9, CI[11.81, 24.17], p < 0.0001). Although 

the happy male condition showed slightly higher 5% accuracy compared to the sad female, this 

difference did not reach statistical significance (Mean Difference=0.09, CI[-7.282, 7.462], 

P=0.972), suggesting that FFR is tracking the contour of these two stimuli with relatively similar 

accuracy (Figure 4B). Both RMSE and 5% accuracy metrics supported that the F0 contours of 

emotional speech can be extracted from FFR recordings, with greater accuracy and lower error 

observed for the sad male stimulus, whearas extraction was more challenging for the happy female 

condition. 

 

Figure 4. FFR F0 tracking accuracy, measured by either RMSE (A) or 5% accuracy (B) across all 

participants (n=16), in response to the word “balloon” spoken by male talker and sad emotion (Blue dots), 

male talker and happy emotion (orange dots), female talker and sad emotion (green dots), and female talker 

and happy emotion (pink dots).  

 

As depicted in Figure 4,  when focusing solely on emotional content, the sad version of  word 

“balloon” was easier to be tracked by FFR at the central level of the auditory system compared to 
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happy vesrion for both male (sad male vs. happy male – RMSE: p < 0.0001, 5% Accuracry: p < 

0.0001) and female talkers (sad female vs. happy female – RMSE: p < 0.0001, 5% Accuracry: p < 

0.0001). Similarly, when considering male and female talkers independently of emotion type, 

words spoken by male talker resulted in more robust F0 than female talker (sad male vs. sad female 

– RMSE: p < 0.0001, Accuracy: p < 0.0001/ happy male vs. happy female – RMSE: p < 0.0001, 

5% Accuracy: p < 0.0001).  

3.3. Effect of listener sex on FFR F0 tracking accuracy 

We evaluated differences between male and female participants in tracking F0 contours for the sad 

and happy version of word “balloon”. An unpaired two-tailed t-test was used to compare the 

perfomance of male and female participants in encoding F0 contours, as measured by RMSE and 

5% accuracy indices. In cases of unequal variances, Welch’s correction was applied. 

No noticable difference was seen between the male- and female-averaged FFR F0 contours and 

response F0 contours, as illustrated in the left panels of Figure 5. Statistical results further 

supported these initial observations. For the sad male condition, RMSE did not differ significantly 

between male and female participants (p = 0.63, using Welch’s correction), nor did 5% accuracy 

(p = 0.78)(Figure 5A, middle and right panels). Similarly, in the happy female condition, no 

significant differences were found in RMSE (p = 0.68) or 5% accuracy (p = 0.47), as shown in the 

middle and right panels of Figures 5D. In the happy male condition, there was no statistically 

significant difference in 5% accuracy (p = 0.25); however, for RMSE, Welch’s test revealed a 

significant difference (p = 0.0451) in performance between male (Mean=9.0 Hz) and female 

(Mean=6.1 Hz) group, with the effect size (R2) of 0.4076 (Figure 5B).  As shown in Figure 5C, 

similar results were observed for the sad female condition where 5% accuracy did not differ 

significantly between male and female paeticipants (p = 0.08). However, for RMSE, a significant 
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difference (p = 0.0455) was observed between male (Mean= 13.4 Hz) and female (Mean=10.6 Hz) 

participants.  

 

Figure 5. FFR F0 tracking accuracy as a function of listener sex, shown using RMSE (middle panel) and 

5% accuracy (right panel). F0 contours extracted (left panel) from the stimulus waveform (black curves) 

and evoked FFR according to the listener sex,  with female participants (red curves) vs. male participants 

(blue curves) in normal hearing individuals in response to the word “balloon” spoken by male talker and 

sad emotion (A), male talker and happy emotion (B), female talker and sad emotion (c), and female talker 

and happy emotion (D). 
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4. Discussion 

F0 variations over time, extending beyond single speech segments, create different prosodic 

patterns that can convey various emotional states during a conversation. Using FFR recordings 

from 16 individuals with normal hearing, we investigated the application of the FFR in assessing 

speech prosody encoding. Although some studies have examined F0 tracking at the segmental 

level, this is the first study to investigate FFR F0 tracking in response to suprasegmental variations 

associated with emotional expression. 

Our results showed that the FFR can preserve pitch-relevant information in response to all versions 

of the word “balloon”, suggesting that auditory neural circuits can dynamically phase lock to time-

variant F0 in complex natural speech stimuli. This aligns with the finding from Krishnan et al. who 

showed that the FFR can accurately track the dynamic pitch contours of synthesized Mandarin 

tones, demonstrating the dominant role of discharge periodicities and interspike intervals in 

variable pitch percepts [19]. By using natural and high-pass filtered vowel, Dajani et al. also 

reinforced the capability of central auditory processors to encode and track pitch-related variations 

in the form of synchronized neural firing even in the degraded condition [21]. There is also 

evidence that this phase-locking ability can even be tolerant to noise, preserving frequency-coding 

acuity in the presence of both ipsilateral and contralateral noise [35,36].  

While our findings demonstrated that the FFR reflects the acoustic properties of prosodic speech 

in word “balloon”, the extent of this representation was influenced by emotion type and acoustic 

voice characteristics of talkers.  

When considering emotion exclusively, we found that the sad stimuli resulted in more robust FFR 

(higher score in 5% accuracy and lower score in RMSE) compared to the happy versions of 

“balloon” for both male and female speakers. Sadness, as confirmed by the stimulus characteristics 
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in Table 1 and Figure 1, is typically characterized by a lower average F0 height and a falling F0 

trajectory with lower rate of F0 change compared to the happy emotion [37-39]. These acoustic 

differences may contribute to affecting the FFR's capacity for tracking F0. Previous evidence also 

confirms that pitch, as a complex perceptual attribute, is shaped by different acoustic 

characteristics, including average F0 height, direction of F0 movement, and magnitude of F0 slope 

[40,41]. In the context of F0 encoding through FFR recordings, previous studies have consistently 

observed that F0 response magnitude decreases as pitch height of the stimulus increases 

[16,42.43]. Krishnan et al. by focusing on the direction of F0 movement, demonstrated that while 

FFR pitch contours mirror the pitch trajectory in synthetic Chinese syllables (yi1, yi2, yi3, and yi4) 

with varying F0 contours, the pitch strength is greater for stimuli with rising F0 contours compared 

to ones with a falling contour [19]. This finding implied that the neural elements responsible for 

generating the FFR exhibit a distinct temporal response pattern for rising versus falling tones. 

However, in a study examining the effect of pitch direction on pitch strength and pitch tracking 

accuracy of FFR response, it was found that synthesized Mandarin stimuli of "yi" with linear rising 

and falling F0 contours can have similar pitch representation, both in native and non-native 

listeners [44]. These contrasting findings were explained by the idea that a simple linear and 

unilateral rising or falling pitch contour pattern alone cannot fully characterize how the brainstem 

neurons are tuned to the complex features of sound. They suggested that using naturalistic and 

curvilinear pitch contours, like the stimuli used in the present study, can effectively reflect the 

brainstem's distinct processing abilities, which are strengthened through experience and plasticity. 

Billings et al. also found that no difference in response strength and temporal coherence was 

observed between linear rising and falling glides [45]. However, their study added that the rate of 

frequency change contributes more significantly to FFR strength than glide direction, with 
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shallower slopes notably enhancing response accuracy. Similarly, a few studies also reported that 

a decrease in the rate of frequency change elicits stronger FFR responses [43,46]. Moreover, other 

studies have shown that even with absence of F0 in the stimulus, the FFR can represent F0 with 

the same strength as in the condition where the F0 was physically present [21,47]. This suggests 

there is a complex relationship between pitch representation and stimulus frequency content and 

periodicity.  

In addition to the type of emotions, our results showed that the FFR at F0 is also influenced 

by the characteristics of male- and female-spoken voices. In both the sad and happy conditions for 

the word “balloon”, the male talker consistently led to better F0 tracking performance relative to 

female talker. Since the male voice in our study had an F0 nearly half that of the female voice 

(Table 1),  and previous studies have reported that lower talker F0 leads to larger FFR amplitude 

[22,48,49], this may account for the increased robustness of the FFR evoked by male voice over 

female voice. Consistent with our finding, using continuous speech, Van Canneyt et al. calculated 

the correlation between actual F0 and reconstructed F0 feature from EEG data, and showed that 

male-narrated stories, which had lower and steadier F0, is associated with stronger response at F0 

compared to female-narrated stories [50]. However, they observed that even for high F0 voices, if 

they create a synthesized version of a female-narrated story with strong higher harmonics and 

lower rate of F0 change, the strength of the continuous F0 response significantly improves 

compared to the natural version of the same story. This result was attributed to intrinsic acoustic 

differences in female and male voices, rather than directly to the talker gender. In agreement with 

this finding, Polonenko & Maddox also confirmed that while the FFRs to male-narrated speech 

with an average F0 of 123 Hz was larger and earlier compared to female-narrated speech with an 

average F0 of 183 Hz, by shifting the F0 of both narrators’ voices to an intermediate pitch of 150 
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Hz, their FFR became very similar in both amplitude and latency [51]. Easwar et al. further 

highlighted that in addition to F0 properties, formant structure and harmonic distribution of male 

and female voices can evoke a different FFR [22]. They elaborated that the enhanced F0 FFR 

elicited by male voices benefits from wider F1 bandwidth and more well-resolved harmonics 

falling within F1, while FFR to female vowels depends more on high-frequency harmonics, 

especially in regions above F1 and F2, creating envelope modulation at F0 to generate the F0 FFR. 

This distinction underscores the role of sex specific vocal characteristics in shaping auditory 

processing.  

Our findings also revealed no sex differences among listeners in encoding of dynamic F0 contours 

across all conditions. Male and female participants performed similarly in tracking F0 contours for 

the word “balloon” spoken with both sad and happy emotion by male and female talker, as 

measured by both RMSE and 5% accuracy. Although a small RMSE difference was observed for 

the happy male and sad female stimuli, 5% accuracy remained similar between these two 

conditions, which suggests overall similarity in performance between males and females. Contrary 

to our results, research by Ahadi et al. found that the FFR to a 40 ms synthesized /da/ syllable 

differs between male and female listeners [23]. Specifically, females exhibited shorter latencies 

and larger peak amplitudes for the transient portion of response compared to males. Furthermore, 

females had a larger representation of F0, first formant (F1), and high frequency components of 

F1. On the other hand, Krizman et al. showed that dissimilarity between males and females in 

response to the synthesized syllable /da/ with a time-varying F0 (103–125 Hz) is only limited to 

the encoding of the fast elements of speech such as having earlier transient peaks and larger 

spectral magnitude of higher frequency components in females [52]. However, the encoding of F0, 

either measured through its spectral magnitude or the timing between F0-related peaks, was not 
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affected by sex. This similar F0 phase-locking across sexes implied that, although there are sex 

differences in the auditory system, both males and females have consistent low-frequency tracking 

ability. The authors suggested that this difference in how the sexes process fast-varying speech 

elements compared to slower components may reflect a selective response of the auditory nervous 

system that is influenced by the stimulus characteristics.  

It is also worth noting that our study used a meaningful word with emotional valence, extending 

beyond the physical acoustic properties of sound, such as frequency, to include paralinguistic 

features of the speech signal. In a study by Galbraith et al., using a speech stimulus with familiar 

phonological and prosodic features, it was shown that the FFR has larger amplitude in response to 

this familiar stimulus compared to its reversed version, which was unfamiliar in sound but with 

the same phoneme duration and voicing [53]. Presumably, with a real speech stimulus containing 

both linguistic and paralinguistic information, the neural activity underlying the FFRs would differ 

compared to when simpler and more isolated stimuli like a synthesized syllable are presented. At 

the cortical level, Guo et al. also showed that the FFR tracks dynamic F0 more effectively for 

harmonic-rich speech stimuli than for non-speech stimuli, suggesting a specialized mechanism 

tuned for complex sound inputs in the brain [54]. It is possible that the distinct FFR characteristics 

previously reported for male and female listeners in response to isolated syllables may be 

modulated when more complex and paralinguistically rich speech stimuli are used. Future studies 

with larger and more diverse samples would allow for a more comprehensive examination of the 

observed pattern. 

 In conclusion, this study showed that the prosodic features of speech, such as F0 contour, can be 

extracted from FFRs with good accuracy. This evidence was obtained using a single stimulus word 

“balloon”, produced by only two talkers across two emotional conditions. However, the acoustic 
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characteristics of the eliciting stimuli can affect the response’s effectiveness in accurately 

representing prosody. Specifically, when using emotional speech stimuli, the type of emotion and 

the acoustic characteristics of talker can influence the ability of the FFR to track variations in F0 

of the stimulus. Stimuli characterized by a lower F0, smaller F0 slope magnitude, and greater 

energy at F0 and its harmonics, such as sad emotion or male voices, can result in more robust FFR. 

Future work is needed to extend this test to individuals with hearing impairment, with or without 

hearing aids. This would introduce speech prosodic assessment in clinical settings and thus provide 

a more comprehensive rehabilitation approach.  
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Abstract 

Prosody, a key paralinguistic feature of successful interaction, conveys emotional information and 

complements the linguistic content of speech. In hearing impairment, reduced audibility and 

degraded spectro-temporal resolution diminish the salience of prosodic cues. Despite the 

importance of prosody in daily communications, research on speech perception in hearing-

impaired individuals has primarily focused on linguistic elements, with less emphasis on emotional 

prosody. Inconsistent behavioral evidence leaves unclear whether hearing loss adversely affects 

emotion perception and to what extent hearing aids can compensate for potential deficits in 

prosody processing. This study used the speech-evoked frequency-following response (FFR) to 

investigate the neural encoding of prosody-related acoustic features in the central auditory system. 

Dynamic variations in fundamental frequency over time, known as the F0 contour, were the focus 

of our study. The neural representation of F0 contours was assessed using FFR recordings elicited 

by the word “balloon” spoken with sad and happy emotion, in normal-hearing participants and in 

hearing-impaired individuals under simulated aided and unaided conditions. Using a pitch-

tracking method, F0 tracking accuracy was quantified based on 5% accuracy and Root Mean 

Square Error (RMSE). Hearing loss disrupted neural encoding of F0 contours in emotional speech, 

as reflected by lower 5% accuracy and higher RMSE; however, it was partially restored by hearing 

aid. Additionally, prosodic representation in FFR responses differed by emotion, with higher F0 

tracking accuracy for sad stimulus. By providing insight into the neural mechanisms underlying 

prosody encoding, this study supports considering prosodic deficit in clinical settings to enhance 

speech comprehension in hearing-impaired individuals.            

 

Keywords: prosody perception, hearing loss, hearing aids, emotion 
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Significance 

Hearing loss is among the most common chronic health conditions worldwide. People with 

disabling hearing loss often experience communication difficulties. Even with advances in hearing 

aid technology, many users are dissatisfied with their devices. This may be partly due to fact that 

hearing assessments and hearing aid fittings prioritize word recognition, often neglecting prosodic 

cues that convey emotional state of the speaker. This study shows that individuals with hearing 

loss have difficulty processing emotional speech. The degree to which hearing loss impairs 

emotion perception differs depending on the emotion type. However, this deficit can be partially 

improved by hearing aid use. The results suggest including prosodic information in audiological 

assessment and rehabilitation to enhance speech comprehension in hearing-impaired individuals. 
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1. Introduction 

Effective speech communication extends beyond the perception of linguistic content, relying also 

on paralinguistic cues that provide critical information to complement the linguistic aspect of 

speech (1, 2). Prosody is one the key paralinguistic cues through which speakers express their 

emotions and attitudes (3-5). In emotional expression, prosodic cues are acoustically characterized 

by the contours of fundamental frequency (F0) and intensity, along with variations in duration (6, 

7). Each emotion is typically associated with a characteristic acoustic profile that must be faithfully 

received, precisely encoded, and effectively processed by a healthy auditory system (6, 8-10).   

Once hearing impairment occurs, it not only reduces audibility but also degrades the spectro-

temporal resolution and disrupts central auditory processing, contributing to broader deficits in 

everyday interaction that involve more than an inability to hear words (11-13). Although hearing 

aids improve audibility, they often do not fully restore speech perception at suprathreshold levels 

(14, 15). Regarding paralinguistic information, the degree to which hearing loss and hearing aid 

affect acoustic-based prosodic cues remains elusive. While some behavioral studies suggest that 

hearing loss leads to deficits in emotion perception (16-18), others argue that residual hearing may 

be sufficient to preserve emotional information, particularly in cases of mild to moderate hearing 

loss (19, 20). Similar discrepancies have been reported in hearing aid outcomes, with some 

evidence supporting benefits for emotional speech perception (21, 22), whereas other findings 

indicate that frequency and amplitude compression may distort intensity and spectral cues critical 

for distinguishing emotions (23, 24). 

Electrophysiological investigation can provide insight into the neural mechanisms supporting the 

encoding of prosodic features in the brain. The Frequency-Following Response (FFR) is a non-

invasive neural measure that reflects the synchronous activity of neurons across subcortical and 
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cortical auditory pathways (25). It preserves F0-related information by capturing the temporal 

patterns of neural discharges and interspike intervals (26, 27). Using synthetic or natural isolated 

vowels and simple syllables, some FFR studies have demonstrated that hearing loss alters phase-

locked neural activity, resulting in either reduced or enhanced F0 representation (28-33). Hearing 

aid use has been reported to compensate for the affected F0 encoding in some cases (30, 34, 35), 

although no significant improvement has been observed in others (28, 36). However, it remains to 

be determined how hearing loss and hearing aids may alter the encoding of time-varying F0 

information within the context of prosody processing over multisyllabic speech tokens.  

Our recent investigation in normal-hearing young adult listeners (Chapter 3) showed that the 

phase-locked activity underlying the FFR is sufficiently dynamic to track F0 contours across 

different emotions. The current study aimed to examine F0 tracking accuracy in response to sad 

and happy emotions in normal-hearing individuals and hearing-impaired individuals in both 

unaided and aided conditions.  

2. Methods and materials  

2.1. Participants 

Twenty-eight adults aged between 18 and 65 years participated in the study, divided into a normal-

hearing group (n = 14, mean age = 52.36 years) and an age-matched group with hearing loss (n = 

14, mean age = 52.07 years). Normal hearing was defined as pure-tone thresholds ≤ 25 dB HL at 

frequencies from 250 to 8000 Hz. Hearing impairment was characterized by unilateral or bilateral 

mild to moderately severe sensorineural hearing loss, with air-conduction thresholds > 30 dB HL 

and ≤ 70 dB HL within the same frequency range. Hearing thresholds for hearing-impaired 

participants are provided in Table S3 in Appendix L. None of the participants showed 

abnormalities in the external auditory canal, tympanic membrane, or middle ear, as confirmed by 
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otoscopy and tympanometry. A general development questionnaire was used to ensure that 

participants had no history of neurological diseases, psychiatric problems, or brain injuries 

(Appendix F). As musicians and tonal language speakers have demonstrated enhanced neural 

encoding of acoustic features in FFR studies (37-39), only non-musicians and non-tonal language 

speakers were included. Accordingly, participants were required to be native or near-native 

English speakers, with self-assessed scores of 9 or 10 on the 10-point Language Experience and 

Proficiency Questionnaire (LEAP-Q) (40) for speaking and understanding English (Appendix D). 

Music background was further assessed using the Demographic and Music Experience 

Questionnaire (41) to confirm that participants met the non-musician criteria (Appendix E). To 

control for potential effects of cognitive impairment on prosody perception, all participants were 

screened using the Standardized Mini-Mental State Examination (SMMSE) (42), which assesses 

five cognitive domains, including orientation, registration, attention and calculation, recall, and 

language (Appendix C). Only individuals scoring 29 or 30 out of 30 were included. Once eligibility 

was confirmed and consent form was signed, participants took part in data collection process. The 

experimental protocols were approved by the Research Ethics Board at the University of Ottawa 

(Appendix A). 

2.2. Stimulus 

To elicit the FFR, the word “balloon” uttered by a male talker with sad and happy emotions was 

used. This word was taken from the sentence “No, I burst the balloon!” included in the Emotional 

Speech Database (ESD) (43). In the ESD, 350 utterances were recorded from 20 speakers, 10 

native English and 10 native Chinese, each expressing sentences with five different emotions, 

including neutral, happy, angry, sad, and surprise. Since word “balloon” has more than one syllable 

and is composed entirely of voiced sounds, it enabled tracking of frequency variations of F0 in the 
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neural response. In this study, sad and happy utterances from a male English talker (Speaker 11) 

were selected due to their distinct F0 contours, including falling and rising-falling patterns, as 

shown in Figure 1. F0 parameters were extracted using Praat (version 6.2.05; Boersma & Weenink, 

www.praat.org) with default settings. Compared to the sad stimulus, the happy “balloon” had a 

higher mean F0, broader F0 range, and a greater rate of F0 change, as well as a longer duration 

(565 ms vs. 457 ms).  

 

Figure 1. F0 contours of the stimulus word “balloon” spoken with sad (A) and happy (B) emotion by 

Speaker 11 in ESD, along with corresponding acoustic parameters related to F0 for each condition. 

 

Normal-hearing participants (NH) were tested with the original sound files presented at 65 dB 

SPL. For the hearing-impaired group (HI), in addition to the original sound files used in the 

unaided condition (HI-Unaided) at 65 dB SPL, participants were also tested with amplified 

versions of the word “balloon” representing the aided condition (HI-Aided). Hearing aid 

processing was simulated using a software-based hearing aid simulator (44) developed in 

MATLAB (MathWorks, Natick, MA). The simulator applied wide dynamic range compression 

(WDRC) based on an algorithm combining an NAL-R gain prescription (45) and a 5-channel 

automatic gain controller (AGC). AGC settings were as follows: threshold = 50 dB SPL, anchor 

point = 120 dB SPL, attack = 10 ms, release = 50 ms. The sentence “No, I burst the balloon!” at 

http://www.praat.org/
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65 dB SPL were individually processed with the hearing aid simulator according to the audiometric 

profile of each participant. The word “balloon” was then extracted from the processed sentences 

and used as the stimulus in the aided condition. Across participants, the aided output level ranged 

from 66 dB to 85 dB for the sad stimulus and from 66 dB to 87 dB for the happy stimulus.  

2.3. EEG recording  

The Duet 2-channel AEP system (Intelligent Hearing Systems, Miami, FL) was used to record the 

FFR responses using four Ag/AgCI disposable disc electrodes. Two inverting electrodes were 

placed at right and left earlobes (A1 and A2), a noninverting electrode was positioned at vertex 

(Cz), and the ground electrode was placed at forehead (Fz). To improve electrode contact, the 

electrode sites were cleansed with an alcohol wipe and prepared using Nuprep Skin Prep Gel. 

Electrode impedances were maintained below 5 kΩ and inter-electrode differences in impendence 

were less than 2 kΩ. Two-channel FFR recordings were obtained over a 793.65 ms window, 

including a 40 ms pre-stimulus baseline. Signals were digitized with a 175 μs sampling period and 

bandpass filtered online between 30 and 1500 Hz.  

The stimuli were presented monaurally through shielded insert earphones with alternating polarity, 

at a rate of 1.26 sweeps/s. A total of 3,000 sweeps (six blocks of 500) were recorded per emotion. 

Individual sweeps were rejected as artifacts if they exceeded 31 microvolts.  For NH participants, 

stimuli were presented to the right ear. In participants with unilateral hearing loss, the impaired 

ear was tested, whereas for those with bilateral hearing loss, the right ear was used. A total of 3,000 

(6 blocks of 500) responses per participant were obtained for each emotion condition.  

For the NH group, the experiment was conducted in a single session lasting up to three hours. A 

brief pause was provided after each block to ensure participant comfort and maintain alertness, 

with a 15-minute break planned after six recording blocks to minimize fatigue. Emotional 
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conditions were randomized across participants using a fully counterbalanced design. HI 

participants completed two recording sessions on two separate days, beginning with the unaided 

condition, followed by the aided condition. The break schedule and randomization protocol were 

consistent across groups. The experiment took place in a sound-attenuated and electromagnetically 

shielded booth. Participants sat in a reclining chair and were instructed to keep their eyes closed, 

minimize movement, and stay awake to reduce recording artifacts.  

2.4. Data analysis  

Both stimulus and response signals were segmented into 50 ms frames with a 40 ms overlap for 

F0 contour extraction. For the stimulus, the F0 contour was determined by calculating the median 

F0 within each frame using established speech pitch estimation methods in MATLAB 2024a and 

specifically the ‘pitch’ and ‘pitchnn’ commands. For the FFR response, the Harmonic Amplitude 

Summation (HAS) method was employed, in which each response frame was assigned a reference 

F0 based on the stimulus (46). To evaluate candidate F0s, a 100 Hz search range was applied 

around the reference, and a filter bank computed the summed amplitudes of each candidate and its 

harmonics in the response spectrogram. The F0 candidate with the most prominent summed 

amplitude was then selected as the final F0.  

To evaluate the accuracy of F0 estimation, two metrics were used: (1) 5% accuracy, measuring the 

percentage of response frames where the estimated F0 is within 5% of the corresponding stimulus 

F0; and (2) Root-Mean-Square Error (RMSE), quantifying the mean deviation between the 

estimated response and reference stimulus F0 contours. 

2.5. Statistical analysis  

Statistical analyses and data visualization were performed using GraphPad Prism 10.0. Separate 

two-way mixed-design analysis of variances (ANOVAs) and Tukey’s post hoc tests were first 
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applied to compare 5% accuracy and RMSE across hearing conditions (Normal, HI-Unaided, HI-

Aided) and emotion types (Happy, Sad), with emotion as a within-subjects factor and hearing 

condition as a between-subjects factor. To account for within-subject variability in the unaided vs. 

aided conditions for each evaluation metric, a paired t-test was consequently conducted to enhance 

statistical sensitivity. All p-values were two-sided, and the results with p-values  0.05 were 

considered statistically significant. Statistical significance is shown as follows: * p < 0.05, ** p < 

0.01, *** p < 0.001, and **** p < 0.0001.  

3. Results 

3.1. Spectrographic representation and F0 contour of the FFR 

To perform a preliminary assessment of the robustness of recorded responses, the averaged 

spectrograms across all participants (6 blocks × 14 participants) were obtained for each condition, 

as shown in Figure 2. The spectrograms were generated with a window length of 50 ms and an 

overlap of 40 ms. In the spectrograms of NH participants (Figure 2A-B), greater energy was 

observed at F0 and even 2F0, particularly in response to the sad stimulus. In contrast, HI 

participants showed weaker F0 in the unaided condition (Figure 2C-D), which appeared to partially 

improve with amplification (Figure 2E-F). These observations suggest possible variations in F0 

neural encoding depending on stimulus and hearing condition. 
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Figure 2.  Spectrograms of the averaged responses across all participants (n = 14 per group) for each 

experimental condition: NH participants and sad emotion (A), NH participants and happy emotion (B), HI 

participants in the unaided condition and sad emotion (C), HI participants in the unaided condition and 

happy emotion (D), HI participants in the aided condition and sad emotion (E), and HI participants in the 

aided condition and happy emotion (F). 

 

As the next step, the HAS algorithm was applied separately to each participant’s FFR responses 

to extract the response F0 (Figure 3). Based on the spectrogram and extracted F0 contours, the 

response F0 closely tracked the stimulus F0 contour in NH group (Participant 4 shown in Figure 

3 as a representative example). F0 tracking accuracy was reduced in the HI group when tested in 
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the unaided condition, but showed improvement under the aided condition (Participant 2 shown as 

a representative example). Across all hearing conditions, F0 tracking was more accurate for sad 

stimulus than for happy one. Subsequently, both RMSE and 5% accuracy were calculated. 

 

Figure 3. Spectrograms from Participant 4, a NH individual, and Participant 2, a HI individual tested under 

both unaided and aided conditions. F0 contours extracted from the stimulus waveform (green) and the 

evoked FFR (blue) are overlaid for the word “balloon”. A and B display responses from the NH participant 

(Normal) to the sad and happy emotions, respectively. C and D correspond to the unaided HI participant’s 

responses (HI-Unaided) to sad and happy stimuli. E and F show the same participant’s responses under the 

aided condition (HI-Aided) for sad and happy emotions, respectively.  
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3.2. F0 Tracking Accuracy as a Function of Hearing Condition and Emotion Type 

Table 1 and Figure 4 provide a descriptive overview of 5% accuracy and RMSE for both sad and 

happy stmuli across all three hearing conditions. For 5% accuracy, NH participants had the highest 

mean scores (sad: Mean = 72.9; happy: Mean = 48.2), followed by HI participants in the aided 

condition (sad: Mean = 66.4; happy: Mean = 38.8), and then in the unaided condition (sad: Mean 

= 55.5; happy: Mean = 28.2). Mean RMSE values showed a similar trend, with the lowest errors 

observed in the NH group particularly for the sad stimulus (sad: Mean = 6.3; happy: Mean = 16.7), 

followed by the HI group in the aided (sad: Mean = 8.0; happy: Mean = 18.6) and unaided (sad: 

Mean = 9.7; happy: Mean = 20.3) conditions.  

 

Table 1. Mean 5% accuracy and RMSE for sad and happy versions of the word “balloon” across three 

hearing conditions. 

 5% Accuracy (%) RMSE (Hz) 

Emotion Type  

Hearing Condition 

Sad  

stimulus  

Happy 

Stimulus 

Sad  

stimulus 

Happy 

Stimulus 

Normal 72.9 48.2 6.3 16.7 

HI-Unaided 55.5 28.2 9.7 20.3 

HI-Aided 66.4 38.8 8.0 18.6 
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Figure 4. Floating bar plots showing mean, minimum, and maximum values of 5% accuracy (A-B) and 

RMSE (C-D) in response to sad (blue bar) and happy stimuli (green bar) for the word “balloon”; displayed 

across and within hearing conditions. Overlaid dots represent individual participant data points. 

 

To statistically assess the influence of hearing condition (Normal, HI-Unaided, HI-Aided) and 

emotion type (sad, happy) on F0 processing, two-way mixed-design ANOVA revealed a 

significant main effect of hearing condition (F (2,39) = 4.984, P = 0.0118) and emotion (F (1,78) 

= 50.16, p < 0.0001) on 5% accuracy scores. However, the interaction effect was not significant 

(F (2,39) = 0.2026, p= 0.8175), indicating that hearing condition and emotion independently 

influence the encoding of F0 contour at the central auditory level. A parallel effect was also found 

for the RMSE metric, with a significant main effect of hearing condition (F (2, 39) = 4.074, p = 

0.0247) and emotion (F (1, 39) = 339.9, P < 0.0001), but no interaction effect (F (2, 39) = 0.017, 

p = 0.9825).  
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3.3. Effect of hearing condition on F0 tracking accuracy  

Tukey’s post hoc comparisons demonstrated that FFR F0 tracking accuracy varied significantly 

across hearing conditions (Figure 5). Based on 5% accuracy results presented in Figure 5A, 

participants with hearing impairment in unaided condition obtained significantly lower 5% 

accuracy scores compared to the NH participants (Mean Difference = 18.7, 95% CI [4.2, 33.2], p 

= 0.0087). In contrast, the HI participants in the aided condition did not significantly differ from 

the NH participants (Mean Difference = 7.9, 95% CI [-6.5, 22.4], p = 0.388). Despite higher mean 

5% accuracy scores in the aided condition, the initial post hoc comparisons revealed no significant 

difference between the HI-Aided and HI-Unaided conditions (Mean Difference = -10.8, 95% CI 

[-25.3, 3.6], p = 0.1778). Given that the unaided and aided conditions were assessed within the 

same participants, a paired t-test was subsequently conducted to eliminate within-subject 

variability and enhance statistical power (Figures 5B). The analysis revealed that hearing aid use 

significantly improved prosody processing compared to the unaided condition (p = 0.0048), 

despite the preliminary post hoc comparisons showing no significant difference.  

With respect to RMSE results (Figures 5C), Tukey’s post hoc comparisons revealed that RMSE 

values were significantly greater in the HI participants in the unaided condition compared to the 

NH individuals (Mean Difference = -3.5 Hz, 95% CI [-6.6, -0.5], p = 0.0185). In contrast, no 

significant difference was found between HI individuals in the aided condition and NH participants 

(Mean Difference = -1.8 Hz, 95% CI [-4.9, 1.2], p = 0.313), suggesting improvement in the HI-

Aided condition. Similar to 5% accuracy results, Tukey’s post hoc comparisons showed no 

significant differences between the HI-Aided and HI-Unaided conditions (Mean Difference = 1.7 

Hz, 95% CI [-1.3, 4.7], p = 0.3625). However, a follow-up paired t-test, appropriate for the 
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repeated-measures design within the HI group, showed that F0 tracking error was significantly 

reduced in the HI-Aided condition compared to the HI-Unaided condition (p = 0.0368).  

 

Figure 5. Effect of hearing condition on FFR F0 tracking accuracy in response to the word “balloon” 

assessed using either 5% accuracy (A-B) or RMSE (C-D) in the NH participants (Normal) and HI 

participants in both the unaided (HI-Unaided) and aided condition (HI-Aided). (A) and (C) show initial 

Tukey’s post hoc pairwise comparisons across three hearing conditions. (B) and (D) present repeated-

measures comparisons between the HI-Unaided and HI-Aided conditions using paired t-tests. The bars 

desplay the mean ± standard deviation (SD) for each condition. Statistical significance is shown as follows: 

* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 
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3.4. Effect of emotion on F0 tracking accuracy  

Analysis of 5% accuracy revealed a significant main effect of emotion (Mean Difference = 26.5, 

p < 0.0001). The sad stimulus (Mean = 64.9) elicited significantly higher 5% accuracy scores than 

the happy emotion (Mean = 38.4), as shown in Figure 6A. A similar observation was made for 

RMSE (Mean Difference = -10.5, p < 0.0001), with significantly lower RMSE values for sad 

stimulus (Mean = 8.0) compared to happy stimulus (Mean = 18.5), showing that the F0 contour 

associated with the sad version of word “balloon” elicited more robust FFR responses (Figure 6B). 

 

Figure 6. Effect of emotion on FFR F0 tracking accuracy assessed using either 5% accuracy (A) or RMSE 

(B)  spoken by a male talker expressing sad (blue bar) and happy (green bar) emotions. The bars desplay 

the mean ± standard deviation (SD) for each condition. Statistical significance is shown as follows: * p < 

0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.   

 

4. Discussion 

This study investigated the potential deficit in prosody processing associated with hearing loss at 

the central level of the auditory system by examining FFRs to the word “balloon” spoken with sad 

and happy emotions. It also assessed if hearing aids can restore prosodic cues in emotional speech 
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by comparing FFR tracking accuracy of F0 contours in HI participants under unaided and aided 

listening conditions.   

Hearing loss degrades neural representation of prosodic cues 

Our findings showed that hearing loss significantly disrupts neural encoding of F0 contours in 

emotional speech. Although the FFR was capable of tracking F0 variations over time in response 

to for both the sad and happy “balloon” stimuli  in HI individuals, both 5% accuracy and RMSE 

were significantly different when compared to the NH condition. One possible explanation for the 

impaired F0 tracking accuracy observed in individuals with hearing loss is reduced audibility, 

particularly given that amplification led to improved F0 tracking in our study. Reduced audibility, 

regardless of the affected frequency range, may limit access to prosodic cues. Although prosody 

is primarily conveyed through low-frequency components, even high-frequency hearing loss can 

impact prosodic processing, as previous studies have shown that high-frequency harmonics 

contribute to the representation of speech periodicity (47). This aligns with previous FFR studies 

reporting degraded neural representation of F0 following auditory deprivation.  

In a study conducted by Ananthakrishnan et al., neural representation of both the envelope (F0) 

and temporal fine structure (TFS) at first formant (F1) was degraded in adults with mild to 

moderate hearing loss when stimuli were presented at equal sound pressure levels (SPLs) as those 

used for NH individuals, in response to a synthetic steady-state vowel /u/ (30). The decreased F0 

and F1 magnitudes was attributed to reduced audibility and limited access to high-frequency 

unresolved harmonics. Similarly, Hao et al. (29) also reported significantly reduced F0 amplitudes 

and degraded stimulus-response correlation in HI individuals in response to a 170-ms /da/ stimulus 

presented at 85 dB SPL compared to NH peers, both in quiet and in the presence of white noise. 

Having ruled out the contribution of age-related neural degeneration, as no significant correlation 
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was found between age and FFR components, the authors attributed the observed impairments to 

diminished audibility due to peripheral hearing loss.  

On the other hand, some other studies have indicated that hearing loss can enhance F0 

representation. In a study conducted by Anderson et al., older adults with mild to moderate hearing 

loss exhibited greater envelop encoding, as reflected by increased amplitude of F0, H1, and H2, in 

response to synthesized /da/ stimulus compared to age-matched NH controls (28). Relying on 

animal models, the authors proposed that hearing loss can lead to decreased inhibition and 

increased excitability throughout the central auditory pathway. As another possibility, they 

considered that broader tuning curve bandwidths resulting from hearing impairment may lead to 

enhanced envelope modulation. Similarly, Koravand et al. also found an increase in the amplitude 

of the fundamental frequency (F0) component of the FFR in children with mild to moderately 

severe hearing loss (31).  

In contrast, Presacco et al. reported no significant differences in either FFR amplitude or stimulus-

to-response correlation between older adults with normal hearing and those with hearing 

impairment in response to a 170 ms synthesized /da/ syllable with a F0 of 100 Hz presented at 75 

dB SPL (32). However, when both older groups were compared to younger adults, they exhibited 

weaker FFR amplitudes, leading the authors to attribute these deficits primarily to age-related 

temporal processing rather than hearing loss. In contrast, our study revealed that there is a 

significant difference in F0 tracking accuracy between older adults with and without hearing loss. 

The difference between our results and this study may be explained by methodological factors. 

Unlike their use of a synthesized /da/ with steady F0 and RMS amplitude of the FFR signal in the 

70–2000 Hz range, we employed a natural speech word with time-varying F0 and focused 

specifically on the FFR at F0, with the aim of measuring FFR tracking accuracy. The dynamic F0 



92 
 

may have imposed greater temporal demands on the auditory system than the steady F0 used by 

Presacco et al., which may account for the increased vulnerability to hearing loss observed in our 

study. Findings by Moris et al. further suggested that both aging and hearing loss contribute to 

reduced neural synchrony at the brainstem level (33). Using 120-ms tone glides centered around 

500 Hz with dynamic changes in F0 (⅓, ⅔, or 1 octave) presented at 80 dB SPL, they demonstrated 

a decreased likelihood of older and HI individuals producing a detectable FFR, and among those 

with a detectable response, reduced pitch strength and stimulus–response coherence was also 

observed.  

F0 tracking deficit associated with hearing loss can be partially restored by hearing aid 

The present study showed that HI individuals with amplification exhibited a significant 

improvement in 5% accuracy and a significant reduction in RMSE values, indicating enhanced F0 

tracking compared with the unaided condition. These findings suggest that restoring audibility 

through amplification may enhance the robustness of F0 encoding. Although hearing aids typically 

apply greater gain to high frequency regions which are more vulnerable to hearing loss, this can 

still support improved tracking of the F0 contour, a primarily low-frequency feature. Since high-

frequency harmonics can represent periodicity (47), hearing aids by amplifying these high-

frequency components may indirectly enhance F0 tracking in individuals with hearing loss. 

However, it is worth noting that, because this study used a hearing aid simulator rather than real 

devices, some characteristics of real hearing aids, such as processing delays and possible comb 

filtering effects, may not be reflected in our results. These characteristics could disrupt neural 

phase locking and distort the speech envelope, which is important for perceiving emotional 

prosody. Consequently, real hearing aids might produce smaller or less consistent improvements 

due to the effect of processing delay. Even with this limitation, our results reinforced the view that 
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the FFR can serve as a valuable tool in hearing aid research and fitting, aligning with previous 

findings that highlight clinical potential of FFR for objective assessment and personalized hearing 

aid adjustment (48-50).  

In line with our results, using a naturally spoken speech token /susa∫i/, Easwar et al. showed that 

use of amplification in adults with hearing loss led to significantly enhanced representation of F0 

(34), as reflected by an increased number of FFR detections and greater response amplitude at F0. 

Ananthakrishnan et al. also found that when stimuli were presented at equal Sensation Levels (SLs) 

to both NH and HI participants, F0 representation in HI group closely resembled that observed in 

NH listeners (30). This observation was taken to imply that amplification can partially restore 

access to envelope cues. Likewise, relying on the improved audibility and more precise temporal 

processing provided by hearing aid, BinKhamis et al. reported greater F0 encoding amplitude in 

response to the amplified 40 ms /da/ stimulus with rising F0, compared to unaided condition (35).  

On the other hand, Anderson et al. found that HI individuals exhibited greater envelope encoding 

than their NH peers when listening to an amplified synthesized /da/ stimulus processed through 

the NAL-R algorithm, a pattern that was also observed in the unaided condition (28). They 

interpreted the presence of enhanced envelope encoding, even after restoring audibility through 

amplification, as indicative of neural alterations arising from central auditory mechanisms rather 

than peripheral deficits alone in HI individuals. Interestingly, Fu et al. demonstrated significantly 

reduced pitch strength and stimulus–response coherence in FFRs to both steady tones and linearly 

frequency-modulated (FM) sweeps in individuals with mild to severe hearing loss, relative to NH 

participants (36). Using non-speech stimuli presented at individually adjusted levels to equate 

audibility and match loudness perception, they attributed these deficits to impaired neural 
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synchrony rather than reduced audibility, although the authors mentioned that the effect of sound 

level could not be fully excluded. 

F0 representation in sFFR responses differs by emotion type 

To the best of our knowledge, this is the first study to examine the neural correlates involved in 

encoding emotion-related F0 cues in hearing-impaired individuals, with and without hearing aid 

amplification, using the FFR. As mentioned in the previous section, a few studies have assessed 

neural representation of time-varying F0 in individuals with hearing loss; however, no one have 

explored it within the emotional context of speech. Based on sFFR responses to the word “balloon” 

spoken by one male talker, our results revealed that F0 representation varies across emotion types, 

with the sad emotion being more robustly encoded than the happy emotion across all hearing 

conditions, as reflected by higher 5% accuracy and lower RMSE values.  

This result could be linked to the acoustic characteristics of different emotions. In this study, the 

Sad version of  “balloon” was acoustically defined by a lower mean F0, a falling pitch contour, 

and a slower rate of F0 changes compared to happy emotion (Figure 1). Previous FFR studies in 

normal-hearing individuals have also shown that the magnitude of the F0 response is enhanced 

when stimulus pitch is lower and the rate of F0 change is slower (51-53). In our study, with the 

same talker throughout, the sad stimulus had lower mean F0 of 95.1 Hz (Min F0 = 88.8 Hz, Max 

F0 = 103.3 Hz) with a gradual falling contour, whereas the happy emotion exhibited a higher mean 

F0 of 153.4 Hz (Min F0 = 109.5, Max F0 = 182.1 Hz) with a steeper rising and falling slope. 

Averaged spectrograms across participants also showed greater energy at F0 and even at 2F0 for 

sad stimuli, particularly in the normal and aided groups (Figure 2). The acoustic profile of the sad 

stimuli likely facilitated more robust F0 encoding, consistent with previous findings that lower 

pitch and slower F0 dynamics enhance FFR responses. It should be taken into consideration that 
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these results apply only to happy and sad emotions, and further research with a broader range of 

emotions, different words, and additional talkers is needed to determine the generalizability of 

these findings.  

Despite insufficient electrophysiological evidence on the effect of hearing loss and hearing aid 

processing on the neural encoding of emotional cues, a few behavioral studies have shown that 

hearing loss and hearing aids influence the perception of emotional speech. In a study conducted 

by Goy et al., older adults with hearing loss performed worse than their NH peers on emotion 

identification task, and emotion types did not affect their performance (18). Their follow-up study 

indicated that the use of hearing aids did not significantly improve emotion identification 

performance in the HI individuals (54). They also reported that different amplification strategies 

in simulated hearing aid processing could alter the intensity variation and spectral centre-of-gravity 

in emotional speech (23). These effects were emotion-specific and could make some emotions less 

distinguishable based on these acoustic cues. Most & Aviner have also found that hearing aid users 

performed significantly worse than NH individuals when emotions were presented in the auditory-

only condition (16). Among the six tested emotions, sadness was the most accurately identified 

emotion by the hearing aid users, followed by happiness, surprise, fear, anger, and disgust. The 

authors suggested that acoustic features of sadness such as slower rate, lower average F0, and 

longer duration could make it more accessible through hearing aids. 

In conclusion, the current study expanded our previous findings (Chapter3) demonstrating that 

phase-locked neural activity underlying the FFR is sufficiently dynamic to encode time-varying 

acoustic features embedded in speech prosody. It further revealed that hearing loss can 

compromise the synchronized neural firing necessary for tracking F0 contours, whereas hearing 

aids can partially preserve this pitch-related information. In addition to hearing status, the type of 
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emotion expressed in the eliciting stimuli can influence the extent to which the sFFR reflects 

prosodic characteristics, likely through differences in their underlying acoustic features. 

Considering the importance of prosody in daily communication, these findings highlight the need 

to identify and rehabilitate prosody deficits in HI individuals. The sFFR can provide an objective 

tool to assess how prosody-related acoustic cues are processed. However, since perception 

eventually relies on higher level cortical processing, future studies should incorporate 

complementary behavioral assessments to provide a more comprehensive understanding of the 

effect of hearing loss and the benefit of hearing aids on the perception of prosody.   
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Abstract 

Background: While prosody perception is a crucial component of effective communication and 

carries emotional information in speech, it remains largely neglected in the assessment and 

management of individuals with hearing impairment. Moreover, the limited existing literature has 

yet to reach a consensus on the effects of hearing loss and hearing aid use on emotional speech 

perception. 

Objectives: This study aimed to examine the prosodic abilities of hearing-impaired individuals 

under cognitively demanding conditions and to determine whether they engage cognitive resources 

to the same extent as normal-hearing peers during emotional processing. It also evaluated whether 

hearing aid amplification can compensate for potential prosodic deficits and reduce the cognitive 

load required for processing prosodic information. Finally, it assessed whether speech-in-noise 

performance can predict prosodic processing ability in hearing-impaired individuals. 

Method: An emotion identification test paired with a secondary free-recall task was administered 

to normal-hearing participants and to hearing-impaired individuals under both unaided and aided 

conditions. Response accuracy, reaction time, and the number of recalled words were recorded. 

Speech-in-noise perception was also assessed using the QuickSIN test, and SNR loss was 

calculated. 

Results: Significantly lower response accuracy in hearing-impaired individuals indicated that 

hearing loss degraded emotional prosody processing, with effects varying by emotion type. The 

reduced number of recalled words among hearing-impaired participants further suggested 

increased cognitive effort in perceiving emotional speech. Although amplification improved 

performance, emotional speech perception remained below normal-hearing levels, suggesting that 

hearing aids may partially restore emotional cues in speech. A significant negative correlation was 
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also observed between QuickSIN scores and emotion identification accuracy, suggesting that poor 

speech-in-noise performance may reflect prosodic processing difficulties.  
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1. Introduction 

Hearing loss, a growing global health concern projected to affect 2.5 billion individuals by 2050 

[1], significantly impairs speech recognition and can impact social interactions, cognitive function, 

and overall quality of life [2-5]. This emphasizes the need to maintain effective speech 

communication, which requires accurately perceiving all speech components [6]. However, in 

hearing research and audiology clinical practice, from evaluation to rehabilitation and hearing 

assistive technologies, the primary focus is on the linguistic aspects of speech such as word and 

sentence recognition. In contrast, the paralinguistic features, which complement linguistic 

information, have not been examined as extensively. These features include the prosodic elements 

of speech such as intonation, stress, and rhythm, which help the listener understand the speaker’s 

emotions and intentions [7-9]. Acoustically, these emotional patterns are produced by variations 

in fundamental frequency (F0), intensity, and duration [6, 10]. 

Individuals with hearing impairment often experience reduced audibility, degraded spectro-

temporal resolution, and impaired auditory pathway integrity that can disrupt the ascending 

information flow [11-13], preventing precise encoding of the prosody-related acoustic cues [14-

16]. Some evidence has also shown that, through the feedback flow in the descending pathway, 

hearing impairment can reduce activation in the amygdala and limbic system, key hubs for emotion 

processing, and alter connectivity between auditory regions and cognitive network [17, 18]. 

However, research findings on the performance of hearing-impaired individuals in processing 

speech prosody are inconsistent. While some studies have reported no deficits in the perception of 

emotional prosody among people with hearing loss [19-22] , other studies have found that hearing-

impaired individuals perform worse than normal-hearing counterparts, influenced by the hearing 

loss severity and the type of emotions being processed [23-27]. 
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This inconsistency is also evident in studies investigating the impact of hearing aids on restoring 

emotional information. Using emotional speech sentences, some studies have reported that 

emotion recognition does not improve when hearing-impaired individuals use hearing aids [24, 

28, 29]. Other studies have also shown that hearing aids may alter acoustic characteristics critical 

for emotion perception, such as intensity variation and spectral cues, and thereby weaken the 

distinction among various emotions [30, 31]. However, some studies have suggested that hearing 

aid use can significantly compensate for emotional perception deficits in individuals with hearing 

loss, as reflected by better performance on emotion identification tests and higher arousal ratings 

in emotion judgment tasks [23, 27].  

One possible reason contributing to such mixed results in the aforementioned studies might be that 

they have solely focused on emotion identification in isolation, without exploring how hearing-

impaired individuals interpret prosodic speech in cognitively demanding situations that resemble 

real-life challenges. This becomes particularly important when considering that effective daily 

communication relies on cognitive skills that enable listeners to simultaneously process speech 

signals, retain them, and respond appropriately [32-34]. By introducing a recall component to the 

emotion identification task, the present study aimed to assess how and to what extent hearing loss 

can degrade emotional prosody perception under a cognitively demanding condition. Furthermore, 

this study evaluated the impact of simulated hearing aid amplification on emotion perception 

ability among hearing-impaired individuals, with a particular focus on whether amplification 

reduces the cognitive load required for processing prosodic information.  

In addition, given the absence of prosody assessment in standard audiologic test batteries, we 

explored whether any routine audiology tests in clinical settings could serve as a predictor for 

hearing-impaired individuals’ performance on prosody perception. We selected the Quick Speech-
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in-Noise (QuickSIN) test as our measure of interest. The QuickSIN test is a reliable clinical tool 

consisting of twelve lists of six sentences, each presented with multi-talker babble noise to simulate 

real-world listening conditions [35]. It requires listeners to selectively attend to the target talker 

while suppressing babble talkers [35]. This task involves auditory processing mechanisms such as 

spectral resolution, temporal processing, and pitch tracking, alongside higher-order cognitive 

functions, which are also engaged in emotion perception [35-37]. The use of naturally dynamic 

sentences [35], as opposed to static words in conventional speech audiometry, aligns more with 

the demands of emotion identification tasks. Adding the recall task to the emotion identification 

test further increases cognitive load, making it more comparable to the complexity of speech 

perception in noisy environments. We investigated the degree to which the QuickSIN can predict 

performance on the emotion identification task. Determining the correlation between these two 

tests may give audiologists insight about the possibility of deficits in prosody perception when 

patients perform poorly on speech perception tasks in noisy environments.  

2. Methods and materials 

2.1. Participants 

A total of 28 adults, aged 18–65 years, participated in this study, comprising 14 normal-hearing 

individuals (mean age = 52.4 years) and 14 age-matched hearing-impaired individuals (mean age 

= 52.1 years). Otoscopy, tympanometry, and pure-tone audiometry were conducted to assess 

overall hearing function. Normal hearing (NH) was defined as audiometric pure-tone thresholds ≤ 

25 dB HL from 250 to 8000 Hz in both ears. The hearing-impaired (HI) group included individuals 

with unilateral or bilateral mild to moderately severe sensorineural hearing loss (SNHL), defined 

by air conduction thresholds > 30 dB HL and ≤ 70 dB HL at octave frequencies of 250 to 8000 Hz 

in at least one ear. Their hearing thresholds are shown in Table S3 (Appendix L). Following the 
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administration of the Language Experience and Proficiency Questionnaire (LEAP-Q) [38], the 

Demographic and Music Experience Questionnaire [39], and the Standardized Mini-Mental State 

Examination (SMMSE) [40], participants who were native or near-native English speakers, non-

musicians, and non-tonal language speakers were recruited for the study (Appendix C-E).  

2.2. Data collection 

The QuickSIN test was conducted at two presentation levels (55 dB and 70 dB SPL). At each level, 

participants completed two lists, and the average signal-to-noise ratio (SNR) loss was used to 

represent their speech-in-noise performance. QuickSIN results are available in Table S4 in 

Appendix M. 

To assess emotion perception, an emotion identification test was structured based on Goy et al. 

[24] study and further developed to meet the needs of the present study. The test consisted of 105 

English sentences selected from the Toronto Emotional Speech Set (TESS) [41], which comprises 

200 words embedded within the carrier phrase "Say the word". These sentences were recorded 

from one older and one younger female speaker, each expressing seven emotions: angry, disgust, 

fear, happy, pleasant surprise (PS), sad, and neutral. For the present study, only the recordings 

from the younger female speaker were used. Seven lists were created, each containing 105 

sentences, 15 for each of the seven emotions. Although the sentence content was the same across 

all seven lists, the emotion used to express each sentence varied from one list to another. For each 

participant, the list was selected in a counterbalanced order.  

The participants were asked to listen to sentences and, immediately after each one, choose one of 

seven emotion options by clicking the corresponding button on a computer screen. Accurate 

responses and reaction times were recorded both for overall performance and separately for each 

emotion. A secondary free-recall task was also incorporated into the emotion identification task. 
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Participants were instructed to remember the final word of each sentence. After every five 

sentences, they were asked to recall the last word from each of the five sentences without any cues 

or prompts. The total number of correctly recalled words was then recorded. For NH participants, 

the right ear was considered as the test ear. For participants with unilateral hearing loss, the test 

was conducted in the impaired ear; for those with bilateral loss, the right ear was tested. 

 Sentences were presented at an average level of 65 dB SPL via an insert earphone to the 

participant’s test ear, with the stimuli delivered from a laptop through the audiometer. To maintain 

the natural variation in vocal intensity across emotions, the sentences were not individually 

normalized.  Participants in the HI group completed the test twice; once with the original and 

unamplified sentences, and once with amplified sentences representing the aided condition. A 

software-based hearing aid simulator [42], developed in MATLAB (MathWorks, Natick, MA), 

was used to amplify the sentences based on each participant’s hearing loss. The simulator applied 

wide dynamic range compression (WDRC) based on an algorithm combining a NAL-R gain 

prescription[43] and a 5-channel automatic gain controller (AGC). In this study, the AGC was set 

to a compression threshold of 50 dB SPL, an anchor point of 120 dB SPL, and attack and release 

times of 10 ms and 50 ms, respectively. Performance with the original stimuli represented the 

unaided condition (HI–Unaided), and performance with the amplified stimuli by HA simulator 

represented the aided condition (HI–Aided). Different sentence lists were used for the aided and 

unaided conditions to avoid repetition for each participant. To minimize learning effects, half of 

the HI participants began with the aided condition followed by the unaided condition, while the 

other half completed the conditions in the reverse order. To ensure comparable testing conditions, 

half of the NH participants were tested twice using the original stimuli with two different lists, and 

their performance on the second trial was recorded.  
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This study was conducted in accordance with the guidelines of the Institutional Research Ethics 

Board at the University of Ottawa, and written informed consent was obtained from all participants 

(Appendix B). 

2.3. Statistical analysis 

All statistical analyses and graphical representations were implemented using GraphPad Prism 

10.0. Separate one-way analyses of variance (ANOVAs), each followed by Tukey’s post hoc test, 

were first conducted to compare overall emotion identification performance across three hearing 

conditions (Normal Hearing, HI-Unaided, and HI-Aided) for each outcome: total correct 

responses, overall reaction time (RT), and the total number of final words recalled. Consequently, 

to account for repeated measurements within the HI group, repeated measures t-tests were also 

conducted between the HI-Unaided and HI-Aided conditions as complementary analyses for each 

outcome. 

To evaluate the effects of emotion types and hearing condition on response accuracy, a two-way 

mixed ANOVA (emotion type x hearing condition) was first conducted with emotion (7 levels) as 

a within-subjects factor and hearing condition (normal, HI-Unaided, HI-Aided) as a between-

subjects factor. Tukey’s post hoc test was then applied for pairwise comparisons. To improve 

sensitivity and account for repeated measurements within the HI group, response accuracy was 

consequently analyzed using repeated-measures ANOVA across emotions over the HI-Unaided 

and HI-Aided conditions. To analyze the effects of emotion types and hearing condition on 

reaction time, a mixed-effects model was applied with Restricted Maximum Likelihood (REML) 

estimation to address missing values while preserving the within-subjects structure. Tukey’s test 

was then conducted for post hoc pairwise comparisons. A follow-up repeated measures ANOVA 
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was subsequently conducted over the HI group results to more accurately examine the effect of 

hearing aid on reaction time across the same emotional categories.  

Finally, Pearson correlation and simple linear regression analyses were performed within the HI- 

unaided condition to examine associations between the performance of HI individuals on emotion 

identification task and Quick SIN scores. All p-values were two-sided, and the results with p-

values < 0.05 were considered statistically significant. Statistical significance is shown as follows: 

* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 

3. Results 

3.1. Group differences in overall response accuracy, reaction time, and recall 

performance in the emotion identification test 

Overall Response Accuracy. The total number of correct responses (out of max. 105), aggregated 

across all emotion categories, differed significantly among hearing conditions, as shown by a one-

way ANOVA (F(2, 39) = 10.08, p < 0.0003). Post hoc comparisons using Tukey’s correction 

indicated that participants with normal hearing achieved significantly higher accuracy scores 

(Mean = 89.6) than HI group in both the unaided (Mean = 57.6, p = 0.0003) and aided (Mean = 

65.5, p = 0.0066) conditions (Figure 1A). No significant difference was observed between the HI-

Unaided and HI-Aided conditions (p = 0.5456) in preliminary post hoc comparisons. However, 

since the unaided and aided conditions were assessed within the same HI participants, a 

complementary repeated measures t-test comparing these two conditions (Figure 1B) was also 

performed and revealed no statistically significant difference in response accuracy (p = 0.1677), 

despite a higher mean score in the aided condition. 

Overall Reaction Time. Total reaction time (RT) did not significantly differ across hearing 

conditions (F(2, 39) = 0.02269, p = 0.9776), indicating that the processing speed of emotion 
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identification was similar between the NH group and the HI group in both unaided and aided 

conditions (Figure 1C). The follow-up repeated measures t-test between the HI-Unaided and HI-

Aided conditions also showed no significant difference (p = 0.7471), despite a lower mean RT in 

the HI-aided than the HI-unaided condition (Figure 1D).  

Free Recall Performance. The ANOVA revealed a significant main effect of hearing condition 

(F(2, 39) = 5.323, p = 0.0090) on free recall performance (out of max. 105). Tukey’s test indicated 

that NH participants (Mean=79.9) obtained higher recall scores compared to their HI peers in both 

the unaided (Mean = 64.71, p = 0.0101) and aided conditions (Mean = 67.9, p = 0.0483) (Figure 

1E). However, no significant difference was found between the HI-Unaided and HI-Aided 

conditions (p = 0.80) in preliminary post hoc comparisons. This result was further supported by a 

repeated measures t-test over the HI group (Figure 1F), showing no statistical difference in the 

number of words recalled between the HI-Unaided and HI-Aided conditions (p = 0.14), despite 

higher mean recall scores in the aided condition.  
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Figure 1. Hearing condition differences (A, C, E) and within-subjects comparisons (B, D, F) for total correct 

responses (out of 105), overall reaction time (ms), and recall performance (out of 105).  A illustrates the 

results of a Tukey’s post hoc test for total number of correct responses, comparing NH group (Normal) with 

HI group in both the unaided (HI-Unaided) and the aided (HI-Aided) conditions. B illustrates the result of 

a repeated measures t-test comparing total correct responses between the HI-Unaided and HI-Aided 

conditions. C and D display the results of post hoc test and repeated measures t-test analysis for overall 

reaction time (RT), respectively. For the recall performance, E and F present the post hoc and repeated 

measures t-test results for the total number of recalled words, respectively. Violin plots on the left side 

illustrate the distribution of individual scores (one dot per participant), with horizontal bars denoting the 

median and interquartile range. Right-side figures present group means (dots) with vertical bars 

representing the standard deviation (SD). Statistical significance is shown as follows: * p < 0.05, ** p < 

0.01, *** p < 0.001, and **** p < 0.0001.   
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3.2.  Effect of emotion type and hearing condition on response accuracy and RT 

 

Response accuracy. To evaluate how accurately different types of emotion were identified across 

hearing conditions, a two-way mixed ANOVA was first conducted on accuracy scores, with 

hearing condition (Normal hearing, HI-Unaided, and HI-Aided) treated as a between-subjects 

factor and emotion types (7 levels) as a within-subjects factor. Each emotion had a maximum score 

of 15, representing the total number of correct responses for each emotion. The ANOVA revealed 

significant main effects of emotion type (F(4.651, 181.4) = 11.11, p < 0.0001) and hearing 

condition (F(2,39) = 10.80, p = 0.0002). However, no significant emotion* hearing condition 

interaction was observed (F(12,234) = 1.735, p = 0.06). Although the interaction between emotion 

type and hearing condition did not reach statistical significance, the near-threshold p-value (p = 

0.06) and the study’s focus on these factors supported reporting both main effects across the 

respective factor levels to illustrate potential trends in the data. 

As for the effect of emotion type, post hoc analyses revealed that in NH group (Figure 2A, left 

bars), accuracy scores were highest for fear (Mean = 14.4) and sad (Mean = 13.9), followed by 

angry (Mean = 13.4), neutral (Mean = 12.7), and disgust (Mean = 12.5), with happy (Mean = 12.3) 

and PS (Mean = 10.5) being the least accurately identified emotions. No significant differences 

were found between any pairs of emotions. For HI participants in the unaided condition (Figure 

2A, middle bars), accuracy scores were highest for sad (Mean = 11.5) and angry (Mean = 9.8), 

followed by neutral (Mean = 8.8), fear (Mean = 8.6), happy (Mean = 8.3), PS (Mean= 6.9), and 

disgust (Mean = 3.5) emotions. For the disgust emotion, accuracy scores differed significantly 

from those of sad (p = 0.0011), angry (p = 0.0032), happy (p = 0.0078), neutral (p = 0.0142), and 

fear (p = 0.0376) emotions. Additionally, there was a significant difference between PS and sad 
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emotions, with PS identified less accurately (p = 0.0176). A similar pattern was observed in the 

aided condition (Figure 2A, right bars), where accuracy scores were higher for sad (Mean = 12.9) 

and angry (Mean = 11.2), followed by happy (Mean = 9.6), fear (Mean = 9.5), neutral (Mean = 

8.3), PS (Mean= 8.0), and disgust (Mean = 5.7) emotions. Disgust emotion was identified 

significantly less accurately than both sad (p = 0.0019) and angry (p = 0.0299) emotions.  

Regarding the main effect of hearing condition, Tukey’s post hoc comparisons showed that the 

NH group demonstrated significantly higher accuracy than HI participants in both the HI-Unaided 

(Figure 2B) and HI-Aided groups (Figure 2C) for some emotions, including disgust, fear, happy, 

and neutral emotions (all p < 0.04). However, no significant differences were observed between 

the HI-Unaided and HI-Aided groups for any emotion (all p > 0.05) in the initial analysis, though 

accuracy scores tended to be numerically higher in the aided condition. Given that the same 

participants were tested in both aided and unaided conditions, a complementary two-way repeated-

measures ANOVA was conducted within the HI group to account for within-subject variability, 

followed by Tukey’s post hoc comparisons (Figure 2E). It showed a significant improvement in 

identification of disgust emotion in the aided condition relative to the unaided condition (p = 

0.0377). No other emotions showed statistically significant improvement (all p > 0.05).  
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Figure 2.  Comparisons of response accuracy across seven emotions and three hearing conditions (Normal 

Hearing, HI-Unaided, HI-Aided). A presents Tukey’s post hoc analyses of response accuracy, showing the 

effect of emotion type across hearing conditions. B, C, and D illustrate results from Tukey’s post hoc 

analyses, highlighting the effect of hearing condition on response accuracy. E display repeated-measures 

comparisons that complement the post hoc analyses by evaluating accuracy differences between the HI-

Unaided and HI-Aided conditions. Each bar represents the mean accuracy score, with error bar indicating 

the standard deviation (SD). Statistical significance is shown as follows: * p < 0.05, ** p < 0.01, *** p < 

0.001, and **** p < 0.0001.   
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Reaction Time. To examine the main effects of emotion type and hearing condition on reaction 

time (RT), a mixed-effects model was first conducted with hearing condition (Normal hearing, HI-

Unaided, and HI-Aided) treated as a between-subjects factor and emotion types (7 levels) as a 

within-subjects factor. This analysis showed that emotion type had a significant effect on RT (F 

(4.801, 175.2) = 16.93, p < 0.0001); however, the main effect of hearing condition was not 

statistically significant (F(2,39) = 0.5041, p = 0.6079). No significant interaction was also observed 

between hearing condition and emotion (F(12,219) = 0.9757, p = 0.4730).  

To further explore the main effect of emotion type, Tukey’s analyses revealed that that some 

emotions required less processing time for accurate identification than others, independent of 

hearing condition (Figure 3). Mean reaction times (RTs) indicated that participants responded most 

quickly to sad (Mean = 4.0 ms) and neutral (Mean = 4.23 ms), followed by fear (Mean = 4.29 ms), 

PS (Mean = 4.4 ms), angry (Mean = 4.5 ms), and happy (Mean = 4.6), with disgust (Mean = 6.0 

ms) taking the longest to identify. Pairwise comparisons revealed that disgust elicited significantly 

slower reaction times than sad, neutral, fear, angry, and happy (all p < 0.0001). Reaction times for 

sad emotion was also significantly different from angry (p = 0.0346) and happy (p = 0.0365). No 

other pairwise comparisons reached statistical significance. 
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Figure 3.  Comparisons of reaction time across seven emotions. Each bar represents the mean accuracy 

score, with error bar indicating the standard deviation (SD). Statistical significance is shown as follows: * 

p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.   

 

3.3. Relationship between Speech-In-Noise performance and emotion identification 

ability   

To evaluate whether performance on the QuickSIN test is correlated with and serves as predictor 

of emotion identification performance, Pearson correlation and simple linear regression analyses 

were conducted for HI participants in unaided condition at both 55 dB SPL and 70 dB SPL 

presentation levels for the QuickSIN. Given that only response accuracy, and not reaction time, 

showed significant group differences between HI and NH participants, analyses were restricted to 

response accuracy. 

At 55 dB SPL, a significant correlation was found between SNR loss and emotion identification 

accuracy (r = –0.5624, p = 0.036), indicating that the poorer performance in QuickSIN is associated 

with lower accuracy scores in emotion identification test (Figure 4, Left panel). The regression 

analysis confirmed this relationship, showing that SNR loss predicted accuracy scores in the 
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emotion identification test (β = –1.578, 95% CI: –3.038 to –0.1189, R² = 0.316, p = 0.036). At 70 

dB SPL, a similar pattern was observed where both the Pearson correlation (r = –0.563, p = 0.036) 

and the linear regression analysis (β = –1.897, 95% CI: –3.65 to –0.145, R² = 0.316, p = 0.036) 

were statistically significant, indicating that as QuickSIN SNR loss increases, emotion accuracy 

score decreases (Figure 4, Right panel). Based on the regression model, each 1 dB increase in 

QuickSIN SNR loss was associated with a 1.9-point decrease in accuracy scores. However, 

individuals who performed well on QuickSIN were not always associated with good prosody 

perception. 

 

Figure 4. Association between QuickSIN scores (SNR loss) and response accuracy in the emotion 

identification test in HI individuals tested in unaided condition. Scatterplots show Pearson correlations and 

fitted regression lines for two presentation levels (55 and 70 dB SPL) of the QuickSIN. 
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4. Discussion 

The effects of hearing loss and hearing aids on emotional speech perception remain unclear, as 

previous studies have reported inconsistent findings. To further investigate this, we evaluated 

emotion identification under more ecologically valid conditions by introducing a cognitive 

component to emotion identification task and age-matching participants to isolate the impact of 

hearing loss.  

Our results showed that the HI group in the unaided condition performed worse than the NH 

participants, as indicated by significantly lower accuracy scores. With amplification, accuracy 

scores remained significantly lower than those of the NH group. Compared to the unaided 

condition, HI participants showed improvement in accuracy scores in the aided condition, although 

this improvement was not significant. As for reaction time, performance was comparable between 

groups, suggesting that hearing status and amplification had no influence on processing speed. A 

breakdown of responses by individual emotions further revealed that both accuracy scores and 

reaction times were influenced by emotion type. Some emotions were consistently identified with 

lower accuracy and shorter reaction time than others across all hearing conditions. Furthermore, 

this study examined the cognitive load associated with emotional speech processing in individuals 

with hearing impairment, an area that, to our knowledge, has not been previously investigated. 

Using a recall task, our findings indicated that HI listeners required greater cognitive effort to 

process prosodic information, leaving fewer resources available for the recall task, as reflected by 

a lower number of recalled words. While the use of amplified stimuli reduced cognitive load during 

prosody processing compared to the unaided condition, the difference was not significant. 

Although a reduced number of correctly recalled words is consistent with increased cognitive 

effort, it cannot be considered conclusive. Incorporating physiological markers or self-report 
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measures, like pupillometry and workload ratings, would strengthen the assessment of listening 

and cognitive effort. 

Considering all the findings collectively, one possible explanation is that reduced audibility can 

limit access to emotional cues among individuals with hearing loss. The hearing aid amplification 

could provide limited benefit and did not significantly improve behavioral emotion identification. 

This opens up another possibility that beyond peripheral auditory deficits and reduced audibility, 

higher-order processing may also be affected. Earlier research has shown that individuals with 

hearing loss may attend to or process emotional cues differently [14]. It is also possible that, given 

the interaction between the auditory and cognitive systems [44-46], hearing impairment at more 

advanced stages of auditory processing where cognitive resources are more engaged may heighten 

cognitive load, contributing to weaker behavioral emotional responses in HI individuals compared 

to their age-matched NH peers, even with amplification. This may partially explain why hearing 

aids alone are not sufficient to fully restore emotional processing to the normal level, offering that 

auditory training may be necessary to enhance their benefit. The emotion-related performance 

patterns observed in our participants, regardless of hearing status, further suggest that variations 

in the acoustic properties of each emotion may make some emotions more distinguishable and 

accessible than others. 

Our findings align with those of Goy et al., who also used the same emotional speech database as 

in our study, albeit without including a free recall task in their experimental design [23]. They 

reported that older adults with hearing loss performed significantly worse than their NH peers in 

identifying vocal emotions. In contrast to our findings, however, hearing aids significantly 

benefited the HI participants in their study. Additionally, no effect of emotion type was observed 

between aided and unaided conditions, suggesting a general difficulty among HI listeners in 
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emotional prosody recognition. In their later study, consistent with our results, the previously 

observed differences between aided and unaided conditions were no longer significant, and the 

type of emotion influenced the HI individuals’ performance [24]. Among the emotions, sadness 

was the most accurately identified, whereas disgust and fear showed the lowest recognition scores. 

In another study, Most and Aviner also observed emotion-related performance differences among 

hearing aid users, which were attributed to the acoustic profiles of different emotions, including 

F0 patterns, intensity, and duration. [25]. Emotions such as sadness, with its slower rate, lower 

average F0, and longer duration, may be more easily perceived through hearing aids. Accordingly, 

they explained that sadness was most accurately identified, followed by happiness, surprise, fear, 

anger, and disgust.  

Contrary to our results, Namvar et al. showed that hearing aids, through amplitude compression, 

can reduce the salience of emotion-specific acoustic cues, making emotion identification more 

challenging [30]. They showed that fast compression resulted in the greatest degradation of 

emotional speech recognition, particularly for happiness, sadness, and anger, followed by linear 

amplification, and slow compression. These effects were attributed to acoustic distortions resulting 

from frequency-dependent gain variations and differences in amplification strategies. The 

discrepancy between their findings and ours may stem from the methodological differences; while 

their study simulated hearing loss in NH listeners, our study involved individuals with actual 

hearing impairment, whose perceptual processing may differ. Additionally, our emotion 

identification task included a cognitive component, which may have further influenced 

performance. Similar to the findings of Arefi et al., Goy et al., through acoustic analysis of 

simulated hearing aid outputs, demonstrated that all types of hearing aid processing, including 

linear, slow, and fast compression, significantly alter key acoustic features of emotional speech, 
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such as intensity standard deviation and spectral center of gravity [31]. These acoustic alterations 

were emotion-specific and resulted in reduced acoustic contrast between emotional categories and 

made certain emotions, such as anger and disgust, less distinguishable, especially with fast 

compression. It is important to note that this particular study relied solely on acoustic analysis 

without examining human behavioral responses, which may account for the discrepancy between 

their findings and ours. In our study, while performance in the aided condition was still below that 

of NH participants and not significantly different from their unaided condition, it showed a trend 

of improvement rather than decline. However, our study used a hearing aid simulator instead of 

real devices, which may not fully capture the effects of real hearing aid characteristics on emotion 

perception 

Lastly, our study showed that QuickSIN performance was significantly correlated with emotion 

identification accuracy among HI participants, although individual variability was observed. A 

moderately severe negative correlation between SNR loss scores and emotion identification 

accuracy indicated that the poorer performance in QuickSIN is in general associated with lower 

accuracy scores. However, individuals who performed well on the QuickSIN were not always 

associated with good prosody perception, suggesting some differences on the roles of auditory and 

cognitive processing for speech perception in noise versus emotion identification. In this regard, 

previous studies have also demonstrated that individuals with hearing impairment who perform 

poorly on speech-in-noise tasks, such as those involving four-talker babble in QuickSIN or speech-

shaped noise in the HINT, also exhibit deficits in processing F0-related cues [47, 48]. Since F0 is 

a critical acoustic feature for emotion identification, this relationship is reasonably expected. On 

the other hand, speech-in-noise perception requires cognitive resources, including attention, 

working memory, and short-term memory, in addition to auditory processing skills [36, 37, 49]. 
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Perceiving emotional speech within our paradigm also recruited similar cognitive functions. The 

overlap in cognitive resources needed for these two tasks may partially account for the observed 

correlation.  

To sum up, prosody perception difficulties should be given more consideration in both the 

assessment and rehabilitation of individuals with hearing loss. Given that current hearing aid 

technologies may not fully compensate for prosody perception deficit, exploring innovative 

algorithms - potentially involving artificial intelligence, brain-computer interfaces, or auditory 

training - could be beneficial. Future investigations could further examine the role of hearing loss 

configuration and include individuals with a wider range of cognitive abilities to better clarify how 

these factors influence prosody perception. 
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General Discussion 

Emotional prosody perception is fundamental to effective speech communication. However, 

individuals with hearing loss and hearing aid users often face challenges in perceiving and 

interpreting these verbal prosodic cues [1-3]. This thesis, comprising a narrative review and three 

experimental studies, investigated the neural and perceptual aspects of prosody processing in 

individuals with normal hearing and hearing impairment, with and without hearing aid 

amplification, using both electrophysiological and behavioral paradigms. Across all chapters, the 

primary focus was on how hearing loss and simulated hearing aid processing influence the 

encoding and perception of prosodic cues, particularly those conveying emotional information. 

This general discussion brings together the main findings from each study, highlighting both the 

overlapping results and the distinct contributions of each.  

Chapter 2 presented a narrative overview that laid the theoretical foundation for this thesis, 

emphasizing the essential role of prosody in speech interaction and the critical gaps in current 

knowledge regarding the effects of hearing loss and hearing assistive devices on prosody 

perception [3]. It highlighted that verbal prosody conveys both linguistic and emotional meaning 

and understanding it engages a wide network of brain regions involved in auditory and cognitive 

processing. Different prosodic patterns are characterized by distinct acoustic features, particularly 

the fundamental frequency and intensity contours, along with variations in duration. In individuals 

with hearing loss, the extraction of these acoustic cues could be challenged not only by reduced 

audibility, but also by degraded spectro-temporal resolutions and disrupted central auditory 

processing. 

Vulnerability to prosody perception deficits among hearing-impaired individuals was shown to 

depend on range of factors, such as severity of hearing loss, age at the onset of hearing loss, type 
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of assistive hearing devices, and auditory training experience. Although prosody perception is 

expected to decline with greater degrees of hearing loss, findings have been inconsistent. Some 

studies reported deficits even in mild cases, while others observed preserved performance in 

individuals with mild to moderate hearing loss. In older adults with hearing impairment, age-

related deterioration in both auditory and cognitive functions likely contributed to reducing the 

auditory system’s ability to adapt and compensate for prosodic deficits.  

A particularly important point raised in this chapter was that current hearing technologies do not 

fully restore prosodic cues. While hearing aids effectively improve audibility for speech 

recognition, they are limited in capturing the dynamic acoustic cues essential to emotional 

communication. This could be due to device algorithms and their compression strategies that 

prioritize speech intelligibility but do not account for emotion cues. Cochlear implants similarly 

provided only partial access to F0-related prosodic cues, often shifting reliance to secondary cues 

such as duration and intensity. Bimodal fittings have been reported to offer added benefit, but this 

advantage is not consistently supported by the evidence. On the other hand, auditory training 

demonstrated promising effects in supporting prosody perception in hearing-impaired individuals 

of all ages.  

This chapter also raised attention to a notable gap in understanding the neural mechanisms of 

prosody perception in individuals with hearing loss. This gap shaped the rationale for our 

subsequent experimental design, which aimed to integrate behavioral and electrophysiological 

measures to explore this issue more comprehensively.  

In Chapter 3, informed by the background framework outlined in our review, we investigated the 

feasibility of using speech-evoked FFR to study prosody processing at the central level of the 

auditory system. As a baseline study, the FFR was recorded from young adults with normal hearing 
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using the two-syllable word “balloon,” spoken by both a male and a female talker with sad and 

happy emotions. After applying the pitch-tracking algorithm on recorded FFRs, F0 tracking 

accuracy was measured using two metrics: 5% accuracy and RMSE.  

First, our findings demonstrated that the FFR can encode the F0 contours embedded in natural 

emotional speech, indicating that neural fibers can synchronize their firings to time-varying F0 

patterns associated with emotional content. Secondly, this study showed that the accuracy of F0 

encoding varied depending on the type of emotion and the acoustic characteristics of the talker’s 

voice. Stimuli spoken with sad emotion resulted in significantly more accurate F0 tracking 

compared to their happy counterparts. The acoustic features of our sad stimuli, including lower 

average F0, slower changes in F0, and more energy at F0 and its harmonics, align with properties 

known to enhance phase-locking in the auditory pathway [4], might be a plausible explanation for 

the stronger F0 representation in response to sad emotion. Voice characteristics of the talker further 

modulated the FFR response, with male-spoken tokens eliciting stronger F0 tracking than female-

spoken ones, regardless of emotion. This finding was consistent with previous reports showing 

enhanced FFRs to stimuli with lower frequency periodicity [5,6]. In our data, the male voice had 

lower F0 than the female voice, which may have contributed to enhanced neural synchrony, 

possibly due to the greater number of harmonics present in lower F0 stimuli.  

Our findings also showed that male and female participants exhibited comparable F0 tracking 

accuracy across all conditions. This finding contrasted with earlier studies using brief and synthetic 

stimuli, where female listeners were reported to show enhanced FFR amplitudes or shorter 

response latencies, especially in transient onset responses or high-frequency harmonics rather than 

for F0 tracking itself [7]. This suggests that sex-related differences in the neural encoding of 

prosody are minimal, at least at the brainstem level and when processing emotionally rich speech. 
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Indeed, a key contribution of this study was the use of ecologically valid stimuli. By presenting an 

emotionally meaningful word “balloon” that likely engaged both linguistic and paralinguistic 

processing mechanisms, the experimental design more closely resembled real-life communication. 

Taken together, this chapter provided insights into how the central auditory system encodes and 

tracks F0 contour in emotional speech and confirmed that sFFR is a viable and sensitive tool for 

measuring verbal prosodic cues. However, only happy and sad emotions were tested. By providing 

baseline data from individuals with normal hearing, this study established the basis for our 

subsequent study on neural encoding of prosodic patterns in hearing loss. 

Extending the findings from normal-hearing individuals, Chapter 4 examined how hearing loss 

and simulated hearing aid processing affect the neural representation of F0 contours. Based on our 

previous study showing more accurate FFRs to the male voice, this study used only male-spoken 

balloon with sad and happy emotion. FFR recordings were obtained from individuals with hearing 

loss and from age-matched peers with normal hearing. Hearing-impaired participants were tested 

twice, once in the unaided condition using original stimuli, and once in the aided condition using 

customized amplification of the stimuli. 5% accuracy and RMSE were then calculated for each 

condition within the hearing-impaired and normal-hearing groups.  

Among the key findings presented in this chapter was that hearing loss was associated with reduced 

fidelity in F0 tracking. Individuals with hearing impairment exhibited significantly lower 5% 

accuracy and higher RMSE values in both sad and happy stimuli compared to their normal-hearing 

peers. As earlier studies have demonstrated reduced F0-related representation in the FFR among 

HI individuals at sound pressure levels (SPLs) equal to those used for NH individuals [8,9], this 

study offers further evidence that their ability to track F0 changes over time is also affected. 

Nonetheless, mixed results are found in the literature regarding the effect of hearing loss on FFRs, 
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with some prior studies reporting either preserved or even enhanced F0 encoding [10-12]. Of note, 

the present study focused on F0 contour tracking of a word in emotional speech, while the 

aforementioned studies investigated average F0 representation of simple vowels or monosyllables. 

Another important result was that hearing aid amplification partially improved F0 tracking. When 

hearing-impaired participants were tested in the aided condition, their 5% accuracy scores 

significantly improved compared to their unaided responses, and similarly RMSE values showed 

a decreasing (improvement) trend. Previous studies have reported mixed effects of hearing aids on 

F0 encoding, including enhanced, unchanged, or even reduced neural representation [9,10,13,14]. 

Our findings from this chapter also contributed to this area by showing that, at least in the context 

of emotional speech and at the subcortical level, hearing aids can partially restore prosodic cues. 

However, because our study used a hearing aid simulator instead of real devices, some real hearing 

aid characteristics like processing delay effects were not reflected. These can interfere with precise 

neural timing and alter the speech envelope, which plays a key role in neural representation of 

emotional F0 contours. 

In line with our findings presented in Chapter 3, F0 contours were tracked more accurately for sad 

stimulus than for happy one, regardless of hearing status or amplification condition. All 

participants exhibited higher F0 tracking accuracy in response to the sad version of “balloon” 

compared to the happy version. As previously suggested, this advantage may stem from the 

acoustic characteristics of the sad stimuli, which are more aligned with the temporal characteristics 

that support robust FFR phase-locking. Since this study focused on happy and sad emotions, 

exploring a wider range of emotions in future work could further clarify this effect. Overall, this 

chapter indicated that hearing loss disrupts the neural encoding of dynamic F0 contours essential 

for emotional prosody, but hearing aid use could restore this ability to near-normal levels.  
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Chapter 5 broadened the focus of this thesis by moving beyond neural encoding to perceptual 

processing, examining how hearing loss and hearing aid use affect the perception of various 

emotions through behavioral responses. Insights from Chapter 4 guided this study into how 

normal-hearing and hearing-impaired individuals differ in their performance on an emotion 

identification task under more real-world and cognitively demanding listening conditions. The 

investigation also assessed whether QuickSIN performance predicts emotion recognition ability in 

individuals with hearing loss.  

One of the main results was that hearing loss adversely affected performance in emotion 

identification tasks, even when amplification was provided. Hearing-impaired individuals 

exhibited significantly poorer performance on total correct responses relative to normal-hearing 

participants. They also required greater cognitive effort to process prosodic information, leaving 

fewer resources available for the recall task, as reflected by a lower number of recalled words. In 

the aided condition, although they showed some improvements in response accuracy, reaction 

time, and word recall, their performance remained consistently lower than that of normal-hearing 

peers. These findings suggest that while hearing aids improve access to acoustic cues, they do not 

fully restore perceptual performance to normal levels or reduce the cognitive effort involved in 

processing emotional speech. 

This insufficient compensation from hearing aid contrasted with the electrophysiological findings 

of Chapter 4, where F0 tracking accuracy in the aided condition was comparable to that of normal-

hearing participants. This discrepancy may be attributed to the fact that near-normal neural 

encoding does not necessarily guarantee improved perceptual performance. Successful emotional 

speech perception relies not only on the fidelity of acoustic encoding, but also on higher-order 

cognitive resources. At higher levels of auditory processing, hearing impairment may alter how 
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people attend to or respond to emotional information [15]. Additionally, hearing loss may place 

greater demands on cognitive resources for processing prosodic information, possibly leading to 

increased effort, a higher risk of fatigue, and fewer resources available for other aspects of speech 

perception in HI individuals compared to their NH peers during conversation. It suggests that even 

when subcortical neural mechanisms are capable of synchronizing to emotion-related pitch 

variations in HI individuals with amplification, extracting emotional meaning from speech may 

requires broader cognitive engagement and imposes a heavier cognitive burden compared to 

individuals with normal hearing. The lower scores observed in our free recall task among hearing-

impaired participants, in both aided and unaided conditions, also supported this. The integration 

of a free recall task was a key contribution of this chapter, offering a new perspective on cognitive 

load during emotional speech processing. However, this finding should be viewed as indicative, 

not conclusive, and additional evaluation of cognitive effort is needed. 

Consistent with the findings from Chapters 3 and 4, emotion type influenced performance across 

all conditions. Sadness was the most accurately identified emotion among normal-hearing 

individuals and hearing-impaired participants tested in unaided and aided conditions. In contrast, 

and in line with previous studies, emotions with more dynamic spectral or temporal properties 

(e.g., anger, fear, and happiness) were more vulnerable to misidentification, particularly under 

unaided conditions. 

This chapter also showed a relationship between QuickSIN performance and emotion 

identification accuracy in individuals with hearing loss. This finding suggests that difficulty in 

understanding speech in noise, a hallmark of real-world listening challenges, might be associated 

with poorer prosody perception. Since both tasks rely on shared auditory and cognitive 

mechanisms, the observed correlation was expected. However, individuals who performed well on 
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the QuickSIN were not always associated with good prosody perception, suggesting some 

differences on the roles of auditory and cognitive processing for speech perception in noise versus 

emotion identification.  

All in all, Chapter 5 complemented the electrophysiological findings by showing that challenges 

remain for hearing-impaired individuals in perceiving emotional content in real-world listening 

situations. It also highlighted the importance of cognitive capacity in speech prosody perception 

and emphasized the need to consider it in auditory rehabilitation to improve speech perception 

outcomes in individuals with hearing loss and hearing aid users. 

While Chapters 4 (FFR data) and 5 (behavioral test) differed in several methodological aspects, 

such as the dataset, stimulus type (word vs. sentence), talker gender, and the number of assessed 

emotions (two vs. seven), the same participants completed both tests. This allows for an 

exploratory examination of the relationship between electrophysiological and behavioral 

measurements to gain insight and provide perspective for future investigations. Correlation 

analyses were conducted using pooled data from all conditions to examine the relationship between 

5% Accuracy from the FFR test and behavioral accuracy scores, and between RMSE from the FFR 

test and behavioral accuracy scores. As shown in Figure 1A, there was a significant moderate 

positive correlation between FFR 5% Accuracy and behavioral emotion identification scores (r = 

0.52, p = 0.0003). Participants with more accurate neural encoding of F0 tended to perform better 

in the behavioral task. However, the analysis revealed that the neural measure of F0 tracking ability 

accounted for 27% of the variance in behavioral scores (R² = 0.27), suggesting that factors beyond 

neural encoding also contribute to perceptual performance as we discussed before. Also, as shown 

in Figure 1B, there was a significant moderate negative correlation between RMSE and behavioral 

accuracy scores (r = - 0.44, p = 0.003), indicating that greater error in F0 tracking at the neural 
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level was associated with poorer behavioral performance. However, RMSE explained only 19% 

of the variability in behavioral accuracy scores, further suggesting that perceptual ability is 

influenced by multiple factors in addition to the precision of F0 neural encoding. 

 

Figure 1. Association between FFR measures and behavioral emotion identification test using pooled data 

from normal-hearing and HI participants (aided and unaided). (A) Scatterplot showing the Pearson 

correlation and fitted regression line between 5% Accuracy from the FFR and behavioral accuracy scores. 

(B) Scatterplot showing the Pearson correlation and fitted regression line between RMSE from the FFR and 

behavioral accuracy scores. 

 

The reason that our databases for the behavioral experiment and the FFR recording were not 

compatible was that each of the TESS and ESD datasets was best matched to different parts of our 

study. For the behavioral test, we selected the Toronto Emotional Speech Set (TESS) because it 

has been used in a few previous behavioral studies, providing a solid baseline for comparison 

especially when incorporating a cognitive component. On the other hand, TESS contains only 

female voices, and all keywords in its sentences are monosyllabic, making it unsuitable for the 

FFR recordings, where we aimed to include multisyllabic words to better assess prosody. For the 
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FFR task, we therefore used the ESD, which contains multisyllabic words and encompasses both 

male and female talkers. Further investigations between electrophysiological and behavioral 

measurements using matched stimuli and emotions are warranted to clarify the neural mechanisms 

underlying emotional responses and their behavioral manifestations. 

Clinical Implications 

Our findings indicate the importance of speech prosody evaluation in audiological assessments for 

individuals with hearing impairment to identify deficits that are not typically detected by standard 

speech audiometry. Poor QuickSIN performance may reflect broader communication challenges 

beyond speech-in-noise perception, including difficulties in perceiving prosodic cues. Clinically, 

incorporating self-reported questionnaire on emotion perception ability could help identify such 

deficits. The fact that amplification only partially improved perceptual performance suggests that 

hearing aids alone may not provide optimal rehabilitation. During hearing aid counseling, this 

information can guide realistic goal setting. Adding targeted auditory training focused on prosodic 

and other suprasegmental cues alongside amplification could help behavioral outcomes. Moreover, 

because hearing-impaired listeners experience greater cognitive load when processing emotional 

speech, rehabilitation may benefit from considering listening effort through optimized hearing aid 

fittings and individualized support, ultimately improving communication effectiveness and 

enriching quality of life. 

Study limitations and Future Directions 

While our four studies provided multifaceted insights, they also present some limitations that 

highlight the need for further investigation and guide future research directions.  

From an electrophysiological perspective, since only happy and sad emotions were included, using 

a broader range of emotions in future works would allow for a more comprehensive investigation 
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of how various F0 contours affect the FFR. Also, we only used one male and one female speaker, 

making it unclear whether the observed effects of male/female acoustic features on the FFR, such 

as lower F0 and harmonics, can be generalized to other speakers. The use of a simulated hearing 

aid with a fixed amplification strategy is another limitation, since the effects of real hearing aid 

features, such as processing delays or comb filtering in vented or open fittings, are not reflected in 

our results and could distort neural phase locking and desynchronize timing cues. Future studies 

utilizing real devices, varied amplification parameters, and different fittings could provide a more 

comprehensive understanding of hearing aid effects and improve generalizability. Moreover, while 

this thesis focused on F0 contour, future research could explore the neural encoding of other 

acoustic cues important for emotional prosody such as intensity contour. Additionally, expanding 

the use of sFFR to cortical responses may help map the pathway from subcortical tracking to 

perceptual awareness.     

The behavioral study also presents several limitations that suggest directions for future research. 

Our test was limited to a single presentation level, which may have influenced performance 

differences between groups. Studying more level could help shed more light on the relative roles 

of audibility and suprathreshold processing on emotion identification. Moreover, the study 

investigated only one type of hearing aid processing strategy. Like the electrophysiological part, 

future studies could explore additional hearing aid parameters and amplification strategies to 

optimize emotion perception. Incorporating real hearing aids, rather than simulations, may better 

reflect real-world fitting outcomes and enhance ecological validity. Future studies could 

investigate other hearing aid parameters and amplification strategies to help optimize emotion 

perception. Given the observed partial restoration of perceptual performance with hearing aids and 

the critical role of cognitive function in prosody perception, future research could also explore 



141 
 

whether auditory training and prosody-focused rehabilitation can further enhance emotion 

perception outcomes in individuals with hearing loss. Although secondary free recall task is 

consistent with cognitive effort, further complementary measures are also needed to more directly 

assess cognitive and listening effort during emotion perception. 

In terms of clinical population, this research was limited to cognitively healthy adults aged 18–65. 

To enhance findings, future studies could include older adults and individuals with hearing loss 

across a wider range of cognitive abilities to better reflect the diversity seen in clinical settings. 

Our hearing-impaired participants varied in audiometric configuration, degree of hearing loss, and 

hearing aid experience, which may have influenced how hearing loss and amplification affected 

prosody perception. Using a more controlled and homogeneous sample with larger sample sizes 

in future research could help clarify how different types and severities of hearing loss disrupt 

prosody perception, and how effectively hearing aids can restore emotion perception across these 

profiles. 

Conclusion 

Together, the four studies presented in this thesis provide a comprehensive investigation into how 

hearing loss and hearing aid amplification influence both the neural encoding and perceptual 

processing of emotional prosody. Covering the full spectrum from theoretical framework to neural 

and behavioral findings, the results revealed that hearing loss disrupts access to F0 contours critical 

for emotional speech. Hearing aid amplification could partially restore the corresponding neural 

encoding; however, this improvement did not extend to behavioral performance in emotion 

identification. This suggests that individuals with hearing loss may attend to or process emotional 

cues differently, as difficulties in emotion identification persist even when audibility is improved 

through amplification. This thesis also highlights the important role of cognitive function in 
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prosody perception and shows that individuals with hearing loss, whether aided or unaided, 

experience greater cognitive load when processing emotional speech. These results point to the 

value of including prosodic features in both assessment and rehabilitative approaches for hearing-

impaired individuals. This could not only improve speech communication for people with hearing 

loss but also enhance their quality of life by facilitating access to the emotional and social 

dimensions of speech. 
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C. Standardized Mini-Mental State Examination (SMMSE)  
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D. Language Experience and Proficiency Questionnaire (LEAP-Q) 
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E. Demographic and Music Experience Questionnaire 
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F. General development questionnaire 

 

GENERAL DEVELOPMENT QUESTIONNAIRE 

 

PARTICIPANT CODE: ______________  DATE: ________________________ 

 

 

Please select the most appropriate answer. 

 

1. Do you have difficulty hearing?       yes    no 

2. Have you had many ear infections in the past?      yes    no 

If so, have you had ventilation “tubes”?      yes    no  

3. Did you experience learning problems in school?    yes    no 

4. Did you have to repeat a school year?       yes    no 

5. Do you have difficulty concentrating?       yes    no 

6. Where are you diagnosed with an attention deficit disorder?    yes    no 

7. Have you taken (or do you take) medication to help you stay calm?   yes    no 

8. Did you have any delay in language development?     yes    no 

9. Have you ever received speech-language pathology services?   yes    no 

10. Do you play, or have you ever learned to play a musical instrument? yes    no 

 

If so, since when (for how many years)? __________________________________ 
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11. Are you in a choir, or do you sign on a regular basis?     yes    no 

 
If so, since when (for how many years)? _______________________________ 

 
12. What is your “preferred language” for communicating?  That is, in which language do you 

express yourself the best? 
 
 English    French   Other: __________________ 

 
13. At what age did you start speaking English? 
  0-5 years old    6-10 years old   11-20 years old 
  21 years old or later 
 

14. Do any of your parents speak to you in English, or have ever spoken to you in English? 
                                                                                                                                                   yes   no 
 
15. From kindergarten to the end of high school, how many years did you study full-time in English?     
____________ out of ___________ school years 

 

In which of the following school years did your education take place in English (full-time)?  

 

 Kindergarten  Grade 1   Grade 2    Grade 3 
 Grade 4   Grade 5    Grade 6  
   
 Grade 7   Grade 8   Grade 9    Grade 10  
 Grade 11   Grade 12 
 
 Secondary 1  Secondary 2   Secondary 3  Secondary 4 
 Secondary 5 

 

Notes: ________________________________________________________________________ 

____________________________________________________________________________________

____________________________________________________________________________________ 
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G. Consent form for Chapter 3 (Study 1) 
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H. Consent form for Chapter 4 (Study 2) 
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I. Consent form for Chapter 5 (Study 3) 
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J. Table S1. Features of the assessment tools evaluating prosody perception 

  

Assessment tools Aim Targeted 

population 
Types of 

prosody Subsets Scoring 

Estimated 

time to 

complete 

test 

Minnesota 

Tests of 

Affective 

Processing 

(MNTAP) 

 

(Lai et al., 1991) 

To evaluates 

emotion recognition 

and discrimination 

in faces and speech 

samples for children 

with attention‐

deficit hyperactivity 

disorder (ADHD) 

 

Children 

(6-11) 
Affective 

4 auditory subsets: 

Prosody/content 

preference, Lexical 

comprehension, 

Prosody/content 

congruence, Cross-modal 

matching 

11 visual subsets: 

Training task, Identity 

match 1, Identity match 2, 

Faces teaching, Affect 

match, 

Affect naming, Affect 

choice,  

Gesture recognition, 

Localization memory,  

Face and object recognition 

memory,  Sequential Face 

Pairs Memory 

Speech stimuli are delivered 

in the form of recorded 

samples and visual stimuli 

displayed on the screen. 

Then, the accuracy of 

participants’ responses is 

calculated. 

2-3 hours 

Aprosodia 

battery 

 

(Ross et al., 1997) 

1- To distinguish 

different patterns of 

affective-prosodic 

deficits in patients 

with neurological 

disorders. 

 

2- To assess the 

expression of 

affective prosody 

 

Adults 

(> 17) 
Affective 

1- Affective–prosodic 

comprehension and 

discrimination: (Word 

comprehension, 

monosyllabic 

comprehension, asyllabic 

comprehension) 

 

2-Affective–prosodic 

production: (Word 

repetition, monosyllabic 

For calculating receptive 

prosody: The number of 

correct responses for word 

comprehension,monosyllabic 

comprehension, asyllabic 

comprehension, with each 

score ranging from 0 to 24 

For calculating expressive 

prosody:  

1-The computer-assisted 

techniques measure various 

One hour 
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repetition, asyllabic 

repetition, spontaneous 

affective prosody) 

aspects of intonation, timing, 

and intensity 2- rating the 

accuracy of prosody 

production by expert  

Perception of 

Prosody 

Assessment 

Tool (PPAT) 

 

(Klieve et al., 1998) 

To evaluate the 

prosody perception 

abilities of children 

with CI 

Children 

(7-12) 

Linguistic 

& 

Affective 

Apart from linguistic 

context:  

1-Pitch, intensity, duration  

Within a linguistic context  

2- Question, statement, 

command forms 

3- Tone and affect  

4- Grammatical class  

5- Stress  

6- Compound and abutting 

words  

Calculating the correct 

percentage of responses 
One hour 

Profiling 

Elements of 

Prosody in 

Speech-

Communication 

(PEPS-C) 

 

(Peppé & McCann, 

2003) 

To assess 

understanding and 

expression of four 

communication 

areas with focus on 

prosody and 

intonation skills, 

including 

interaction, affect, 

boundary 

(chunking) and 

focus 

 

Children 

(5-4) 

with 

autism; 

later it 

was 

applied 

for 

adults 

(18-52) 

Linguistic 

& 

Affective 

6 subsets for prosody 

perception: 

Short item discrimination, 

Turn-End reception, 

Affect reception,  

Long item discrimination, 

Chunking reception, 

Contrastive Stress 

Reception 

6 subsets for prosody 

production: 

Short Item imitation,  

Turn-End expression,  

Affect expression,  

Long item imitation,  

Chunking expression, 

Contrastive stress 

expression 

Calculating accurate 

responses via automatic 

scoring 

One hour 

Advanced 

Clinical 

Solution (ACS) 

(Pearson, 2009) 

To evaluate social 

functioning deficits 

Adult 

(16-70) 
Affective 

1- Facial affect recognition,  

2- Affect naming,  

3- Prosody-face matching,  

4- Prosody-pair matching  

Calculating the correct 

percentage of responses via 

manual scoring 

45 

minutes 
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Emotional 

Communication 

in Hearing 

Questionnaire 

(EMO-CHeQ) 

 

(singh et al., 2019) 

A 16-item self-

reported scale to 

assess the 

experiences of 

hearing and 

handicap when 

listening to signals 

with vocal emotion 

information 

Adults Affective 

1- characteristics of 

encountered talkers,  

2- communication in 

challenging listening 

situations,  

3- speech production (e.g., 

the ability to convey 

emotion in a subtle manner 

using one’s own voice), 

and  

4- the associated impact of 

such deficits on 

socioemotional well-being 

Participants should indicate 

the level of agreement with 

each statement using the 

following rating scale: 1 = 

Strongly disagree; 2 = 

Slightly disagree; 3 = 

Neither agree nor disagree; 4 

= Slightly agree; 5 = 

Strongly agree. Then the 

mean score for total items 

and each subdomain are 

computed. The higher scores 

indicate more difficulty.  

Less than 

15 

minutes 

Test of Prosody 

via Syllable 

Emphasis 

(TOPsy) 

 

(Nayak et al., 2022) 

To measure lexical 

stress sensitivity in 

adults 

Adults 

(18-88) 
Linguistic  

28 items that have been 

loaded onto two distinct 

factors corresponding to 

initially stressed vs. non-

initially stressed word 

 

The recordings of a multi-

syllabic spoken word are 

administered over the 

internet or in lab settings. 

The participants are asked to 

identify the syllable that 

holds the main stress or 

emphasis in the word. Then, 

their scores are automatically 

calculated. 

10 

minutes 
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K. Table S2. Summary of studies focused on prosody perception in hearing aid 

and cochlear implant users 

 

Authors, 

Year 
Sample size 

Age 

range 

Study 

language 

Type of 

auditory 

prosthesis 

Method 
Types of 

prosody 
Result 

Luo et al, 

2007 

8 adult NH 

subjects 

 

 

8 adult CI 

users  

22_40 

years 

 

 

41_73 

years 

English CI 

Behavioral measures: 

 

The House Ear Institute 

emotional speech 

database (HEI-ESD) 

Affectiv

e 

Although CI performance 

remained lower than that of NH 

individuals, CI users were able to 

use some prosodic cues (amplitude 

and duration) to obtain moderate 

levels of vocal emotion 

perception. Removing the 

amplitude variations worsened the 

performance of CI users. 

Meister et al, 

2009 

12 CI 

recipients 

 

 

12 NH 

listener 

38_75 

years 

 

 

34_68 

years 

German CI 

Behavioral measures: 

question/statement test, 

sentence stress test, and 

a speaker gender test 

linguistic 

The identification of sentence 

stress, questions/statements, and 

speaker gender in CI users were 

qualitatively similar to the NH 

group. In contrast, most CI 

recipients had poor performance 

quantitatively, particularly in 

sentence stress test. 

Straatman et 

al,         2010 

14 NH 

children 

 

 

19 children 

with bimodal 

fitting 

6.8_16.7 

years 

 

 

6.0_19.8 

years 

Dutch 

CI alone 

and 

bimodal 

hearing 

Behavioral measures: 

_ Discrimination of 

pitch movements in 

bisyllabic non-words 

_ Discrimination 

between questions and 

affirmations 

 

linguistic 

Compared to using CI-only, 

bimodal fitting improved the 

performance of children in 

discriminating F0 excursions and 

identifying questions vs. 

affirmations. However, even with 

a hearing aid, children need 

exaggerated F0 contour. 

Meister et al, 

2011 

13 CI 

recipients 

 

13 NH 

listeners 

19_81 

years 

 

18_73 

years 

  German  CI  

Behavioral measures: 

discrimination and 

identification task for 

stress-based sentences 

(Natural utterances and 

linguistic 

Discrimination and stress 

identification based on F0, and 

intensity had been degraded in CI 

users compared to NH group. This 
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artificial manipulations 

of stimuli) 

effect was not shown for duration 

cues.  

Most et al, 

2011 
23 adults 

17_65 

years 
English 

CI alone 

and 

bimodal 

hearing 

Behavioral measures: 

_ Intonation test 

_ Syllable stress test 

_ Word emphasis test 

linguistic 

Bimodal fitting showed a better 

score in all three tests compared to 

CI-only condition, suggesting HA 

in non-implanted ear provides 

better low-frequency acoustic 

hearing which is required for 

prosody perception.  

Cullington 

& Zeng,     

2011 

13 adults 

with CI 

 

13 children 

with bimodal 

fitting 

 

18 years 

and 

above 

 

English 

Bilateral 

CI and 

bimodal 

hearing 

Behavioral measures: 

_ Hearing in Noise Test 

(HINT) 

_ Montreal Battery of 

Evaluation of Amusia 

_ Aprosodia Battery 

_ Talker identification 

Affectiv

e 

The mean score of affective 

prosody discrimination was not 

significantly different between the 

bimodal and bilateral groups; 

however, the bimodal group had a 

better performance. Such finding 

was also observed for all the other 

tests.  

Most & 

Michaelis, 

2012 

26 children 

with HL 

 

14 children 

with NH 

who mostly 

wear HA 

 

 

4.0_6.6 

years 
Nonsense 

sentence 

“bado 

mino 

gana” 

HA 

Behavioral measure: 

The Emotion 

Identification Test 

(EIT) under three 

presentation conditions: 

auditory, visual, and 

auditory–visual 

Affectiv

e  

The corrected mean percent scores 

were higher for children with NH 

compared to children with HL in 

each of the three conditions. 

However, children with HA 

performed better in auditory–

visual condition than auditory 

alone condition, suggesting 

benefiting from auditory cues 

provided by HA.  

Agrawal et 

al, 2012 

28 NH 

listeners 

25–55 

years 
German  

Simulating 

CI 

processing  

Behavioral measures: 

reaction time and 

accuracy rates for 

neutral sentences and 

vocoded stimuli which 

had been simulated two 

CI speech-coding 

strategies (PACE and 

ACE) 

Electrophysiological 

Affectiv

e  

Faster responses, higher 

identification rates, and larger 

P200 amplitude were detected for 

original stimuli. For vocoded 

stimuli, better recognition of 

happy and angry sentences was 

demonstrated in comparison to 

natural ones especially for PACE 

strategy.  
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test: An N100-P200 

complex 

 

 

 

Agrawal et 

al, 2013 

20 CI users 

(2 subgroups 

based on 

coding 

strategy:   

MP3000 and 

ACE) 

 

20 normal-

hearing 

participants 

25–60 

years 

 

 

 

German 

 

 

 

CI 

Behavioral measures: 

Reaction time and 

accuracy rates for 

sentences with neutral, 

happy and angry 

prosody 

Electrophysiological 

tests: Recording N100-

P200 complex, Time-

Frequency measure 

 

 

 

 

 

Affectiv

e 

CI users had difficulty in prosody 

recognition, as demonstrated by 

lower accuracy, longer reaction 

time, prolonged ERP latencies, 

and reduced amplitude. However, 

the MP3000 strategy was better 

than ACE one on happy emotion. 

In addition, time-frequency results 

supported the behavioral and ERP 

findings by showing power 

increase of Theta and Gamma 

bands for MP3000 strategy than 

ACE on emotional stimuli.  

Hegarty & 

Faulkner, 

2013 

9 children 

with HL 

 

7.4–14.6 

years 

 

English  

CI alone 

and 

bimodal 

condition  

Behavioral measures: 

_Discrimination test for 

bisyllabic word with 

manipulated F0 and 

amplitude  

_ Focus sentence test 

linguistic  

In both conditions (CI alone and 

bimodal fitting), better perception 

of prosodic patterns when children 

were presented with natural speech 

stimuli compared to sentences 

with pitch manipulations. Also, 

there was no bimodal advantage 

for stress and intonation 

perception compared to CI alone.  

Van Zyl & 

Hanekom, 

2013 

10 adult CI 

user 

 

10 adults 

with NH 

21–70 

years Afrikaans CI 

Behavioral measures: 

_ question/statement 

distinction 

_ The discrimination of 

attitude as sarcastic or 

sincere 

_ Vowel recognition 

task 

Under quiet and noise 

linguistic  

No significant difference was 

observed for certain/hesitant task 

and vowel recognition task 

between adults with NH and CI 

users, suggesting CI gives access 

to durational cues even in noise 

condition. But CI recipients 

performed worse in question/ 

statement discrimination as this 

task was highly dependent on F0 

variation, which were degraded in 

CI technology especially in the 

presence of noise. 
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Kalathottuka

ren et al, 

2015 

12 adult CI 

users 

 

 

15 NH adults 

(normative 

data) 

25–78 

years 

 

 

23–57 

years 
English  CI  

Behavioral measures: 1-

Profiling Elements of 

Prosody in Speech-

Communication (PEPS-

C) 2- DANVA 2 

(diagnostic analysis of 

non-verbal accuracy 2) 

3- MBEA (Montreal 

battery of evaluation of 

amusia) 

 

Affectiv

e and 

linguistic 

Lower score of CI users in turn-

end, affect, music, and contrastive 

stress reception subtests were 

demonstrated, suggesting 

degraded pitch perception in 

electrical hearing. However, they 

showed no difference in chunking 

reception subtest. 

Chatterjee et 

al,      2015 

31 children 

with NH 

 

36 children 

with CI 

 

10 adults 

with NH 

 

9 adults with 

CI 

6.3 –18.7 

years 

 

6.8 –18.4 

years 

mean 

age= 23.9 

years 

27.3–69.8 

years 

English  CI 

Behavioral measures: 

_ 12 sentences from the 

HINT database spoken 

with five emotions 

_ CI simulated of the 

same sentences 

 

Affectiv

e  

The mean score of emotion 

identification for CI children and 

CI adults were as good as adults 

with NH listening to a CI 

simulated speech. However, NH 

children showed significantly 

poorer performance in response to 

CI-simulated speech. Taken 

together, this finding showed that 

not only CI technology but also 

sufficiently developed cognitive 

system in CI adults and learned 

adaptive strategies in CI children 

can help them to extract emotion 

from degraded speech. 

Schmidt et 

al, 2016 

23 older 

adults with 

mild to 

moderate HL  

 

 

22 NH adults 

65–82 

years 
German 

Bilateral 

HA for at 

least 2 

years 

Behavioral measure: 

Rating level of emotion 

dimensions arousal 

(calm vs. aroused) and 

valence (positive vs. 

negative attitude) by 

using utterances from an 

authentic and 

affectively colored 

German conversational 

speech corpus 

Affectiv

e 

No significant difference was 

detected between hearing aid users 

and their NH peers in the 

perception of both valence and 

arousal emotions. However, for 

arousal dimension, HA users were 

more sensitive to intensity 

differences than NH adults. 



182 
 

Goy et al, 

2016 

11 older 

adults with 

mild to 

severe HL  

 

27 NH 

younger 

adults  

mean age 

= 77.2 

years 

 

mean age 

= 18.3 

years 

English 

HA with a 

median of 

5 years’ 

experience 

Behavioral measure: 

word-recognition 

measure and emotion-

identification measure 

for Toronto Emotional 

Speech Set 

Affectiv

e 

Older adults with HL performed 

worse on both word recognition 

and emotion identification when 

they were unaided. In the aided 

condition, their performance 

improved significantly for word 

recognition without much benefit 

for emotion identification.  

Goy et al, 

2017 

 

Using 

simulated 

materials 

instead of 

recruiting 

people with 

HL and HA 

users 

_ English 

Simulating 

HA 

processing 

Behavioral measure: 

Analyzing and 

comparing the acoustic 

cues used in emotional 

sentences of Toronto 

Emotional Speech Set 

after being manipulated 

to simulate sloping 

bilateral HL and HA 

outputs in different 

compressions (linear, 

slow, and fast)  

Affectiv

e 

 

Acoustic analysis of received 

sounds in the ear canal of a 

mannequin showed that haring aid 

processing made emotions less 

distinguishable in aspect of 

intensity variation and spectral 

cues. The hearing aid effect varied 

according to the type of emotion.   

Arefi et al, 

2017 

 

40 NH 

young adult 

subjects 

 

 

 

20–35 

years 
Persian 

Simulating 

HA 

processing 

Behavioral measure: 

Emotion recognition 

task before and after 

hearing aid compression 

simulation using 

sentences from Persian 

emotional speech 

database (ESD) 

Affectiv

e 

Depending on the type of emotion, 

recognition of Fear, sad, angry, 

and happy was reduced following 

simulating HA amplitude 

compression.  

Laugen et al. 

(2017) 

130 children 

with NH  

 

35 preschool 

children with 

mild to 

severe HL 

 

 

4–5 years  

Norwegi

an 
HA 

Behavioral measure: 

The test of emotion 

comprehension 

Affectiv

e  

Children with HA performed 

similarly to normal hearing 

children, despite having lower 

vocabulary scores. Also, parents of 

hearing-impaired children were 

more accurate in the estimations of 

their children’s emotional and 

cognitive development 
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Christensen 

et al, 2019 

22 adults 

with mild to 

severe HL 

 

 

30 NH adults  

22–74 

years 

 

 

 

21–75 

years 

English 
Bilateral 

HA 

Behavioral measure: 

Evaluating accuracy 

rate and reaction time 

for emotion recognition 

of 12 sentences from the 

HINT database 

recorded in different 

emotions 

Affectiv

e 

In addition to age-related declines 

in emotion recognition, hearing 

loss further impacted the ability to 

perceive emotions, which was 

shown by reduced accuracy and 

increased reaction time.  

Cannon and 

Chatterjee, 

2019 

19 school-

aged 

children with 

mild to 

moderate HL  

 

 

20 children 

with NH 

 

 

 

11 NH 

young adults 

8–14 

years 

 

 

 

 

 

 

6–17 

years 

 

 

9_24 

years 

English HA 

 

Behavioral measure: 

Emotion recognition 

using 12 sentences from 

the HINT database 

which had been 

produced in a child- and 

adult-directed manner 

 

 

 

Affectiv

e 

Children with mild to moderate 

hearing loss had similar accuracy 

and reaction time on emotion 

recognition tasks using either 

child- or adult- directed manner, 

although all participants 

performed better with child-

directed materials. However, in 

children with HL, linguistic ability 

had a strong role in emotion 

recognition. Also, they showed 

that NH adults outperformed both 

groups of children, attributed to 

significant effect of developmental 

age on performance in the emotion 

recognition task. 

Singh et al, 

2019 

12 NH adults 

   

 

10 adults 

with HL but 

without 

(unaided 

condition) 

 

10 hearing-

impaired 

adults with 

mean age 

= 66.8 

years 

 

mean age 

= 73.5 

years 

 

 

mean age 

= 73.5 

years 

English 
Bilateral 

HA 

Behavioral measures: 

_ 16-item version of the 

self-report questionnaire 

(the Emotional 

Communication in 

Hearing Questionnaire or 

EMO-CHeQ) 

_ Emotion-identifica- tion 

task under audio and 

audiovisual conditions 

Affectiv

e 

Both the HI and HA groups 

showed greater vocal emotion 

communication handicap on the 

EMO-CHeQ compared to NH 

group. However, the groups of 

aided and unaided listeners 

reported similar degrees of 

handicap. On the emotion-

identification task, the HI and HA 

group performed worse than to the 

NH group in audio alone 

condition, with no group 
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HA (aided 

condition) 

differences being observed for 

audiovisual condition. 

Legris et al, 

2021 

29 subjects 

with mild to 

moderate 

presbycusis 

 

 

 

29 NH 

subjects 

50–90 

years 

 

 

 

 

50–75 

years 

French 
Bilateral 

HA 

Behavioral measures: 

- Montreal Affective 

Voice Test (MAV) 

- The Profile of 

Emotional Competence 

questionnaire 

* Comparing patients' 

scores before and after 

hearing aid fitting 

Affectiv

e 

Despite the use of HA, the 

presbycusis individuals' score 

remained poorer compared to 

normal subjects. Based on the 

MAV results, the impaired 

auditory emotion perception of 

presbycusis patients was 

correlated with pure-tone average 

and age. 

Abbreviations: HL=hearing loss, NH=normal hearing, HA= hearing aid, CI=cochlear implant. 
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L. Table S3. Pure tone hearing thresholds (dB HL) across test frequencies for 

normal-hearing (NH) and hearing-impaired (HI) participants.  

 

 

 

 

Participants Tested Ear 250 Hz 500 Hz 
1000 

Hz 
2000 

Hz 
3000 

Hz 
4000 

Hz 
6000 

Hz 
8000 

Hz 
NH-P1 Right  15 15 15 10 20 10 5 15 

NH-P2 Right  15 15 15 10 10 10 15 20 

NH-P3 Right  25 25 15 15 15 15 20 15 

NH-P4 Right  10 10 15 15 10 20 20 5 

NH-P5 Right 25 15 10 15 10 15 5 15 

NH-P6 Right  5 5 5 15 15 20 10 15 

NH-P7 Right  15 15 15 15 20 25 25 20 

NH-P8 Right 5 5 10 10 5 10 5 10 

NH-P9 Right 5 0 5 -5 5 0 5 5 

NH-P10 Right  10 10 15 10 15 10 -5 5 

NH-P11 Right  20 15 15 15 15 10 0 5 

NH-P12 Right  5 5 0 5 0 0 10 10 

NH-P13 Right 15 20 20 15 10 15 10 20 

NH-P14 Right 20 10 10 10 15 20 20 10 

HI-P1 Right 55 45 30 10 10 10 10 5 

HI-P2 Right 45 50 65 50 30 30 15 20 

HI-P3 Right 60 65 65 70 55 50 35 40 

HI-P4 Left 20 20 20 20 35 35 40 55 

HI-P5 Left 70 70 70 65 60 55 55 70 

HI-P6 Left 55 55 60 55 55 60 65 75 

HI-P7 Right 30 45 40 30 25 20 15 25 

HI-P8 Left 25 25 35 45 45 50 50 75 

HI-P9 Left 30 35 35 45 45 45 50 50 

HI-P10 Left 15 25 35 40 50 55 60 65 

HI-P11 Left 15 10 15 30 30 35 35 50 

HI-P12 Right 10 10 20 35 35 55 70 75 

HI-P13 Left 15 15 15 30 60 60 60 65 

HI-P14 Right 40 40 40 40 15 10 25 35 
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M. Table S4. Mean SNR Loss (dB) at 70 and 55 dB presentation levels for 

normal-hearing (NH) and hearing-impaired (HI) participants.  

 

Participants 
SNR Loss 

(70 dB) 

SNR Loss 

(55 dB) 

NH-P1 1 0.5 
NH-P2 1 0.5 
NH-P3 0.5 -1.5 
NH-P4 0.5 1.5 
NH-P5 0.5 0.5 
NH-P6 2.5 2 
NH-P7 1.5 4.5 
NH-P8 3.5 2 
NH-P9 2.5 1.5 

NH-P10 1.5 0 
NH-P11 2.5 2 
NH-P12 2.5 2.5 
NH-P13 0.5 -0.5 
NH-P14 2.5 0.5 
HI-P1 11 7.5 
HI-P2 1.5 8 
HI-P3 14.5 24.5 
HI-P4 2.5 1.5 
HI-P5 25 25.5 
HI-P6 20.5 25.5 
HI-P7 0.5 0.5 
HI-P8 2.5 4.5 
HI-P9 4.5 7 

HI-P10 3.5 7.5 
HI-P11 5.5 5 
HI-P12 6 1.5 
HI-P13 3.5 3 
HI-P14 4.5 9 


