
Annual Review of Linguistics

Speech Prosody in Mental
Disorders
Hongwei Ding1 and Yang Zhang2
1Speech-Language-Hearing Center, School of Foreign Languages, Shanghai Jiao Tong
University, Shanghai, China; email: hwding@sjtu.edu.cn
2Department of Speech-Language-Hearing Sciences and Masonic Institute for the Developing
Brain, University of Minnesota, Minneapolis, Minnesota, USA

Annu. Rev. Linguist. 2023. 9:335–55

First published as a Review in Advance on
October 24, 2022

The Annual Review of Linguistics is online at
linguistics.annualreviews.org

https://doi.org/10.1146/annurev-linguistics-030421-
065139

Copyright © 2023 by the author(s). This work is
licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original author and source are credited.
See credit lines of images or other third-party
material in this article for license information.

Keywords

mental disorders, speech prosody, prosody recognition, prosody
production, pragmatic prosody, affective prosody

Abstract

In response to uncovering brain mechanisms underlying vocal communi-
cation and searching for biomarkers for mental illnesses, speech prosody
has been increasingly studied in recent years in multiple disciplines, in-
cluding psycholinguistics. In this article, we provide an up-to-date synthesis
of the theoretical foundation and empirical evidence to profile linguistic
and emotional prosody in the proper characterization of mental disorders,
including schizophrenia, autism, Alzheimer’s disease, and depression. Our
review reveals a need to develop theoretically motivated and methodolog-
ically integrated approaches to the study of context-driven comprehension
and expression of pragmatic-affective prosody, which will help elucidate the
core features of socio-communicative problems in individuals with mental
disorders. We propose that comprehensive models within and across the
conventional cognition-emotion-language trichotomy need to be developed
to integrate current findings and guide future research. In particular, there
needs to be due emphasis on investigating multisensory and cross-modal
effects in normal and pathological prosody research. Our review calls for
multidisciplinary efforts to address the challenging issues to inform and in-
spire the advancement of linguistic theories and psychiatric diagnosis and
treatment.
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1. INTRODUCTION

Speech prosody, which functions as a bridge between verbal behavior and mental disorders, has
been increasingly recognized as a topic of significant interest in psychiatric research in recent
decades (see Icht et al. 2021, Lin et al. 2018, Low et al. 2020, Robin et al. 2020, Zhang et al. 2021
for reviews). In this review, we discuss the theoretical foundations and current findings as well as
controversial issues in the study of speech prosody in mental disorders. We highlight the need to
integrate emotion and cognition with language in this interdisciplinary research field to broaden
the horizons of linguistics and push for new frontiers in psychiatry. To this end, the article starts
with a brief introduction tomental disorders and speech prosody, followed by two separate sections
of critical literature review on the perception and production of speech prosody and conclusive
remarks on current perspectives and future directions.

1.1. Mental Disorders

Mental disorders (or psychiatric disorders) are generally characterized by a combination of ab-
normal thoughts, perceptions, emotions, behavior, and relationships with others. Major mental
disorders include depression, bipolar disorder, dementia, schizophrenia, and developmental dis-
orders such as autism (World Health Organization 2022). Schizophrenia, a severe psychiatric
disorder affecting approximately 20 million people, can be destructive for both the individuals
affected and society at large. It is characterized by positive symptoms (e.g., delusions, hallucina-
tions, and disorganized speech) and negative symptoms (e.g., diminished emotional expression)
(McCutcheon et al. 2020). Autism spectrum disorder (ASD), which affects more than 52 million
people worldwide, is characterized by persistent impairments in social communication and inter-
action and by restricted and repetitive behaviors, with onset of the condition in early childhood
(Baxter et al. 2015). Reported prevalence rates of ASD in many countries have been growing
steadily for years, and more awareness of diagnosis and intervention at earlier ages is necessary
(Baxter et al. 2015, Schreibman et al. 2015). Depression is a common mental disorder affecting
more than 264 million people worldwide. It is characterized by persistent sadness and a loss of in-
terest or pleasure in most routine activities (World Health Organization 2022). Uncertainty and
isolation during the coronavirus-19 (COVID-19) pandemic have increased the prevalence of de-
pression and anxiety, which demands more urgent attention (Wu et al. 2021). Finally, Alzheimer’s
disease (AD) is strongly associated with neurodegeneration and decreased cognition, including
decreased language capabilities and loss of both memory and emotional stability. AD, the primary
cause of dementia, affects up to 45 million individuals worldwide (Hampel et al. 2021). With the
increasing life expectancy worldwide, AD is becoming a major societal concern. Mental health
problems are now so common that they are among the most burdensome of all disease classes
because of their high prevalence, chronicity, early-onset age, severe impairments, and healthcare
costs. Nonetheless, the burden continues to grow, with significant detrimental impacts on health
and social consequences in every country of the world.

The clinical interest in speech prosody research is to incorporate speech databases into early
screening for mental disorders. There are currently no reliable transdiagnostic biomarkers for
detecting major mental disorders (see Carvalho et al. 2020 for a review). Therefore, the ques-
tion “Can we more effectively diagnose and treat complex mental disorders?” was included in
a 2021 list of 125 important questions for exploration in science (Science 2021). As there is no
knownmedical cure for mental illnesses, it is suggested that the most effective approach is through
early and preclinical detection, which would allow for more successful cognitive-behavior ther-
apy. But the diagnosis of mental disorders is still entirely based on psychopathological knowledge
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using a one-on-one diagnostic interview, which is a slow process and involves subjective judg-
ments. Therefore, an urgent goal is to incorporate digital phenotyping to provide an objective,
data-driven, and personalized approach to diagnosing and treating mental disorders. Under this
backdrop, speech has emerged as a promising digital biomarker by providing a window into brain
health, asmany psychiatric and neurodegenerative diseases can affect speech characteristics (Robin
et al. 2020). Furthermore, it has been well documented that individuals with mental disorders
show the core feature of impaired emotional and pragmatic competence of language use in social
contexts (Bambini et al. 2016); such impairments can be detected in their recognition and pro-
duction of prosody with speech data (Mundt et al. 2012). Thus, the investigation of prosody offers
an excellent venue to explore speech and language deficits as promising biomarkers for mental
disorders.

1.2. Speech Prosody

In speech communication, we employ a range of cues to interpret and express the meaning of mes-
sages. How something is said may sometimes be as important as what is actually said. However,
only a few studies have focused on the para- or supra-linguistic aspects of how speech is produced,
which is a modest but growing area of research (Pisanski et al. 2016). These suprasegmentals are
concerned with those elements of speech that are not individual phonetic segments (vowels and
consonants) but are properties of syllables and larger units of speech, which may often manifest at
the segmental level (Grandjean 2021). Therefore, the more general term prosody is usually em-
ployed rather than the term suprasegmentals. Speech prosody refers to the vocal modulations that
accompany speech and comprises variations in fundamental frequency (also referred to as F0 and
pitch), duration, intensity, and voice quality (Belyk & Brown 2014, Cutler & Pearson 2018). The
prosodic speech feature plays a vital role in everyday communication by delivering the speaker’s
meaning and allowing the listener to interpret the intended meaning beyond the literal meaning
of the words.We usually distinguish between two kinds of prosody. The most straightforward in-
formation that prosody can express is the emotional state of the speaker (Fairbanks & Pronovost
1938), which has been referred to as emotional or affective prosody. Prosody can also provide lin-
guistic cues to augment the verbal or communicative component, which has been referred to as
intrinsic or linguistic prosody (Monrad-Krohn 1947). Although having distinct functions, emo-
tional prosody and linguistic prosody share the same acoustic parameters, and their linguistic form
is equivalent (Ladd 2008). Neuroimaging studies have demonstrated that these two functions of
prosody have substantial overlapping brain activation except for several divergent networks (Belyk
& Brown 2014).

Although researchers in psychology and psychiatry have long conducted numerous experi-
ments on prosody, terminology confusion and knowledge gaps in this area need to be clarified.
Three categories of prosody are commonly distinguished, especially in studies of the ASD popu-
lation, on the basis of these prosody types having different functions in identifying the neurological
mechanism underlying the competence of speakers or listeners (Loveall et al. 2021, McCann &
Peppe 2003, Paul et al. 2005, Shriberg et al. 2001).

Grammatical prosody includes cues used to signal lexical stresses, syntactic boundaries, and
sentence intonation (Crystal 1986). For example, word stresses and other prosodic cues can be
used (a) to distinguish the part of speech (e.g., “INcrease” as a noun versus “inCREASE” as a
verb), (b) to indicate the syntactic boundaries [e.g., “(apple and orange) or banana” versus “apple
and (orange or banana)”], and (c) to signal whether a sentence is a statement or question (e.g.,
“Prosody is melody.” versus “Prosody is melody?”). Grammatical uses of prosody are an intrinsic
part of interpreting the deep structure of the grammatical construction.
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Pragmatic prosody is employed to carry social and contextual information beyond grammatical
meaning. It is often the most important means to convey the speaker’s communicative purposes
(Ladd 1980). For example, they include contrastive stresses (e.g., “She wanted RED flowers.” ver-
sus “SHE wanted red flowers.”), sarcasm (e.g., saying “It’s great.” with a tone of disgust), and
cues for turn-taking (Loveall et al. 2021). Such aspects of prosody are not obligatory but are
indispensable parts of speech communication.

Affective prosody, which includes the vocal changes used for the individual’s personal speech
style as well as for varying social functions, is used to express the general feeling state of a speaker
(Bolinger 1989). For example, emotional feelings usually include six basic emotions: anger, disgust,
fear, enjoyment (happiness), sadness, and surprise (Ekman 1992) (e.g., “I can’t believe it.” can be
expressed in neutral or one of the six basic emotions).

In studies of psychopathology, linguistic prosody has usually been regarded as being equivalent
to grammatical prosody, while prosody that conveys pragmatic language functions (e.g., attitudi-
nal prosody) has been investigated separately from linguistic prosody (Mitchell & Ross 2013).
However, prosody in spoken language comprehension and expression has traditionally been stud-
ied at lexical, syntactic, and discourse levels (Cutler et al. 1997, Pierrehumbert & Hirschberg
1990). As prosodic characteristics of words can be of direct use in the pragmatic analysis of an
utterance, pragmatic prosody processed at the discourse level can be integrated into the linguis-
tic structure. Therefore, from the linguistic perspective, grammatical and pragmatic functions
are represented by linguistic prosody. In contrast, emotional prosody is usually understood to
display a more universal feeling (Pell et al. 2009), typically including basic emotions. Complex
emotions are considered more context- and society-dependent with diverse classifications, in-
cluding pride and embarrassment (Chevallier et al. 2011, Icht et al. 2021). In the Cambridge
Mindreading Battery tasks for adults with and without Asperger’s syndrome (AS), a taxonomy of
20 complex emotions and mental states, such as distaste and insincerity, was selected (Golan et al.
2006). Some experts claimed that such social emotions are conveyed by attitudinal functions of
prosody (Mitchell & Ross 2013, Pell 2006). In recent studies, attitudinal prosody is often grouped
with emotional prosody under the superordinate term of affective prosody, although most previ-
ous affective prosody research focused on simple emotional prosody (Mitchell & Ross 2013, Pell
2006). Therefore, affective (or emotional) prosody in psychological research can represent prag-
matic, pure emotional, or affective language functions.This clarification of prosody categories can
also help us understand behavioral performances, neurological mechanisms, and related models
and theories of prosodic research in mental disorders.

As a considerable amount of evidence has accumulated to show that speech prosody may link
linguistics with other disciplines such as psychiatry and neuroscience, it is necessary to exam-
ine the developments and trends that may need reflection for further advancement in this field.
The review has three purposes. We aim (a) to summarize the characteristics of the existing stud-
ies, with the focus on the atypical behavioral performances of the mentally disordered groups;
(b) to address the issues in the current theories and models that are employed to explain abnor-
mal prosodic performance; and (c) to discuss current limitations and future opportunities. These
three aspects are discussed for recognition and production of prosody in separate sections, con-
sidering that different models have been proposed for perception and production, despite efforts
to integrate them into a unified one (Kroger et al. 2009). Since expressive prosody in mental
disorders has increasingly been studied with data-driven approaches in computer sciences (see
Cummins et al. 2015, Low et al. 2020 for reviews), our review focuses mainly on receptive prosody,
with a brief discussion on expressive prosody. Finally, future orientations are provided with a
summary of the current research.
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2. RECOGNITION OF PROSODY IN MENTAL DISORDERS

Individuals with mental disorders have many difficulties in social functioning, which may arise
from their failure to accurately recognize emotional and linguistic prosody (Chevallier et al. 2011,
Diehl & Paul 2013). The earliest studies showed that schizophrenic patients were comparable in
their performance with normal controls in comprehending stressed prosody, while such patients
were significantly inferior to the control group in understanding emotional prosody (Murphy
& Cutting 1990). Therefore, most of the literature on prosody comprehension in patients with
mental disorders has focused on emotional or affective prosody. Impairments in recognition of
speech prosody were first investigated in the severe disorder of schizophrenia (see Edwards et al.
2002 for a review). Similar investigations followed for autism (see McCann & Peppe 2003 for
a review), AD (see Klein-Koerkamp et al. 2012 for a meta-analysis), and bipolar and depressive
disorders (see Tang et al. 2022 for a review).

2.1. Behavioral Performances

The currently available assessment tools focus primarily on emotional aprosodia, whereas lin-
guistic prosody is rarely assessed. Among the numerous validated tools that have been frequently
adopted to evaluate aprosodia are the Aprosodia Battery (Ross et al. 1997), Battery of Emotional
Expression and Comprehension (Cancelliere & Kertesz 1990), Florida Affect Battery (Bowers
et al. 1998), Montreal Protocol for the Evaluation of Communication ( Joanette et al. 2004), As-
sessment Battery for Communication (Angeleri et al. 2008), and Comprehensive Affect Testing
System (Froming et al. 2022).Most of these validated tools are written in English, with only a few
instruments developed in European languages (see Benedetti et al. 2021 for a review).

2.1.1. Recognition of emotional prosody. Many studies adopted the abovementioned stan-
dardized tools for recognition experiments, but others had to develop new auditory stimuli. The
primary tasks in prosody recognition were identification and discrimination, in which the partic-
ipants were required to make judgments on the basis of the prosodic information conveyed by
the stimuli (see Edwards et al. 2002 for a review). Verbal stimuli could be presented either with-
out semantic contents, such as vocal sounds, frequency-modulated tones, asyllabic sounds, and
meaningless utterances, or with semantic contents in the form of syllables, words, phrases, and
sentences. Some tasks employed Stroop and priming paradigms in prosody recognition to deter-
mine the influence of cognitive abilities of facilitatory and inhibitory processes (see Lin et al. 2018
for a review). The main issue of these behavior studies was to examine whether the mentally dis-
ordered groups showed worse performance than the control groups in recognition of the tested
prosodic functions. Other topics included finding the relationship between recognition capabil-
ities and related factors. Recognition accuracy was usually reported as the primary indicator of
participants’ performance. If necessary, response time was also recorded as a criterion. Influential
factors generally included participant-related factors and experiment-related factors. If neurolog-
ical studies were involved, neural mechanisms influencing impaired performance were discussed
(see Zhang et al. 2021 for a review).

The current findings of the behavioral prosodic performances are different from one disorder
to another but show a general tendency. Despite mixed results across studies, most of the available
evidence seems to support the well-accepted finding that individuals with mental illnesses are
impaired in comprehending emotional prosody, but not linguistic prosody. However, a detailed
examination of the causes behind the results is necessary and can help us understand the potential
issues in these studies.

For severe schizophrenic disorders, extensive research on emotional prosody recognition can
be found. However, by reviewing seven studies between 1964 and 1994, Edwards et al. (2002)

www.annualreviews.org • Speech Prosody in Mental Disorders 339



suggested that only thin evidence supported emotion recognition deficits in schizophrenia due to
many methodological shortcomings regarding subjects’ characteristics and task variables. Many
articles have subsequently been published on this topic with experimental improvements, and
more evidence has been accumulated. Two meta-analyses on 17 studies between 1980 and 2007
(Hoekert et al. 2007) and on 29 studies between 2001 and 2018 (Lin et al. 2018) reported impaired
processing of emotional prosody in schizophrenia with very large effect sizes. However, both cog-
nition and semantic information were shown to be influential factors of schizophrenic patients’
recognition performance. As the task difficulty increased, the linguistic (semantics) and cognitive
(attention) demands also increased. Therefore, without consideration of language and cognition,
impairments in emotional perception might be overestimated.

Most prosody research in ASD has focused on individuals with high-functioning autism and
AS, who do not have comorbid intellectual disability (ID) but exhibit reduced social cognition in
comparison to other cognitive abilities (American Psychiatric Association 1994). Due to insuffi-
cient control of stimuli, contradictory findings on receptive emotional prosody were reported by
two reviewed studies published between 1980 and 2002 in ASD groups (see McCann & Peppe
2003 for review). Later, a study on 33 articles published between 1990 and 2013 reported that
comprehension of emotional prosody was impaired in the ASD group (see Lartseva et al. 2015 for
a review). Ameta-analysis also showed impaired affective prosody recognition in ASD participants
on 23 papers published between 2000 and 2019 with a moderate to large pooled effect, where only
basic emotions were concerned; however, the difference was no longer significant after correction
for publication bias (Zhang et al. 2021). By teasing simple and complex emotions apart, Icht et al.
(2021), in a meta-analysis on 23 journal articles published between 2002 and 2020, demonstrated
that ASD individuals without ID showed no significant difference from controls in the identifi-
cation of simple prosodic emotions (e.g., sadness, happiness) but that these individuals performed
significantly worse than controls in identifying complex prosodic emotions (e.g., envy, boredom,
and calmness). There was also a high likelihood of publication bias for simple emotions, which
was not observed for studies on complex emotions. The results convincingly demonstrated that
ASD individuals without ID could recruit their cognitive abilities to identify the simple univer-
sal emotions but had difficulty recognizing social norms of the context- and culture-dependent
complex emotions. Discriminating between these more subtle emotions demands intricate social,
emotional, and linguistic faculties (Icht et al. 2021).

Studies of emotional recognition in ADhave not been as extensive as those in schizophrenia and
autism. The difficulties of the AD patients in perceiving emotion may be considered secondary to
their associated cognitive impairments (Koff et al. 1999).However, using the Florida Affect Battery
(Bowers et al. 1998), an investigation found a significant difference between the AD and the healthy
control groups on both emotion and cognition tasks (Bucks & Radford 2004). Another study
suggested that impairments in emotional prosody processing in AD individuals may be ascribed
to a more general prosodic processing impairment at the sentence level (Taler et al. 2008). Other
studies found that emotional prosody perception by the AD group was significantly inferior to
that of the control group, and insertion of linguistic content enlarged the difference (Horley et al.
2010).

Only a handful of studies on emotional prosody recognition in bipolar and depressive disorders
are available; however, a meta-analysis of 16 studies from 2004 to 2019 also showed that these
patients demonstrated overall deficits at a medium to large magnitude (see Tang et al. 2022 for a
review). It was reported that the behavioral impairments in the processing of emotional prosody
for patients with bipolar disorders could be related to early sensory impairments (see Van Rheenen
& Rossell 2013 for a review), and in the case of depressed patients, the issues with emotional
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prosody were related to their cognitive (Uekermann et al. 2008) or sensory-perceptual (Emerson
et al. 1999) deficiencies.

2.1.2. Recognition of linguistic prosody. Relative to the large number of studies of emotional
recognition in mental disorders, fewer studies have investigated linguistic prosody. In this regard,
ASD is an exception among the mental disorders due to the critical role of speech prosody in early
language development (McCann et al. 2007). Individuals with ASD were reported to have diffi-
culty perceiving the grammatical functions of lexical stress (Paul et al. 2005), syntactic chunking
( Jarvinen-Pasley et al. 2008), question and statement intonation ( Jarvinen-Pasley et al. 2008), and
the pragmatic function of contrastive stress (Paul et al. 2005). In contrast, other studies showed that
ASD participants were not inferior to their typical peers on tests of these same skills in lexical stress
(Grossman et al. 2010), syntactic chunking (Paul et al. 2005), question and statement intonation
(Paul et al. 2005), and contrastive stress (Globerson et al. 2015). Moreover, similar discrepancies
across studies were also found on the pragmatic use of prosody, even though it is regarded as a
hallmark weakness of ASD (Chevallier et al. 2011). One explanation is that pragmatic language
abilities are selectively impaired in ASD. In addition, it is suggested that pragmatic abilities relying
on assumptions about others’ mental status (e.g., comprehension of irony,which requires inferring
the intentions, beliefs, and feelings of others) rather than abilities limited to egocentric processing
of context (e.g., interpretation of some indirect requests, which does not necessarily require assess-
ment of the speaker’s communicative intentions) were shown to be damaged (Deliens et al. 2018).
This finding also implies that great efforts should be directed to developing appropriate prosodic
tasks that can uncover the nature of communicative pragmatic difficulties in the ASD population.

Several studies investigated recognition of linguistic prosody in schizophrenia. However, no
significant difference between patient and control groups was reported in a review of 11 studies
between 1990 and 2019 (Lucarini et al. 2020). A detailed analysis of these studies revealed that the
capacity to recognize grammatical prosody in patients with schizophrenia, such as resolving syn-
tactic ambiguities or identifying question and statement intonations, was intact. However, specific
impairments in identifying some pragmatic functions of prosody, such as detecting sarcasm and
commands, were found in these patients. Lucarini et al. (2020) argued that the thin evidence for
impairments in nonemotional prosody might be attributed to the high simplicity of the tasks, and
they called for more attention to be directed toward pragmatic prosody investigation in this field.

Similarly, a review on AD patients reported conflicting results on linguistic prosody compre-
hension and found that most articles were of weak methodological quality (see Oh et al. 2021 for
a review). Nonetheless, patients with major depressive disorders were found to be impaired in the
comprehension of pragmatic prosody on emphatic stresses (Zurlo & Ruggiero 2021).

2.1.3. Summary of behavioral performance. With a brief review of the behavioral perfor-
mances of individuals with mental disorders, we can conclude that recognition of emotional and
linguistic prosody has been examined in all major mental illnesses. However, due to terminology
confusion, many complex emotions, such as sarcasm and irony, have been referred to as emo-
tional or affective prosody in some studies (see Icht et al. 2021 for a review), but as higher-order
language functions (or pragmatic linguistic prosody) in others (see Mitchell & Crow 2005 for a
review). Nevertheless, such complex emotions emerge as prosodic stimuli that can reveal signif-
icant differences in emotional and linguistic prosody recognition between patients and controls.
Due to various experiment-related and participant-related factors, discrepant results exist. But the
existing findings tend to show that prosodic tasks that represent complex emotions or pragmatic-
social contexts can best identify impaired receptive prosody in individuals with mental disorders
(Covington et al. 2005, Icht et al. 2021, Zurlo & Ruggiero 2021).
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Except for general trends of impaired performances in receptive prosody, studies on this topic
in mental disorders share several characteristics, which are crucial for our understanding. First,
many studies examined the correlation of performances with higher-level cognitive abilities or
with lower-level auditory skills. For example, the deficits of receptive prosody in individuals with
mental disorders were reported to be significantly correlated with their impaired preattentive and
attentive cognitive processing (Uekermann et al. 2008) or with abnormal sensory processing of
pitch, intensity, or duration ( Jahshan et al. 2013). Second, in combination with auditory behav-
ioral tasks, different forms of stimuli (e.g., visual and auditory information) were involved in testing
multisensory integration ( Jones et al. 2011, Thaler et al. 2013). Third, neuroimaging methodol-
ogy was used in uncovering the underlying mechanisms (Leitman et al. 2007, Wang et al. 2006).
Finally, several investigations endeavored to use prosody recognition to identify individuals with
mental problems before clinical symptoms were observed (Pawełczyk et al. 2018). For example,
it was reported that ASD groups did not show the same preference for infant-directed speech as
the typically developing (TD) group, which was related to a lack of neural enhancement effect in
response to vowel exaggeration since TD children showed increased P1 amplitude toward hyper-
articulated vowels while ASD children showed no sensitivity to this preattentive component of P1
(Chen et al. 2021). This phenomenon may indicate an early marker of ASD (see Filipe et al. 2018
for a review).

2.2. Theoretical Explanations

Receptive prosody research in mental disorders can provide implications for theories and models
for cognitive and sensory processing of speech and emotion. At the same time, updated theoreti-
cal frameworks provide guidelines for further research work. Brain lateralization and the role of
language in the processing of speech prosody are essential topics of concern among many central
issues of theoretical explanations for behavioral performances of individuals withmental disorders.

2.2.1. Dynamic dual-stream model for prosody perception. Neurological interest in
prosody was stimulated by the discovery that differently sited lesions have different effects on
prosody. In early studies, behavioral experiments with brain-damaged subjects suggested that lex-
ical stress prosody processing is a left hemisphere function, while the right hemisphere specializes
in processing emotional prosody (Murphy & Cutting 1990). Later experiments further showed
that the right hemisphere also mediates some language functions conveyed by pragmatic prosody.
Impairments in these higher-order language functions displayed by patients with schizophrenia
may significantly contribute to their social interaction deficits (see Mitchell & Crow 2005 for a
review). The emotion-type hypothesis also posits that primary (basic) emotions are modulated by
the right hemisphere, while social emotions are modulated by the left hemisphere (Ross 2021).
However, neuroimaging experiments in healthy populations suggested that emotional prosody
comprehension is subserved by bilateral mechanisms (Kotz et al. 2003, Schirmer & Kotz 2006).
The conflicting results warrant further exploration with more neurophysiological and neuroimag-
ing techniques in brain-damaged individuals (Leitman et al. 2007), which is also the trend in this
research field (see Lin et al. 2018, Zhang et al. 2021 for reviews).

Despite the discrepancies, findings based on traditional lesion-based methods and modern
functional imaging approaches on prosody perception have lent support to the dynamic dual-
pathway model of auditory language comprehension. According to the model, segmental, lexical,
and syntactic information is processed in the left hemisphere, while sentence-level suprasegmen-
tal information is processed in the right hemisphere (Friederici & Alter 2004, Frühholz et al.
2015, Sammler et al. 2015). This dynamic dual-stream model was then extended to show that,
unlike nontonal language speakers,Mandarin Chinese speakers process lexical tones and sentence
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intonation primarily in the left hemisphere (Chien et al. 2021, Gandour et al. 2004). Cross-
linguistic experiments further proved that speech and prosody perception relies upon a shared
cortical auditory feature processing mechanism, which may be tuned to track and map the statis-
tics (such as variance in pitch height, pitch contour, and speech rhythm) of a given language
(Li et al. 2021). Emotional and linguistic prosody functions vary across listeners with different
language and cultural backgrounds (Banse & Scherer 1996). In addition, as emotional prosody
processing involves multistage brain networks (Grandjean 2021), the interplay of emotional and
linguistic prosody functions at each stage in the pathway remains to be elucidated with more
neuropsychological and cross-linguistic findings in the future.

2.2.2. Beyond the cognition-emotion-language trichotomy. Many behavioral and brain
studies have been conducted to identify possible reasons for the impaired speech prosody com-
prehension in individuals with mental disorders. Higher-level dysfunctions in the network of
theory of mind (ToM) (Baron-Cohen 1995) are one of the most explanatory theories that can
be found in many studies of ASD and schizophrenia (Chevallier et al. 2011, Leitman et al. 2006,
Razafimandimby et al. 2016, Rutherford et al. 2002). Cognitive deficit is another possible fac-
tor (Bucks & Radford 2004, Uekermann et al. 2008). But studies using higher-order language
processes for accounting for impairments are scarce (Pawełczyk et al. 2018). Other investiga-
tions found an association of receptive prosody impairment with lower-level auditory dysfunction
( Jahshan et al. 2013, Leitman et al. 2006).However, it was suggested that communication difficul-
ties in autistic individuals are more consistent with the reduced social interest than the auditory
dysfunction explanation (see Key & Slaboch 2021 for a review).

A meta-analysis of neuroimaging data across different social-cognitive tasks revealed that the
higher level of neurocognitive processes involves the cognitive process, the affective process, and a
combination of cognitive and affective processes and systems (see Schurz et al. 2021 for a review).
Language, often regarded as a nonsocial term in linguistic research, was found to be embedded in
the organizational properties of the motor system. However, as mentally disordered individuals
suffer from a failure to use language in social interaction, we argue that integrating language into
the interplay of emotion and cognition would facilitate a better understanding of their problems.
Unlike the case for emotional prosody, there is no one-to-one relationship between pragmatic
or attitudinal meanings of the utterance and their prosody. Interpreting such intentions depends
on integrating multiple information from prosodic cues, linguistic context, and prior knowledge
(Wichmann 2002). Attitudinal (pragmatic) prosody deserves equal attention as the widely studied
emotional prosody (Mitchell & Ross 2013), even though developing pragmatic prosody tasks can
be challenging. In addition, language serves as a context for emotion perception (Barrett et al.
2007) and plays an active role in constructing emotion concepts and shaping experience (Hoemann
& Barrett 2019). For instance, the presence of emotional words in experimental tasks could have
a significant influence over the neural representation of emotional experiences and perceptions
(Brooks et al. 2017). All these findings have reminded us of a cautionary methodological note that
an increase in linguistic complexity, such as the inclusion of emotion words in experimental tasks,
could not be explained as simply an increase in the cognitive load, as was done in many studies. In
this regard, understanding the dynamic neural interactions of emotion, cognition, and language is
essential for selecting potent stimuli and developing effective training and treatment approaches
to mitigate emotional dysfunction across various neuropsychiatric states (Liebenthal et al. 2016).
Therefore, we propose going beyond the conventional trichotomy of cognition, emotion, and
language for studying higher-level processing of speech prosody in basic and translational work;
this approach can offer a practical framework for developing more appropriate methodologies in
prosody research.
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While itmay not be difficult tomanipulate certain acoustic features to represent target prosodic
variations in research protocols suitable for the different populations of interest, considerations
of linguistic influence should be taken into account in examining lower-level auditory process-
ing. For example, mounting evidence has suggested that auditory processing impairments in ASD
are more severe for speech than for nonspeech stimuli (see O’Connor 2012 for a review). More-
over, ASD children had reduced discrimination sensitivity for lexical tone contrast relative to TD
peers, despite their equivalent or increased sensitivity to pitch contrasts of pure tones and hummed
sounds (Yu et al. 2015, 2022). These findings also suggest that prosody serves as a bridge between
lower-level acoustic elements and higher-level language components to help pinpoint the sources
of problems to guide theoretical development and intervention practice.

2.3. Implications

In this section, after discussing the progress achieved on prosody recognition in mental disorders
in recent years, we outline some of the critical implications for future research.

First, we propose a unified trinity of emotion-cognition-language for studying speech prosody
recognition in neurotypicals and individuals with mental disorders. Complex emotions that can
distinguish mentally disordered patients from their neurotypical controls demand the combined
ability to process emotion, cognition, and language. Linguists need to work with experts in other
related disciplines in developing more advanced methodologies with more comprehensive models
and theories to examine the interactions across domains. One current trend is to examine multi-
channel integration, as prosody is never confined to the auditory domain. Prosody comprehension
is usually accompanied by verbal semantic content, which results in multichannel processing. It
is well acknowledged that both speech perception (Keough et al. 2019) and prosody perception
(Pell et al. 2011) are multisensory processes. Moreover, social communication difficulties in men-
tal disorders may involve deficits in cross-modal coordination (see Lin et al. 2020 and Zhang et al.
2022 for reviews). As reviewed above, individuals with mental disorders may hardly be differenti-
ated from normal subjects by employing simple grammatical prosody or basic emotional prosody
tasks. One plausible explanation is that the “disordered” individuals may have the intact ability in
single-channel processing of basic prosodic category information but impaired skills in integrating
processes across communication channels and sensory modalities. Therefore, multimodal assess-
ment is also more practical for detecting impairments of pragmatic communication in individuals
with mental disorders (Parola et al. 2021).

Second, to improve generalizability and explanatory power, the dynamic bilateral prosodic
paths in the dual-streammodel need to be further elaborated and updated to account for different
functions of prosody, including the special characteristics of tonal languages. Further neuroimag-
ing research on patients with mental disorders can help us understand the mechanisms of prosody
perception at different levels and how different levels of processing may break down in various
pathological or experimental conditions.

Third, current prosody evaluation tools are written mainly in English and several European
languages. Given that pragmatic or affective prosody is language and culture dependent ( Jiang
et al. 2020),more tools need to be developed and customized to address linguistic/cultural diversity
and equity. The same applies to scientific research. For instance, more investigations of tonal
languages and Asian cultures can be helpful to obtain a comprehensive view of receptive prosody
processing in individuals with mental disorders.

Finally, intervention and training programs that aim at pragmatic prosody recognition with
materials and conditions tailored toward individual emotion, cognition, and language abilities are
expected to be developed for ASD (Schreibman et al. 2015), schizophrenia (Hoekert et al. 2007),
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and other mental disorders. Although impairments in pragmatic or affective prosody recognition
are systematically documented in research studies on individuals with various mental disorders
(Icht et al. 2021, Lin et al. 2018, Oh et al. 2021), prosody comprehension/production tasks are
rarely included in clinical settings.

3. EXPRESSION OF PROSODY IN MENTAL DISORDERS

Parallel to perceptual problems, the production of proper speech prosody is often compromised
in individuals with mental disorders. The most prominent speech characteristics affected by early
mental disorders are those related to abnormal prosody, which includes unusual fluctuations in
time, pitch, loudness, and voice quality. These characteristic alterations underlying various mental
states and conditions may be detected by analyzing the acoustic temporal and spectral parameters.

3.1. Behavioral Performances

In speech expression, people modulate their voices to accommodate various social contexts and
motivational states so that linguistic prosody is intertwined with emotional prosody (Pisanski et al.
2016).However, how the linguistic and emotional production systems interact with each other re-
mains poorly understood (Bryant 2021). In early studies, performances of emotional or linguistic
prosody production were usually assessed by human raters (Cancelliere & Kertesz 1990, Murphy
& Cutting 1990). However, with the increased capability and popularity of phonetic software,
acoustic-phonetic analysis has been applied with automated approaches and more objective statis-
tics (Alpert et al. 2001, Filipe et al. 2014). For instance, the incorporation of advanced machine
learning algorithms makes it possible to implement automatic clustering/classification to assess
prosodic features for detecting mental disorders in spontaneous speech (Haider et al. 2020, Yuan
et al. 2021). In the following sections, we discuss the studies on expressive prosody using various
approaches.

3.1.1. Subjective rating of expressive prosody. In many studies, the primary tasks in prosody
expression were to ask the participants to imitate or read the sentences in one of the designated
emotions or stress patterns, and trained judges were invited to rate the accuracy and intensity of
the emotional expressions (Putnam & Kring 2007) or the accuracy of the lexical stress (Murphy
& Cutting 1990). A meta-analysis on seven studies between 1980 and 2007 reported that the
expressive ability of emotional prosody was impaired in schizophrenia with a large effect size (see
Hoekert et al. 2007 for a review). But the findings were inconclusive due to the limited number of
studies. Other studies reported that, even if individuals with mental disorders retained the ability
to differentiate between emotions in production, they employed significantly different prosodic
patterns than the controls (Horley et al. 2010, Hubbard et al. 2017).

Studies on the production of linguistic prosody in mental disorders have been scarce. Inves-
tigations have largely focused on acoustic parameters rather than ratings (Lucarini et al. 2020).
For example, lexical analyses showed that changes in inflection and speech rate were associated
with clinical ratings of negative symptoms of schizophrenia (Alpert et al. 2002, Cohen et al. 2008).
There are some studies on expressive linguistic prosody with subjective ratings on several prosodic
features in the ASD population. Due to high variability in methodology and participants, no con-
sistent results on ASD individuals were observed in a review on 16 studies between 1980 and
2002 (see McCann & Peppe 2003 for a review). Some studies found significant differences be-
tween ASD and TD groups in producing grammatical stresses (McCann & Peppe 2003, Paul
et al. 2005). Others reported that ASD individuals could demonstrate appropriately differentiated

www.annualreviews.org • Speech Prosody in Mental Disorders 345



lexical stress patterns but showed atypically long productions (Grossman et al. 2010). In addition,
children with ASD made significantly fewer nongrammatical pauses, suggesting that the stories
told by autistic children reflected reduced cognitive and communicative demands (Thurber &
Tager-Flusberg 1993). Although ASD individuals were reported to have difficulties in expres-
sive linguistic prosody, pragmatic functions carrying social information and speakers’ intentions
were reported to be more impaired than were grammatical functions (Fine et al. 1991, Thurber
& Tager-Flusberg 1993). However, variability in scoring criteria across studies and unquantified
prosodic features in production may undermine the generalizability of the results (see McCann &
Peppe 2003 for a review).

3.1.2. Phonetic acoustic analysis of expressive prosody. The advancement of analytic tools
in speech acoustics has provided much objectivity to quantify the acoustic parameters of prosodic
features (Banse & Scherer 1996). Even when individuals with mental disorders achieved usual ac-
curacy with prosodic functions, acoustic analysis often revealed differences/alterations in prosodic
form relative to matched peers (Loveall et al. 2021). The target acoustic parameters include pitch,
duration, intensity, and voice quality. It was reported that the most common characteristics of ab-
normal speech for schizophrenia were reduced variations in intonation (monotone speech) as well
as increased pauses, hesitations, and strained voice (Covington et al. 2005). AD patients showed
reduced pitch variation and a slower speech rate relative to age-matched controls in producing
emotional prosody (see Horley et al. 2010 for a review). Relative to the TD control group, ASD
group members showed an exaggerated pitch range, atypical pitch contours, higher pitch variabil-
ity (Filipe et al. 2014, Nadig & Shaw 2012, Sharda et al. 2010), and longer production (Diehl &
Paul 2013, Filipe et al. 2014). Despite the findings on distinctive acoustic patterns associated with
ASD, no single feature could serve as a marker for ASD or as a predictor of the severity of clinical
features. While multivariate machine learning may be able to provide promising results about a
cluster of biomarker features for ASD, more systematic cross-study validations are required (see
Fusaroli et al. 2017 for a review).

3.1.3. Automatic classification of prosodic events for detection. Prosody production has
been shown to signal an individual’s specific cognitive and social functioning profile (Fusaroli
et al. 2017). Changes in acoustic measures—especially duration, pitch, loudness, and voice quality
that reflect the mental state—are well documented and substantially related to clinical observa-
tions and reports for mental health status examination (Alpert et al. 2001, Hirschberg et al. 2010).
From a computational perspective, current machine learning methods can automatically extract
purely acoustic features from spontaneous speech to identify mental illnesses with a fairly high
detection success rate, like AD (Haider et al. 2020). Therefore, many machine learning studies
have employed speech data to detect mental disorders such as depression, schizophrenia, and
bipolar disorder (see Low et al. 2020 for a review). For example, prosodic and speech charac-
teristics can be helpful in assessing depression and suicide risks (see Cummins et al. 2015 for a
review). Vocal prosody could be a powerful tool to screen and monitor the progression and re-
covery of depressive disorders (Alpert et al. 2001, Yang et al. 2013). In addition, speech pause
distribution and other acoustic parameters could be used as an early marker for AD (Meilan et al.
2014, Pastoriza-Domínguez et al. 2022, Yuan et al. 2021).

Along with acoustic parameters, some verbal or nonverbal vocalizations in speech also serve
as pragmatic signals for social interactions (Bryant 2021). Filler disfluencies (e.g., “uh” and “um”)
may also serve as distinct discourse functions (Ward 2006), which could be employed to detect
mental disorders such as ASD (Irvine et al. 2016,McGregor & Hadden 2020) and AD (Yuan et al.
2021).
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3.1.4. Summary of behavioral performance. In sum, expressive prosody in mental disorders
shares some common characteristics. First, like receptive prosody, pragmatic prosody that reflects
social communication appears to be more effective than linguistic prosody in distinguishing in-
dividuals with mental illnesses from their neurotypical controls. Second, data-driven automatic
classification based on prosodic analysis can use sizeable spontaneous speech data for detecting
and validating mental disorders but offers scarce information for our understanding of the role of
prosody in speech communication and underlying causes. Third, as prosodic expression is multi-
channel and cross-modal, modeling acoustic details should be combined with semantic-syntactic
components (Hirschberg et al. 2010,Tang et al. 2021) for speech prosody to be a better biomarker.
If combined with other modalities, speech prosody can become a more valuable and beneficial di-
agnostic tool (Alghowinem et al. 2018). Finally, while machine learning is sensitive to detecting
subtle acoustic signs indicative of neurocognitive disturbances, human evaluators in clinical di-
agnosis may not be able to perceive and utilize such nuances. The advantage of corpus-based
automatic detection in not requiring the use of subjective rating scales or highly trained staff can
be employed to help in preclinical screening of mental disorders. It is noteworthy that, in addition
to problems with expressive prosody, patients and their unaffected first-degree relatives in ASD
(Patel et al. 2019) and schizophrenia (Pawełczyk et al. 2018) showed higher-order language dys-
functions. These findings indicated that prosody comprehension and production tests could be
instrumental to behavioral genetics in identifying individuals with a high risk of mental disorders
such as ASD and schizophrenia.

3.2. Theoretical Explanations

Speech production is a complex neurocognitive and physiological process. It begins with cognitive
and linguistic planning by forming the intendedmessages and retrieving corresponding words and
phrases in the mental lexicon. This information is then stored briefly in working memory, where
complex cognitive and linguistic functions and mapping operations at various levels of phonology,
morphology, and syntax are performed and phonetic and prosodic representations are produced.
In the final stage of motor action, a series of neuromuscular commands are executed to initiate
the motoric actions for the sequenced sounds and words needed to utter the intended speech
(Cummins et al. 2015). In the physiological part, speech production represents a complex motor
behavior that requires accurate planning, sequencing, and coordination of the articulators form-
ing the human vocal apparatus, which is accompanied by proprioceptive feedback and auditory
feedback for output monitoring (Chrabaszcz et al. 2019, Kroger et al. 2009).

Impairments in speech production of individuals with mental disorders are explained in terms
of higher-level neurocognitive dysfunctions as well as lower-level disruptions in motor-speech
control. ToM is usually invoked to explain the impaired prosodic and other information pro-
cessing of ASD and schizophrenic disorders to form inappropriate messages. For example, the
unusual and improper use of intonation could be attributed to individuals not being aware of the
communication value of specific intonation patterns. This deficiency may be explained by ToM in
high-functioning autism (Fine et al. 1991,McCann et al. 2007).Moreover, a reduction in cognitive
ability and working memory also affects speech planning, impairing neuromuscular motor coordi-
nation processes (Cummins et al. 2015). Such cognitive impairments and related abnormal speech
traits have been found to be reliably detectable at mild stages of AD (Ivanova et al. 2022). There
are significant correlations between the severity of mental disorders and pause-related measures in
free speech production, showing that mentally disordered individuals have difficulty in discourse
planning and choosing words (Alpert et al. 2001,Mundt et al. 2012). Motor-speech control is also
affected by abnormal changes in affective states in mentally disordered patients (Cummins et al.
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2015, Franich et al. 2021). Unusual mental conditions can disturb somatic and autonomic nervous
systems, further influencing muscle tension and respiratory rates. Ultimately, these disturbances
are expressed in the prosody and quality of the speech produced. Studies have shown that both
prosodic and vocal source features are affected by a speaker’s severity level of mental disorders
such as depression (Moore et al. 2008). In addition, motor-speech control requires precise tim-
ing. In this regard, impairment of speech prosody in ASD may be linked with deficits in temporal
processing (Franich et al. 2021).

To better understand the nature of mental health-related prosodic, articulatory, and acous-
tic alterations, future research needs to go beyond subjective ratings, acoustic feature analysis,
and machine learning classification by tapping into mechanistic accounts with reference to neu-
roanatomical and physiological models of speech production. For example, the directions into
velocities of articulators (DIVA) model is a well-established neural network model of speech
motor skill acquisition and speech production. It describes how intended speech sounds are con-
verted into articulatory movements, resulting in speech production (Golfinopoulos et al. 2010). As
speech prosody is a property inherent in speech production, further research efforts could address
how to accommodate the output of pitch-based prosodic cues into such a mechanism (Belyk &
Brown 2014). In addition, the latest version of gradient order DIVA (GODIVA) model provides
a mechanistic account of speech apraxia, a disorder of speech motor programming that can be
found in pathological conditions such as ASD (Miller & Guenther 2021). It would be most fit-
ting to integrate suprasegmental arrangement and modulation into the speech production model
in the future; such a model could provide a testbed for behavioral and neuroimaging hypotheses
about the underlying neural mechanisms responsible for motor programming in speakers with or
without related pathological conditions.

3.3. Implications

In natural speech communication, linguistic prosody operates with emotional prosody in tandem
to reveal one’s mental state (Bryant 2021, Pisanski et al. 2016). Refined acoustic analyses of vocal
modulation can be an excellent tool to distinguish patients withmental disorders from control par-
ticipants (Fusaroli et al. 2017,Hirschberg et al. 2010).Many recent studies have demonstrated that
machine learning algorithms based on acoustic feature analysis provide an objective, inexpensive,
and noninvasive tool for detecting major mental disorders (Low et al. 2020, Pastoriza-Domínguez
et al. 2022).However, several improvements are necessary to advance prosody investigation in this
aspect.

First, challenges for corpus phonetics, including restricted availability of effective techniques
and a lack of unified criteria (Liberman 2019), also apply to the construction and application
of speech databases in mental disorders. Open-speech databases that researchers across disci-
plines can share are undoubtedly beneficial for all stakeholders. Efforts are needed to build
large, publicly available speech corpora for mental disorders, following exemplar models such
as TalkBank (MacWhinney 2007) and DementiaBank (Becker et al. 1994). In this regard, ex-
perts from multidisciplinary fields have recently formed a diverse international consortium of
research in thought/language and communication (DISCOURSE) in psychosis to promote in-
ternational collaboration efforts toward creating an open-source speech databank for psychosis
(https://discourseinpsychosis.org/). However, sharing clinical data that may reveal personal
identity or characteristics presents an ethical challenge (Insel 2018) that should be handled with
caution.

Second, speech, as a measurable human behavior, provides a convenient and rich resource for
identifying prosodic characteristics that can function as a biomarker for variousmental disorders to
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facilitate early diagnosis, monitor disease progression, and quantify treatment progress. However,
rigorous evaluations and standards are required for effective and safe use (Robin et al. 2020).

Third, current diagnosis of mental disorders primarily makes use of the acoustic analysis or
subjective rating of prosodic and speech features (see Cummins et al. 2015, Low et al. 2020 for
reviews). As mental disorder deficits are manifested across modalities and involve cross-modal
coordination problems, one trend is to integrate speech prosodic features with verbal and visual
information to generate better prediction results with multimodal databases (Alghowinem et al.
2018, Hirschberg et al. 2010, Tang et al. 2021).

Finally, individuals with mental disorders such as ASD and schizophrenia often display lan-
guage impairments at phonological, morphological, syntactic, semantic, and pragmatic levels
(Covington et al. 2005, Martin & McDonald 2003). Future work needs to incorporate sys-
tematic linguistic analysis with a focus on profiling language function, especially pragmatic
language, into the explanation of expressive prosody impairments of patients withmental disorders
(Martin & McDonald 2003, Zurlo & Ruggiero 2021). More theory-driven and model-based re-
search is necessary to advance our understanding of the underlying mechanisms of abnormal
speech prosody expression or vocal production in mental disorders (Fusaroli et al. 2017).

4. CONCLUSION

Speech prosody in mental disorders has increasingly received attention in various disciplines, in-
cluding linguistics, psychology, psychiatry, neurology, and computer science. As a result, there are
vast venues of research too broad to be covered in this review. As individuals with mental disorders
fall into different categories and subcategories based on etiology and symptomatology, in-depth
discussions with nuanced details for each specific disorder are beyond the scope of our review. Al-
though we discuss prosody recognition and production independently here, more attention needs
to be directed towards their binding relationship as shared neural systems to account for individual
differences in socio-communicative ability (Aziz-Zadeh et al. 2010).

Our review of the recent developments in this research area has revealed three major themes.
First, the prosodic deficits so frequently attributed to individuals with mental illnesses reside
primarily in pragmatic and affective aspects of troubles in comprehending more complex emo-
tions and communicative intentions, which requires an integrative ability to process emotion in
the social interaction context. In this regard, an integrated theoretical framework of language,
cognition, and emotion with a focus on cross-domain interactions is highly in need to explain
the socio-communicative problems reflected in speech prosody comprehension and produc-
tion. Without theoretical advancement and guidance, it is difficult to determine the relative
independence as well as interconnections between language-related factors and cognitive and
emotional factors to better characterize the high heterogeneity in individuals with psychiatric
disorders in speech communication. As social emotions are generally language- and culture-
dependent, studies on speech prosody in mental illnesses need to be more inclusive to cover
both nontonal and tonal languages and culture-sensitive materials and settings. Second, prosody
is a naturally multisensory and multimodal human behavior. With the advent of computational
modeling and machine learning algorithms, proper construction of multimodal databases for
normal and pathological samples will complement speech-based prosodic analysis and lead to
more reliable quantitative biomarkers for early screening and the development of more effective
intervention. Finally, multidisciplinary efforts are needed to move forward new frontiers of
research and practice, with speech prosody regarded as a signal with tremendous social and
linguistic significance and as a window into the speaker’s mental state from a medical standpoint.
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Successful collaborations across disciplines will inform and inspire new theoretically guided basic
research and evidence-based clinical applications.
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