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Objective: Music and speech are complex signals containing regularities in how they unfold in time.
Similarities between music and speech/language in terms of their auditory features, rhythmic structure,
and hierarchical structure have led to a large body of literature suggesting connections between the two
domains. However, the precise underlying mechanisms behind this connection remain to be elucidated.
Method: In this theoretical review article, we synthesize previous research and present a framework of
potentially shared neural mechanisms for music and speech rhythm processing. We outline structural
similarities of rhythmic signals in music and speech, synthesize prominent music and speech rhythm
theories, discuss impaired timing in developmental speech and language disorders, and discuss music
rhythm training as an additional, potentially effective therapeutic tool to enhance speech/language
processing in these disorders. Results: We propose the processing rhythm in speech and music (PRISM)
framework, which outlines three underlying mechanisms that appear to be shared across music and
speech/language processing: Precise auditory processing, synchronization/entrainment of neural oscilla-
tions to external stimuli, and sensorimotor coupling. The goal of this framework is to inform directions for
future research that integrate cognitive and biological evidence for relationships between rhythm
processing in music and speech. Conclusion: The current framework can be used as a basis to investigate
potential links between observed timing deficits in developmental disorders, impairments in the proposed
mechanisms, and pathology-specific deficits which can be targeted in treatment and training supporting
speech therapy outcomes. On these grounds, we propose future research directions and discuss
implications of our framework.

This article was published Online First August 26, 2021. There are no data or materials to share for the current review article.

Anna Fiveash 2 https://orcid.org/0000-0002-5760-7490 Anna Fiveash played a lead role in visualization, writing of original
Nathalie Bedoin " https://orcid.org/0000-0002-6475-7067 draft, and writing of review and editing and equal role in conceptualiza-
Reyna L. Gordon %/ https://orcid.org/0000-0003-1643-6979 tion. Nathalie Bedoin played a supporting role in conceptualization,

Barbara Tillmann “= https://orcid.org/0000-0001-9676-5822

This research was supported by a grant from Agence Nationale de la
Recherche (ANR-16-CE28-0012-02) to Barbara Tillmann and Nathalie
Bedoin. The team Auditory Cognition and Psychoacoustics is part of the T . c. X i
LabEx CeLyA (Centre Lyonnais dAcoustique, ANR-10-LABX-60). writing of review and editing. Barbara Tillmann played a lead role in
Research reported in this publication is supported by the National Institutes funding acquisition, resources and supervision, supporting role in visu-

supervision, and writing of review and editing and equal role in
funding acquisition. Reyna L. Gordon played a lead role in funding
acquisition and supporting role in conceptualization, visualization, and

of Health Common Fund under award DP2HD098859 through the Office of alization, and equal role in conceptualization and writing of review and
Strategic Coordination/Office of the NIH Director, and the National Institute editing.
on Deafness and Other Communication Disorders of the NIH under Award Correspondence concerning this article should be addressed to Anna

RO1DCO016977. The content is solely the responsibility of the authors and Fiveash, Lyon Neuroscience Research Center, CRNL, CNRS,
does not necessarily represent the official views of the NIH. We thank Anna UMRS5292, INSERM U1028, F-69000, Lyon, France. Email: anna
Kasdan for advice on the figures. fiveash@inserm.fr

771


https://orcid.org/0000-0002-5760-7490
https://orcid.org/0000-0002-6475-7067
https://orcid.org/0000-0003-1643-6979
https://orcid.org/0000-0001-9676-5822
mailto:anna.fiveash@inserm.fr
mailto:anna.fiveash@inserm.fr
mailto:anna.fiveash@inserm.fr
https://doi.org/10.1037/neu0000766

publishers.

and is not to be disseminated broadly.

ghted by the American Psychological Association or one of its allied

article is intended solely for the personal use of the individual user

This document is copyri

This

772

FIVEASH, BEDOIN, GORDON, AND TILLMANN

Key Points

Question: The current article investigates whether shared mechanisms underlying rhythm processing in
music and speech can be used to better understand speech and language processing in developmental
disorders and to develop programs for treatment. Findings: We propose a new framework suggesting
three common mechanisms underlying music and speech rhythm processing: Precise auditory timing,
synchronization/entrainment of neural oscillations to external rhythmic stimuli, and sensorimotor
coupling. Importance: The identification of these underlying mechanisms allows for a more targeted
approach to future research investigating music and speech rhythm processing in typically developing
children/adults and those with developmental speech and language impairments. Next Steps: We outline
anumber of avenues for future research, including the need to incorporate multiple sources of evidence
for the investigation of potential links between music and speech rhythm processing, and different

approaches to apply the current framework to speech and language disorders.

Keywords: music, speech, rhythm, language, developmental disorders

Supplemental materials: https://doi.org/10.1037/neu0000766.supp

Music and language are both structured means of communication
that exhibit connections across multiple components, including
acoustic parameters, hierarchical syntactic structure, and rhythm.
Research has investigated the neural mechanisms supporting various
aspects of music perception and production, speech perception and
production, and some processes that appear to be shared between both
domains. In the current theoretical review, we synthesize a number of
independently developed theories and different sources of evidence
that contain recurring and common elements. Our aim is to create a
parsimonious framework based on three common underlying neural
mechanisms supporting music and speech rhythm processing: The
processing rhythm in speech and music (PRISM) framework. This
framework aims to provide a solid foundation for both theoretical/
empirical and applied future research, with implications for develop-
mental speech and language disorders.

First, we define rhythm in music and speech. Second, we focus on
the three mechanisms suggested to be common to rhythm processing as
it occurs for music and speech: Precise auditory processing, synchro-
nization/entrainment of neural oscillations to external rhythmic stimuli,
and sensorimotor coupling. Third, we propose predictions and future
directions derived from the PRISM framework. Within this section, we
provide evidence for timing deficits across different developmental
speech and language disorders and provide suggestions on how to
apply the PRISM framework in both empirical and applied research.
Finally, we provide a larger context and outlook for how to integrate
different sources of evidence to better understand rhythm processing in
music and speech. Although these suggested underlying mechanisms
exist across different theories and within different domains, to our
knowledge, they have not before been brought together in a framework
to explain rhythmic processing in music and speech. The acoustic,
sensory, and cognitive links between music and speech rhythm on the
one hand, and developmental speech and language disorders and
timing impairments on the other hand, suggest a promising research
area that can be guided by the current evidence-based framework.

Rhythm in Music and Speech

Rhythm is a fundamental element of both music and speech and is
universally present across different cultures and languages (Brown
& Jordania, 2013; Ding et al., 2017; Kotz et al., 2018; Savage et al.,
2015). Rhythm refers to the temporal patterns created by the onsets
and durations of acoustic events in an incoming sequence (London,

2012; McAuley, 2010). Fulfilling this definition, both music and
speech are auditory signals that unfold in the temporal domain and
contain periodic (and quasi-periodic) information structured by a
number of similar acoustic cues, including duration (timing), fre-
quency (pitch), amplitude/intensity (loudness), and timbre (instru-
ment/voice quality) (Allen et al., 2017; Besson et al., 2011). These
acoustic cues and the way they are structured in time form the basis
of the bottom-up percept of auditory stimulus rhythm in both
domains, which then has implications for higher-level processes
of prediction and structure building.

Music is often perceived as having a clear, isochronous beat or
pulse, defined as a salient point in time when an event is expected to
occur (i.e., where listeners might naturally clap their hands, see
Repp & Su, 2013). Although speech does not have such isochrony
(see the unsuccessful history of the search for speech isochrony,
Cummins, 2012; Knowles, 1974; Patel, 2008), speech rhythm
emerges through a number of interacting lexical and prosodic
factors. We will first discuss this difference in regularity and
then the hierarchical nature of music and speech. This section
thus focuses on acoustic aspects of music and speech and how
they influence the sensory and cognitive processing of the auditory
signals, which lay the foundation for musicality and speech/lan-
guage skills (Honing, 2018). Note that we will primarily be focusing
on Western concepts of music rthythm for the current discussion, as
most music cognition research focuses on the Western tonal struc-
ture, but see Brown and Jordania (2013); Savage et al. (2015); and
Stevens (2012) for cross-cultural perspectives aiming to confirm
similar underlying perceptual and cognitive processes.

One key distinction between music rhythm and speech rhythm is
the regularity by which the acoustic events are patterned in time (see
Figure 1). Music rhythm largely consists of regular, recurring
patterns that allow for quick synchronization and strong predictions
of upcoming events at multiple embedded time levels (Huron, 2008;
Jones, 2016; Patel & Morgan, 2017). Importantly, this strong
predictability facilitates synchronization both to the music and
among individuals when listening and performing music. The strong
activation in motor areas when just listening to music (Grahn &
Brett, 2007), and the urge to dance when a rhythm is played (Levitin
et al., 2018) suggest strong connections between music rhythm and
movement, perhaps driven by the perception—production or
auditory—motor loop (Lezama-Espinosa & Hernandez-Montiel,
2020; Zatorre et al., 2007), and the role of music in social bonding
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and group cohesion (Bowling et al., 2013; Kotz et al., 2018; Savage
et al., 2015, 2020).

In contrast to music, speech rhythm is less periodic and more
variable, possibly related to the referential nature of speech (with its
lexical properties) that does not allow for a strict thythmic pulse.
However, speech rhythm is nevertheless predictable (i.e., the predic-
tion of syllable stress patterns; Beier & Ferreira, 2018), and the thythm
that emerges from speech improves perception and segmentation of
the speech signal by providing cues to word boundaries (Cutler, 1994;
Cutler & Butterfield, 1992; Cutler & Norris, 1988; Echols et al., 1997,
Spinelli et al., 2010), enhancing communication between individuals
(Hawkins, 2014; Kotz et al., 2018), and facilitating turn-taking in
conversations (Garrod & Pickering, 2015; Wilson & Wilson, 2005).
The perception—production loop is also important for speech, with
motor areas activated in speech perception (Wilson et al., 2004). These
different features and mechanisms should apply independently of
language types. The different stress patterns and syllable types evident
in different languages (perhaps also influencing syllable prominence
patterns) resulted in the traditional separation of stress- and syllable-
timed languages (i.e., see Ramus et al., 1999, for one of the initial
metrics used to quantify stress- vs. syllable-timing and Patel, 2008, for
a discussion). However, this distinction is less clear-cut than previ-
ously claimed, as suggested by the lack of supporting empirical data
and inconsistencies regarding the metrics used to achieve this classifi-
cation (Arvaniti, 2009), which ultimately may be more complex.
Therefore, it has been suggested that speech rhythm should be

Figure 1

discussed in relation to patterns of prominence, grouping, and lexical
stress, which can also be more readily related to music (Arvaniti, 2009;
Beier & Ferreira, 2018).

Though music and speech rhythm diverge in relation to regularity
(periodic, nonperiodic) and individual elements (notes, chords,
musical phrases, vs. syllables, words, sentences), they both have
similar acoustic features, create top-down cognitive predictions of
upcoming elements, and are organized in hierarchical structures
(i.e., contain meter, where events are organized temporally along
multiple time scales, McAuley, 2010), see Figure 1. In addition,
music and speech can both generate strong syntactic predictions,
with additional lexical and semantic predictions for speech (see also
semantics in music; Koelsch, 2009, 2011). Patterning of strong and
weak events allows for perception at multiple levels within a larger
hierarchical framework, and the creation of top-down expectations.
For music, patterns of strong and weak beats obtained by changes in
acoustic and/or temporal parameters of the events (Lerdahl &
Jackendoff, 1983; London, 2012; Povel & Essens, 1985) create
this hierarchical structure, also referred to as metric hierarchy (see
also evidence for rhythmic hierarchy in non-Western music with
more complex metrical patterns; Magill & Pressing, 1997; Stevens,
2012). For speech, interacting lexical, prosodic, and accentual
elements (Beier & Ferreira, 2018; Patel, 2008; Wagner &
Watson, 2010) create a rhythmic hierarchy that is reflected in
patterns of prominence, grouping, and lexical stress (Arvaniti,
2009; Beier & Ferreira, 2018). In both domains, rhythmic stress

Representations of (a) Music (a Simple Melody) and (b) Speech (a Simple Sentence) Showing the Acoustic Waveforms,
the Melody or Sentence Represented Within the Waveform, and the Hierarchical Structure for Each Element

(@)

Music

Speech —
Aunt A me lia re modelled her living room
Syllable-level X X X XX X X X X XX X
X X X X X
Stress-level I: X 5 X
Note. For (a) the duration differences of each note are outlined in the rhythm row, the perceived beat is marked with an x in the

beat row, and the higher-level metric structure of the melody is marked with x’s in the following two rows. For (b) each syllable is
marked on the syllable-level row, and the higher-level structure of stressed syllables is marked on the following rows. See the

online article for the color version of this figure.
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patterns help to direct attention to more prominent events (music:
Bharucha & Pryor, 1986; Jones et al., 1982; Palmer & Krumhansl,
1990; speech: Cutler & Foss, 1977; Gow & Gordon, 1993; Pitt &
Samuel, 1990), engaging top-down temporal predictions. Although
it is not entirely clear how top-down knowledge influences the
perception of speech rhythm (with language background being one
of the potential influences; Zhang & Francis, 2010), natural speech
rhythm enhances comprehension, as altering speech rhythm through
time-compression (Adank & Janse, 2009; Ghitza, 2012; Ghitza &
Greenberg, 2009), or manipulating the stress structure (Bohn et al.,
2013; Rothermich et al., 2012) lowers intelligibility and results in a
cognitive processing cost, respectively. Music and speech therefore
share similarities in terms of the acoustic signal itself, the sensory
processing of the acoustic signal, and cognitive processing parallels
in relation to prediction and hierarchical structure, which contribute
to connections between musical and linguistic skills or behavior, and
which are the focus of the present proposal.

Shared Neural Mechanisms for Rhythmic Processing

The commonalities between music and speech regarding acoustic
elements, hierarchical organization, and the role of rhythm for
perception and production suggest the involvement of shared neural
mechanisms. Several theoretical frameworks (outlined below) have
aimed to further understand and characterize various underlying
neural mechanisms supporting rhythmic processing in music, speech,
or music and speech together. However, most of these frameworks are
limited in that they focus only on one or two elements or mechanisms

Figure 2
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supporting rhythmic processing, and often focus on one domain or
from one perspective only. It is critical for future research to be
directed by a more global understanding of rhythm processing that
underlies both music and speech rhythm, with implications for
connections between the two domains. We propose here the PRISM
framework (see Figure 2): A parsimonious framework of three central
mechanisms that emerge separately across theories from different
research fields, and which appear critical for the processing of thythm
in music and speech. Our goal is to combine these mechanisms into an
overarching theoretical framework that can inform and drive (a)
fundamental research investigating the mechanisms underlying
rhythm processing and (b) applied research investigating how music
rhythm training can be mobilized in clinical-translational settings to
support speech rhythm and language processing in normal and
impaired populations. We propose that: (a) precise, fine-grained
auditory processing; (b) synchronization/entrainment of neural oscil-
lations to external rhythmic stimuli; and (c) sensorimotor coupling;
are critical elements underlying speech and music rhythm processing
(see Figure 2). The PRISM framework will be used as a basis to
propose directions for future training on each of these mechanisms,
with the goal to benefit speech and language processing.

These three underlying mechanisms have emerged from a critical
reading and synthesis of elements discussed in previously proposed
approaches. Specifically, we have drawn on the sound envelope
processing and synchronization and entrainment to pulse hypothesis
(SEP; Fujii & Wan, 2014), the precise auditory timing hypothesis
(PATH; Tiermney & Kraus, 2014), and the temporal sampling frame-
work for developmental dyslexia (TSF; Goswami, 2011), which focus

The Processing Rhythm in Speech and Music (PRISM) Framework Proposes Three Common Underlying Mechanisms for Music and Speech
Processing Observed Across Different Theories: Precise Auditory Processing; Synchronization/Entrainment of Neural Oscillations to

External Rhythmic Stimuli; and Sensorimotor Coupling
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Note. See the online article for the color version of this figure.
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on different yet complementary approaches to understanding shared
elements of music and speech rhythm. The PRISM framework is also
informed by the broader Overlap, Precision, Emotion, Repetition, and
Attention (OPERA) hypothesis, which suggests that these five condi-
tions drive the influence of music training on speech processing (Patel,
2011, 2014). The three mechanisms proposed here as central are also
informed by sensorimotor theories (e.g., action simulation for auditory
prediction, ASAP, Patel & Iversen, 2014; active sensing, Morillon
et al., 2015; Schroeder et al., 2010), dynamic attending theory; DAT
(Jones, 1976, 2016, 2018; Large & Jones, 1999), and predictive coding
(Friston, 2005, 2010). Drawing on this research, the following section
will outline the three proposed mechanisms (precise auditory proces-
sing, synchronization/entrainment of neural oscillations to external
rhythmic stimuli, and sensorimotor coupling) that appear integral to
music and speech rhythm processing in more detail, as well as
theoretical and empirical evidence that support them. Note that predic-
tion as well as emotion are considered to be related to all mechanisms.
The PRISM framework is both novel and parsimonious as it explicitly
combines these three underlying mechanisms as directly applicable to
the processing of music and speech thythm. Bringing together these
underlying mechanisms can provide the theoretical groundwork to
inform further empirical and applied research investigating links
between impaired timing in speech and language disorders, with the
goal to better understand impaired timing in these disorders, and to
inform applied research for music-training interventions.

While the three mechanisms proposed in the PRISM framework are
deeply intertwined, each plays a distinct role within music and speech
rhythm processing. Precise auditory processing is crucial for the
discrimination of small timing deviations and accurate auditory per-
ception, which lay the foundation for auditory processing. The syn-
chronization and entrainment of neural oscillations to external stimuli
allows for prediction of upcoming elements and the tracking of
hierarchical structure at multiple levels. Sensorimotor coupling allows
for a tight connection between perception and production in the brain,
as well as links to the motor system, which also benefits timing and
prediction mechanisms. However, each mechanism can also be
involved in the functioning of the other mechanisms, as indicated in
the bidirectional arrows in Figure 2. Throughout the following section,
we will outline the contributions of these three mechanisms, signpost
some important connections between them, and outline how they fit
into the broader body of research on music and speech processing.

Precise Auditory Processing

The capacity of the auditory system for precise auditory processing is
unparalleled and is fundamental to music and speech rhythm percep-
tion. Precise or fine-grained auditory processing refers to the ability to
discriminate very small deviations or changes in timing (i.e., on the
millisecond level), pitch, and timbre (Kraus & Chandrasekaran, 2010).
This ability is critical for accurate perception of acoustic events, such as
discriminating between /ba/ and /pa/ in speech, and processing subtle
timing deviations as well as synchronizing different instrumental parts
in music perception and production (Patel, 2011). The auditory system
also appears to be sensitive to timing deviations below the threshold of
conscious change detection: Evidence suggests that participants can
alter synchronization behavior to isochronous sequences with devia-
tions as little as 3 ms (Madison & Merker, 2004), likely based on tight
connections between the auditory and motor areas of the brain (see
Repp, 2000; Tierney & Kraus, 2014). The capacity to track temporal
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information at different temporal integration windows (including
precise processing of information, such as formant transitions to
discriminate for instance /pa/ and /ta/, i.e., discriminations of 20—
40 ms) is suggested to be supported by neural oscillations (e.g., in
delta(A), theta(0), and gamma (y) frequency ranges; Giraud & Poeppel,
2012; Poeppel, 2003). Precise auditory processing is therefore also
strongly intertwined with sensorimotor coupling and synchronization/
entrainment of neural oscillations to external rhythmic stimuli.

Precise auditory processing has been proposed to be a mechanism
underlying potential transfer between music and speech rhythm pro-
cessing capacities (Fujii & Wan, 2014; Kraus & Chandrasekaran, 2010;
Tierney & Kraus, 2014). In line with the OPERA hypothesis (Patel,
2011, 2012), it has been suggested that music training can enhance
speech processing, based on overlapping brain circuits that process the
acoustic signal, and the more precise timing necessary to process music
rhythm compared to speech rhythm (Patel, 2011). Precise auditory
processing is outlined also in the SEP and PATH hypotheses: Fujii and
Wan (2014) suggest that the processing of sound envelopes in music
requires enhanced temporal precision, which has carry-over effects to
the processing of the less regular speech envelope and the neural
encoding of speech sound. In PATH, Tierney and Kraus (2014) suggest
that (a) the millisecond-level precision required for entrainment to
music can sharpen brain networks responsible for speech processing,
and (b) phonological processing and auditory—motor entrainment rely
on precise timing in the auditory system to generate accurate predic-
tions. The role of auditory—motor entrainment in generating precise
auditory predictions is also in line with hypotheses of sensorimotor
theories discussed below.

Supporting evidence has been provided by research showing that
music training can actively enhance precise auditory processing,
which may benefit speech processing across the lifespan (Kraus &
Chandrasekaran, 2010). In addition to correlational studies (see
Supplemental Table 1), longitudinal training studies have shown
benefits of music rhythm training on precise temporal processing of
the speech signal. For 9-month-old infants, 12 sessions of music
training emphasizing rhythm (compared to a control group who
engaged in nonmusical play activities) enhanced the neural response
(the mismatch negativity, MMN)' to violations of temporal structure
in both music and speech, suggesting that music rhythm training can
improve speech rhythm processing (Zhao & Kuhl, 2016). Further,
compared to a group who received painting training, 8-year-old
children who received music training showed an increase in speech
segmentation skills after 1 and 2 years (Francois et al., 2013). This
music-training group also showed an enhanced MMN to syllable
duration and vowel onset time deviants (but not frequency deviants)
after 1 year of training (Chobert et al., 2014). The participants were
pseudorandomly assigned to ensure matched groups in terms of age,
school level, sex, socioeconomic status, and neuropsychological test
scores, and did not differ on the measures of interest before the
training, suggesting that the enhanced fine-grained speech proces-
sing can be attributed to effects from the music training.

Precise auditory processing has been also suggested to be critical
for encoding of the speech envelope. In the TSF, Goswami (2011)
suggests that impaired rise-time perception of syllables

! The MMN is an evoked neural response which is classically elicited
within an oddball paradigm (i.e., when a sequence of similar events are
interspersed with occasional deviant events), or when a unexpected event
occurs (Garrido et al., 2009).
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(i.e., occurring every ~200 ms or every ~500 ms for accented
syllables) can affect the accurate encoding of the speech envelope,
potentially resulting in deficits in phonological processing, segmen-
tation, and phonological awareness, which in turn can impact
reading skills in developmental dyslexia (Di Liberto et al., 2018;
Goswami, 2011, 2018; Goswami et al., 2002, 2010). The TSF and
related research suggest that the regularity of music rhythm could
sharpen the precision of auditory processing and entrained neural
oscillations, which could enhance phonological skills by improving
the neural tracking of the speech envelope (Flaugnacco et al., 2015;
Goswami, 2012). Compared to control groups (with sports training
or no-training), music rhythm training, which was experimentally
implemented over periods covering 14 weeks to 4 months, has been
shown to enhance phonological processing in typically developing
children, providing support for this hypothesis (Degé & Schwarzer,
2011, 5-6 year olds; Gromko, 2005, kindergarten; Patscheke et al.,
2016, 4-6 year olds). Numerous positive correlations between
rhythm production/perception skills and phonological awareness
have also been reported for children (see Supplemental Table 1).
Music and speech rhythm processing therefore builds on precise
auditory timing, which is also linked to both synchronization and
entrainment of neural oscillations to external stimuli and sensori-
motor coupling (e.g., Morillon & Baillet, 2017; Peelle & Davis,
2012; ten Oever & Sack, 2015).

Synchronization and Entrainment of Neural Oscillations
to External Rhythmic Stimuli

Neural oscillations are regularly recurring inhibitory and excitatory
patterns of electrical activity produced by neurons (Buzsaki, 2019;
Buzsdki & Draguhn, 2004). They are ubiquitous throughout the brain
(Buzsdki, 2006), and have been shown to play a central role in music
and speech processing (Jones, 2018). Neural oscillations track audi-
tory rhythms, and are suggested to underlie the perception of music
(Fujioka et al., 2012; Nozaradan et al., 2011, 2012, 2015) and speech
(Giraud & Poeppel, 2012; Kosem et al., 2018; Kosem & van
Wassenhove, 2017), and to function similarly across the two domains
(Harding et al., 2019). Neural oscillations have been linked to
temporal attention (Jones, 2018), prediction (Arnal & Giraud,
2012), entrainment (Calderone et al., 2014), hierarchical processing
(Jones, 2016; Poeppel & Assaneo, 2020), and communication
between brain regions (i.e., auditory and motor cortices, Assaneo
& Poeppel, 2018), which are all elements integral to music and speech
processing. They have also been linked to precise auditory processing
(Goswami, 2011; Poeppel, 2003) and sensorimotor coupling
(Morillon & Baillet, 2017; van Wijk et al., 2012; Yang et al.,
2018). Neural oscillations have been observed at several different
frequency rates (Buzsdki & Draguhn, 2004), and can be hierarchically
coupled, supporting the processing and integration of information at
various embedded frequencies (Jones, 2016). Neural oscillations are
also suggested to be involved in the generation and signaling of
predictions and prediction errors (Arnal & Giraud, 2012; Chao et al.,
2018; see also Buzsaki, 2019). Neural oscillations therefore appear to
be a mechanism underlying predictive processing, temporal attention,
and the tracking of external rhythmic stimuli, and could underlie the
efficacy of music-based rhythm training for speech processing. Here,
we will focus primarily on the role of neural oscillations in the
synchronization and entrainment to external rhythmic stimuli.

The crucial role of neural oscillations in temporal attention and
predictive processing, as well as applications to music and speech
processing, is outlined clearly in the DAT proposed by Jones (1976,
2018). The central thesis of DAT is that endogenous neural oscilla-
tions entrain in phase to external rhythmic (or quasi-rhythmic)
signals, which allow for the direction of temporal attention toward
predicted points in time and enhanced predictive processing. Behav-
ioral research has supported this theory with data on perception,
learning, and memory. For example, perceptual judgments (and
memory; Hickey et al., 2020) are facilitated for events occurring at
expected points in time, in line with the hypothesis that neural
oscillations entrain and direct attention to these moments for both
auditory (Barnes & Jones, 2000; Jones et al., 2002, 2006; Large &
Jones, 1999; McAuley & Kidd, 1998), and visual (Bolger et al.,
2013; Escoffier et al., 2010) stimuli (see also Henry & Herrmann,
2014, for a review and link between behavioral and electrophysio-
logical research).

One benefit of music is that it is highly rhythmic and predictable,
thus defining an ideal stimulus to entrain neural oscillations. Neural
oscillations entrained by music rthythm have been shown to persist
and influence subsequent language processing. For example, short
rhythmic cues matched to the syllabic structure of a subsequent
sentence enhance phoneme detection (Cason et al., 2015; Cason &
Schon, 2012) and the neural response (Falk et al., 2017) to subse-
quent sentences compared to nonmatching or temporally irregular
cues. Though the effect of these shorter rhythmic cues may possibly
be explained by auditory short-term memory of the same matching
pattern, similar effects have been found with longer (~30 s) rhyth-
mic primes that persist over six subsequent naturally pronounced
sentences. Regular rhythmic primes facilitate grammatical judg-
ments of orally presented sentences compared to irregular rhythmic
primes for English (Chern et al., 2018), French (e.g., Canette et al.,
2020; Fiveash, Bedoin, et al., 2020; Przybylski et al., 2013), and
Hungarian (Ladanyi, Lukdcs, & Gervain, 2020) children. These
findings suggest that music rhythm can entrain temporal attentional
cycles, which can persist after the music has ended and influence
subsequent language processing, or even simple detection of events
(Hickok et al., 2015). This evidence suggests that the synchroniza-
tion/entrainment of neural oscillations can be targeted as a mecha-
nism to extend the benefits of the regular music signal to the less
regular speech signal.

The regularity of music rthythm is also beneficial for enhancing
prediction and minimizing prediction error in line with predictive
coding and predictive timing approaches (Arnal & Giraud, 2012;
Friston, 2005, 2010). Predictive coding (i.e., predicting what will
occur) and predictive timing (i.e., predicting when an event will
occur) are based on the hypothesis that the brain constantly gen-
erates predictions about upcoming events based on incoming sen-
sory evidence, with the goal to minimize prediction error (see also
Friston & Kiebel, 2009; Jones, 2018; Jones & Boltz, 1989). If the
sensory evidence does not match the prediction, this prediction error
is sent up the cortical hierarchy, and subsequent predictions are
updated. Predictive coding/timing is supported by both forward
(i.e., bottom-up) and backward (i.e., top-down) processes to signal
predictions and prediction errors based on sensory information.
Importantly, neural oscillations have been suggested to support
predictive coding (Arnal & Giraud, 2012; Chao et al., 2018), and
prediction appears to work similarly across different hierarchically
organized domains (Siman-Tov et al.,, 2019). Links between
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predictive neural networks and networks involved in rhythmic
entrainment (i.e., Levitin et al., 2018; Merchant et al., 2015), as
well as fluctuations in attention and entrainment as outlined in the
DAT (Jones, 1976, 2018) have also been proposed (Siman-Tov
et al., 2019). The strongly rhythmic and predictable nature of music
could therefore be used to train domain-general predictive networks
associated with predictions and prediction errors and to enhance
predictive precision in speech processing. Along these lines,
research has shown that sung sentences result in stronger
cerebro-acoustic phase coherence compared to spoken sentences
in difficult listening conditions (Vanden Bosch der Nederlanden
et al., 2020), suggesting an added benefit of musical attributes to the
processing of the speech signal.

The entrainment of neural oscillations is also implicated in
representing the different hierarchical levels of music and speech
thythm. The DAT suggests that neural oscillations entrain at
multiple hierarchical levels to external regularities, resulting in
nested oscillations that track multiple levels of hierarchical structure
simultaneously and provide benefits of metric binding (Jones, 1976,
2016). Indeed, different beat- and meter-related frequencies have
been observed in the neural response of participants listening to
music (Fiveash, Schon, et al., 2020; Nozaradan et al., 2012) as well
as in response to an imagined meter that was not present in the
acoustic stimulus (Nozaradan et al., 2011; see also Nozaradan,
2014; Nozaradan et al., 2012, 2015). For speech, phrasal, syllabic,
and phonemic processing (i.e., covering time scales ranging from
~300-1,000 ms, to 125-250 ms, to ~30-40 ms) are suggested
to be represented by coupled oscillations in the A (1-3 Hz),
0 (4-8 Hz), and low y (25-35 Hz) frequency bands, respectively
(Giraud & Poeppel, 2012, see also Ghitza, 2011 for slightly
different timescales). Neural oscillations have been observed at
these different levels not only with isochronous (Ding et al.,
2016), but also with natural (Keitel et al., 2018) speech rhythms.
Further, Ding et al. (2016) showed that higher-level (phrasal and
sentence level) neural oscillations were only observed when
participants could comprehend the language they were listening
to, suggesting strong effects of top-down processing. Similarly,
in music, behavioral (Large et al., 2015) and electrophysiological
(Tal et al., 2017) evidence shows that participants both perceive
and represent in the brain the underlying pulse (or beat) that is not
present in the acoustic signal of the rhythm, suggesting top-down
processing of hierarchical structure driven by neural oscillations.

Observing neural oscillations at hierarchical levels not physically
present in the stimulus is particularly pertinent to the discussion of
whether neural oscillations represent the entrainment of already-
present endogenous oscillations to an external stimulus (entrain-
ment in the narrow sense, Obleser & Kayser, 2019), or whether they
only represent evoked neural responses to the acoustic (rthythmic)
properties of the external stimulus (see Haegens, 2020; Haegens &
Zion Golumbic, 2018; and Zoefel et al., 2018, for discussion). This
distinction has implications for the active role of neural oscillations
in the prediction of upcoming events via the entrainment of self-
sustaining endogenous oscillations (see also links with predictive
coding, Friston, 2018; Giraud & Arnal, 2018; Hovsepyan et al.,
2018; Rao & Ballard, 1999). Despite an ongoing debate, accumu-
lating evidence suggests that observed neural oscillations cannot be
reduced to evoked responses, but include also the entrainment of
neural oscillations with functional significance (e.g., Doelling et al.,
2019; van Bree et al., 2021). The recruitment of endogenous neural

oscillations for rhythmic processing suggests that entrainment to an
external stimulus is an active process involving temporal attention
and prediction, rather than a passive response to an external stimu-
lus. The regular rhythmic structure and temporal precision of music
makes it an ideal stimulus for enhancing neural entrainment and
precise processing, with potential benefits for the speech signal.

Sensorimotor Coupling via Cross-Region Neural
Connectivity

Sensorimotor (or auditory—motor) coupling refers to the connec-
tion between the auditory and motor cortices and is a central
underlying mechanism for the perception and production of music
and speech rhythm. Research has shown that just listening to music/
rhythmic patterns (Chen et al., 2008; Fujioka et al., 2012; Gordon
et al., 2018; Grahn & Brett, 2007; Stephan et al., 2018) or speech
(Glanz Iljina et al., 2018; Mottonen et al., 2013; Wilson et al.,
2004) activates areas within the motor cortex (largely the supple-
mentary motor area (SMA), pre-SMA, and premotor cortex), sug-
gesting a tight coupling between perception and production in each
domain. For music, this sensorimotor link is evident with the urge to
move to music (Janata et al., 2012), and moving with a rhythm
enhances the subsequent perception of that rhythm (Chemin et al.,
2014; Manning & Schutz, 2013). Sensorimotor coupling appears
crucial to the perception and production of speech, with the motor
system implicated also in speech perception, and the auditory
system implicated also in speech production (Guenther &
Hickok, 2015; Hickok et al., 2011). Speech production inherently
involves movement, and speech perception partly utilizes similar
networks in the brain (Fujii & Wan, 2014; Kotz & Schwartze, 2010).
There appears to be specific synchronization between auditory and
motor cortices at the syllable rate (4.5 Hz), suggesting the signifi-
cance of the motor cortex for speech processing (Assaneo &
Poeppel, 2018). Further, the sensorimotor connection plays a central
role in the development of speech in infants (Bruderer et al., 2015).
Recent evidence has also shown that participants who were classi-
fied as high synch