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Abstract

Speech comprehension is the psychological process by which a listener receives
external speech input and acquires meaning. In daily communication, auditory
speech comprehension is influenced by multi-scale rhythmic information, com-
monly including three aspects of external rhythms: prosodic structure rhythm,
contextual rhythm, and speaker’ s body language rhythm. These alter processes
such as phoneme discrimination, lexical perception, and speech intelligibility in
listeners during speech comprehension. Internal rhythms manifest as neural os-
cillations in the brain, which can encode hierarchical features of external speech
input at different temporal scales. Neural entrainment between external rhyth-
mic stimuli and internal neural activity can optimize the brain’ s processing of
speech stimuli, and is further modulated by the listener’ s top-down cognitive
processes to enhance the internal representation of target speech. We propose
that this may be a key mechanism for realizing the interconnection between
internal and external rhythms and their joint influence on speech comprehen-
sion. Elucidating the mechanisms of internal and external rhythms and their
interconnections can provide a research window for understanding speech as a
complex sequence with structural regularities at multiple hierarchical temporal
scales.
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Abstract

Speech understanding is a psychological process through which listeners receive
external speech input and extract meaning. In daily communication, auditory
speech comprehension is influenced by multi-scale rhythmic information, primar-
ily manifesting in three types of external rhythms: prosodic structure rhythm,
contextual rhythm, and speaker body language rhythm. These rhythms al-
ter phoneme discrimination, lexical perception, and speech intelligibility during
speech understanding. Internal rhythms are represented by neural oscillations in
the brain, which encode hierarchical features of external speech input across dif-
ferent temporal scales. Neural entrainment between external rhythmic stimuli
and internal neural activity can optimize the brain’s processing of speech signals
and further enhance the internal representation of target speech through top-
down modulation of the listener’ s cognitive processes. We propose that neural
entrainment may be the key mechanism linking internal and external rhythms
to jointly influence speech understanding. Elucidating these mechanisms and
their connections provides a research window for understanding speech as a com-
plex sequence with structural regularities across multiple hierarchical temporal
scales.

Keywords: rhythm, speech understanding, neural oscillation, neural entrain-
ment, top-down modulation

1. Introduction

From the cycles of life and death to the alternation of day and night, the natural
world is filled with complex rhythmic variations. Activities such as drumming,
dancing, or singing involve clapping, stepping, or vocalizing that typically follow
certain periodic cycles. Rhythm is ubiquitous throughout human cultural evo-
lution, carrying important functions for information transmission and serving
as a crucial medium for social communication and interaction. For a long time,
rhythm research has primarily focused on sensory processing, neglecting its role
in more complex speech understanding. Only recently have researchers begun
to systematically examine how rhythm influences speech understanding and to
reveal its underlying mechanisms by recording listeners’ internal neural activity.

The inherent temporal organization of rhythm regulates how individuals com-
municate and interact. As an important channel of information exchange in
human society, spoken language possesses rich rhythmic characteristics. There
are two approaches to determining whether an object has rhythmic properties:
one emphasizes temporal regularity, while the other emphasizes structural rela-
tionships in time. The former defines rhythm as coordinated or periodic rhythm,
meaning the constant repetition of fixed intervals and patterns. Examples in-
clude the “tick-tock” sounds of clock rotation and the rhythmic beating of a
healthy heart, both exhibiting temporal regularity or near-regularity. Speech
rhythm, however, aligns more with the latter definition: a stable relationship
between given attributes or combinations of attributes over a time span. For
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instance, knots in a tree trunk cause sawing to stall, yet we still perceive the
lumberjack’ s back-and-forth movements as rhythmic.

In the field of linguistics, early research on the perception of “machine-gun”Span-
ish, “Morse code” English, and Japanese pronunciation led researchers to focus
on isochrony phenomena across different language families, classifying rhythm
perception into stress-timed, syllable-timed, and mora-timed forms. However,
this classification overemphasizes inter-unit isochrony and lacks empirical sup-
port for “isochrony theory” in phonetic signal analyses across multiple language
families. Later classification methods based on vowel duration variation proved
more empirical, attempting to establish a more universal rhythmic quantifica-
tion approach according to differences in the proportion of vowel intervals in
spoken language. For example, stress-timed languages show more variable vowel
durations compared to syllable-timed languages. These classification methods
demonstrate that speech, unlike activities formed by a single oscillator with
specific interval repetitions, lacks objective isochronous periodicity, yet can still
be intuitively perceived as rhythmic activity. Similar to rhythm in music, indi-
vidual attributes in speech such as pitch variation or syllable duration can also
produce subjective rhythmic sensations. However, focusing solely on individual
attribute metrics cannot encompass all features of speech rhythm, which also
depends on factors including overall loudness changes and speech rate. These
factors collectively act on the listener’ s perceptual processing, enabling the
perception of rhythm in speech.

Speech understanding is a psychological process in which listeners acquire mean-
ing from external speech input (such as target speech) and background infor-
mation (such as context or non-verbal information), involving processing at
different hierarchical levels including syllables, words, and sentences. Spoken
language exhibits certain rhythmic characteristics in its prosodic structure, such
as stress placement and speech rate, which influence listeners’ comprehension of
target speech. When a speaker’ s articulation rate or syllable production rate
exceeds the normal range (3-8 Hz), speech intelligibility decreases significantly.
In contrast, background contextual rhythm alters listeners’ syllable-level percep-
tion; for example, presenting a regular pure-tone sequence beforehand changes
how individuals perceive subsequent consonants, with faster rhythmic sequences
causing listeners to perceive consonants more as /w/ than /b/. Background in-
formation is not limited to acoustic-level changes. Since the temporal envelope
of speech, the vocal tract activity of the speaker, and body movements are highly
correlated, speech understanding is also influenced by non-verbal rhythms such
as speaker body language, which includes facial movements, postures, and ges-
tures. A speaker’ s facial movements often share similar rhythmic characteris-
tics with the temporal envelope of speech, helping listeners better understand
speech information. Accordingly, this paper defines external rhythms as phys-
ical inputs with rhythmic features in the objective world that can influence
speech understanding during auditory speech comprehension. We will discuss
how three common external rhythms—prosodic structure rhythm, contextual
rhythm, and speaker body language rhythm—affect speech understanding at
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three levels: phonemes, words, and sentences, thereby illustrating the role of
external rhythms in speech comprehension.

How does the listener’ s brain utilize external rhythms to facilitate or alter
speech understanding? This process is believed to be closely linked to internal
rhythms, namely neural oscillations—rhythmic, synchronized electrical activities
of intracranial neuronal populations. Neural oscillations, as cortical neuronal
ensemble activities, are thought to mediate various cognitive processing stages,
including speech processing and interference suppression. Recent research sug-
gests that internal rhythmic activity may be influenced by external rhythms,
exhibiting a phenomenon where internal and external rhythms converge over
time, known as neural entrainment. When internal rhythms entrain to external
target speech, listeners demonstrate better speech comprehension performance.
Additionally, various high-level cognitive processes in speech understanding can
modulate neural entrainment, such as selective attention, prior grammatical
knowledge, and contextual expectation.

Based on this, we propose that neural entrainment may be the key mechanism
for linking and coordinating internal and external rhythms during speech under-
standing. This paper first discusses how three common external rhythms influ-
ence auditory speech understanding, demonstrating the universality of rhythm’
s impact on speech comprehension. We then summarize the functions of neural
oscillations as internal rhythms in speech understanding. Finally, by examin-
ing the role of neural entrainment in speech processing and its modulation by
top-down cognitive processes, we discuss the possibility that neural entrainment
serves as a mechanism linking internal and external rhythms. Future research
should investigate the significance of rhythm in auditory speech understanding
across different hierarchical levels, scales, and contexts.

2. External Rhythms and Speech Understanding

Speech production unfolds over time, making temporal regularity crucial for
listeners to understand information. To comprehend speech content, listeners
must perceive the temporal organization of phonemes, syllables, words, and
phrases from continuous speech streams based on external rhythmic features.
In this section, we categorize external rhythms that influence speech under-
standing into three common types based on speech input and background in-
formation: prosodic structure rhythm, contextual rhythm, and speaker body
language rhythm.

2.1 Prosodic Structure Rhythm Alters Sentence Intelligibility

Prosodic structure rhythm manifests differently in reading and spoken commu-
nication. In visual reading, the dynamic combination of words with different
syllable counts influences local phrase analysis and overall sentence integration.
However, reading, which relies primarily on visual input, cannot directly pro-
vide prosodic structure information and requires readers to rely on internal
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representations such as subvocalization. This section focuses on prosodic struc-
ture rhythm in auditory scenes, specifically features such as syllable duration,
inter-syllable intervals, and stress distribution in spoken language.

Inter-syllable intervals directly affect speech intelligibility. Researchers com-
pressed sentences temporally to reduce inter-syllable pauses, resulting in faster
overall speech rate and dramatic decreases in listeners’ sentence intelligibility.
Listeners struggled to process speech stimuli with disrupted prosodic structure
rhythm, but this could stem from either sentence processing dependence on
specific rhythmic sensory input or destroyed intra-syllable acoustic structures
that hinder recognition after temporal compression. To address this question,
researchers segmented compressed speech waveforms at equal intervals, leaving
syllables within each segment still compressed, then inserted silent intervals af-
ter each fragment to create artificial rhythmic properties. Intelligibility for such
sentences was restored. Notably, intelligibility only recovered when inserted
intervals followed a regular pattern; irregular intervals had no effect. Therefore,
speech understanding depends on speech’ s intrinsic rhythmic properties. The
process of inserting silent intervals into compressed sentences can be understood
as “repackaging” syllables within the sentence—segmenting the temporal wave-
form into different parts. These packages are transmitted to both ears at a
specified rate, helping listeners predict the maximum information transmission
rate within each package, thereby restoring speech intelligibility to some extent.

The influence of prosodic structure rhythm on intelligibility reflects the auditory
system’s adaptability when processing information streams at different transmis-
sion rates. In natural speech, syllable pause duration involves two main factors:
the biomechanical properties of human articulatory organs and the neurody-
namic properties of the brain. Intrinsic oscillations of articulatory organs/brain
modulate lip movements and speech temporal envelopes at approximately 5 Hz,
thereby regulating silence duration. The second factor is speech’ s hierarchical
prosodic structure. For example, when a syllable occurs within a word, the
subsequent pause is typically short, but when it coincides with a boundary of
a higher-level linguistic structure (such as a prosodic word, prosodic phrase,
or intonation phrase), silence gradually lengthens. Silences in speech provide
the brain with additional time to process preceding syllables. When silence
duration is reduced or expanded, violating natural language temporal regular-
ities, it increases listeners’ processing load and consequently disrupts sentence
intelligibility.

Beyond pause duration, pause location also alters listeners’ perception of speech
rhythm, primarily involving prosodic boundaries in spoken sentences. These
boundaries are associated with perceived pauses, pre-boundary syllable lengthen-
ing, and phrase-final pitch, so prosodic boundary perception facilitates listeners’
segmentation of speech into different hierarchical chunks and is closely related
to perceived fluency and intelligibility. As a tonal language, Chinese shows
prosodic boundary effects in structural analysis, semantic processing, and emo-
tional perception of spoken language. Recent research using Chinese ambigu-
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ous phrases that can be interpreted as either modifier-noun constructions or
verb-object constructions found that when listeners attend to prosodic informa-
tion, prosodic boundaries alter their structural analysis of ambiguous phrases.
Prosodic boundaries help listeners analyze sentence structure in ambiguous con-
texts by eliminating structural ambiguity and promoting speech intelligibility.
Additionally, stress placement in Chinese prosody can alter listeners’ selective
attention to different lexical positions in speech, with stronger processing of
post-stress words.

2.2 Contextual Rhythm Alters Lexical and Phonemic Perception

The acoustic scene preceding and following target speech is generally referred
to as context, which may be temporally adjacent or non-adjacent to the tar-
get speech. Context influences speech understanding primarily through speech
rate because listeners depend on relative rate cues provided by the context for
lexical perception or boundary segmentation. Speakers modulate speech rate
by adjusting intervals between vowels and consonants, and the distribution of
these intervals reflects rhythmic properties in utterances. When speakers talk
slowly, listeners tend to omit function words (such as “or” or “are” ) from
sentences, exhibiting a word disappearance phenomenon at the perceptual level.
Interestingly, increasing speech rate causes listeners to perceive function words
that were not actually present. This effect intensifies with longer contextual
duration. Baese-Berk et al. (2014) manipulated both global context (the entire
material) and distal context (the sentence containing the target word) speech
rates, finding that the influence of global speech rate on target word quantity
perception increased over time, with perceived word count decreasing as speech
rate slowed. These findings indicate that as contextual rhythm accelerates or
decelerates, listeners’ perception of word quantity in speech shifts in a compen-
satory direction to ensure stable perception, spontaneously adjusting subjective
perception of subsequent word duration or boundary positions to match overall
contextual rhythm. Notably, this phenomenon may be context-specific; arti-
ficially reducing speech intelligibility or using other tonal sequences does not
affect listeners’ word count identification.

Speech rate not only changes listeners’ judgments of word quantity in context
but also affects identification of vowels and consonants within words, as speech
perception largely depends on recovering phonetic cues from specific frequency
information. For example, a fast speech environment makes listeners more likely
to judge an ambiguous vowel as a long vowel (e.g., /a, a:/) because syllable du-
ration in adjacent context alters subjective evaluation of subsequent syllable du-
ration; fast rhythmic contexts make listeners’ objective time judgments shorter,
making subsequent vowels sound relatively longer. The effect of contextual
rate on phoneme boundaries is called phonetic boundary shift (PBS). This phe-
nomenon also occurs in consonant perception, where faster rhythmic contexts
increase the likelihood of perceiving ambiguous /ba/-/wa/ syllables as /wa/.
Phoneme perception in speech is influenced by external rhythms from context.
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Since this phenomenon can also be evoked in non-speech environments, such
as pure-tone sequences, this rate-dependent perception is believed to involve
general auditory processes.

Perception is never objective registration of sensory information. Like any form
of perception, speech perception is context-relative and changes according to
prior experience and background. The above studies demonstrate that under
external rhythmic induction, listeners’ perception of word quantity and syllable
discrimination in given contexts changes. These results help explain why speech
recognition ability declines under speech signal distortion conditions.

2.3 The Influence of Body Language Rhythm on Speech Understand-
ing

Body language is a non-verbal communication mode through which speakers
use facial activities and hand gestures to assist information expression. In
face-to-face communication, body activities and speech rhythms perceived si-
multaneously by listeners often match at specific frequencies, facilitating their
coupling. Just as an animated speaker gesturing with hands and feet more eas-
ily captures audience attention, these synchronized movements enhance speech
comprehension.

A series of coordinated movements in speakers’ articulatory organs manifest
as cycles of vocal tract opening and narrowing. For example, producing /b/
requires closing the front portion of the vocal tract, creating a coordinated
process between lip and jaw movements to achieve complete closure. Many
studies have focused on the interaction between sound and movement in speech.
When listeners observe speakers’ lip movements, artificially altering movement
rate affects their judgment of actual speech rate. In multi-talker scenarios,
researchers have found that speakers’ lip movement information can improve
listeners’ target speech identification performance. Beyond utilizing speakers’
lip movements, listeners also use speakers’ spontaneous hand movements to
understand speech. Speakers often use gesture movements to highlight stress
positions, and researchers have found that speakers’ biphasic hand movements
(up-and-down arm swinging) significantly alter listeners’ perception of stress
location in words.

Listeners can utilize non-acoustic body language rhythmic information to facil-
itate speech understanding, suggesting that shared prior knowledge may exist
between listeners and speakers. The motor theory of speech perception proposes
that speakers and listeners share a similar set of neuromotor commands. When
listeners process speakers’ movement information and map it onto their own
commands, this facilitates understanding of speech content.

In summary, external rhythms influence auditory speech understanding across
broad auditory and non-auditory stimuli. Context speech rate can alter listen-
ers’ subsequent phoneme discrimination and word quantity estimation. Intrinsic
speech rhythm can change sentence intelligibility. Body language rhythm can
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alter stress position perception. However, how our brain utilizes this rhythmic
information to guide speech perception will be discussed next from the perspec-
tive of rhythmic oscillations in neuronal populations.

3. Neural Mechanisms of External Rhythm’ s Influence on
Speech Understanding

Early research on brain internal processes of auditory speech understanding pri-
marily used event-related potentials (ERPs) and functional magnetic resonance
imaging (fMRI). Syllable detection and speech understanding involve ERP com-
ponents such as N1-P2, N400, and P600. With methodological improvements,
spontaneous neural oscillations recorded through intracranial electrodes and
time-frequency analyses have become focal points, with increasing studies re-
vealing speech understanding from the neural oscillation perspective. This sec-
tion examines internal brain rhythm changes during speech processing and the
role of neural entrainment phenomena.

3.1 Listeners’ Internal Rhythms—Neural Oscillations

How are speech’s intrinsic rhythmic characteristics represented in the brain, and
how do external rhythms influence speech perception? To address these ques-
tions, researchers have begun investigating the role of internal brain rhythmic
activity. Early on, electrical activity recorded from the scalp was considered
background noise, but researchers later realized that oscillatory activity of neu-
ronal populations reflects periodic changes in neuronal excitability. For instance,
the instantaneous phase of oscillations reflects the excitability level of neuronal
ensembles at a given moment. When the excitability phase of oscillations is ad-
justed so that high excitability of neuronal populations aligns with task-relevant
sensory input, aligned input receives optimal processing. Therefore, internal
brain rhythms may represent ideal neural oscillations for processing external
rhythmic stimuli.

Neural oscillations are commonly divided by frequency into delta (1-4 Hz), theta
(4-10 Hz), alpha (8-15 Hz), beta (12-30 Hz), and gamma (30-200 Hz) bands. In
auditory speech processing, theta-band oscillations are believed to segment con-
tinuous speech signals into discrete word units, while delta-band oscillations
combine segmented words into higher-level grammatical or semantic structures.
Recent research on Chinese prosodic context processing also found that prosodic
rhythm may facilitate speech comprehension by enhancing activity in frequency
bands related to speech processing. Compared to irregular prosodic contexts,
regular prosodic contexts elicit enhanced beta-band activity before target nouns
and alpha-band activity after target nouns. Higher-frequency gamma-band en-
velope changes have been found to represent multi-level coding of speech in the
power spectrum and are influenced by listeners’ target selection.

Similar to hierarchical structures in speech, different frequency neural oscil-
lations tend to couple in a hierarchical pattern. Low-frequency oscillations
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(e.g., theta band) in the brain may reflect syllable-level processing, while high-
frequency oscillations (e.g., gamma band) represent phoneme or articulatory
feature information. Inter-frequency coupling reflects long-distance brain region
communication and coordinates global neural network information integration.
In primary auditory cortex (Al), gamma-band amplitude systematically varies
with theta oscillation phase, and theta amplitude also couples with delta (1-2
Hz) phase. Interestingly, such effects are influenced by speech intelligibility.
Compared to time-reversed speech (unintelligible), processing natural speech
(intelligible) shows that listeners’ left inferior frontal delta band and precentral
theta band can modulate phase activity of 25 Hz oscillations in left auditory
regions. Thus, different rhythmic neural oscillations can represent hierarchi-
cal information at different temporal scales in speech stimuli, integrating this
information through mutual coordination to accomplish auditory speech under-
standing.

3.2 Neural Entrainment Connects Internal and External Rhythms

When external rhythmic stimuli are presented, listeners’ brains exhibit phase
alignment with external rhythms or increased power in the same frequency band.
These processes are believed to result from the “resetting” of ongoing neural oscil-
lation phases by external rhythmic stimuli. We refer to this temporal alignment
between internal and external rhythms as neural entrainment. Researchers gen-
erally believe neural entrainment occurs based on the brain’ s intrinsic rhythmic
activity, which can maintain activity without continuous external input, allow-
ing entrainment to persist for some time after external stimulus disappearance.

Common neural entrainment calculation methods include phase coherence be-
tween external stimuli and brain activity, and regression models connecting
brain and stimuli in forward (e.g., temporal response functions) or backward
(e.g., stimulus reconstruction) directions. Therefore, neural entrainment is some-
times called synchronization, or speech tracking when external stimuli are audi-
tory speech.

In speech understanding, external rhythms may derive from syllables, word
boundaries, or other acoustic cues. Neural entrainment can accomplish speech
analysis through these external rhythmic features, extracting discrete linguistic
components from continuous sound signals. The classical neural entrainment
view holds that entrained neural activity phases align with prosodic or syllable
boundaries in speech, such as tracking prosodic cues through delta oscillations
and reflecting syllable and lexical structure through theta oscillations. Luo
and Poeppel (2007) recorded magnetoencephalography signals while listeners
processed natural speech and found that brain theta oscillation phase patterns
stably followed syllable rhythms in spoken sentences. This study also found that
when speech was embedded in noise, loss of external speech rhythmicity and de-
creased sentence intelligibility disrupted listeners’ neural entrainment responses.
Beyond interference from other acoustic stimuli, speech rate itself affects neural
entrainment—once speech becomes too fast, listeners struggle to follow sentence
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content and entrainment is interrupted. Interestingly, entrainment to physi-
cal acoustic features within speech is automatic, observable even during sleep.
However, entrainment to linguistic units within sentences requires speech to be
attended to or understood. Although studies on intelligibility and speech rate
reflect neural entrainment’ s role in speech processing, they still have limitations.
Reducing speech intelligibility typically involves acoustic changes to stimuli, so
observed differences in speech tracking responses may relate to altered sound
input. Future research exploring the relationship between speech understand-
ing and neural entrainment must carefully control the acoustic characteristics
of speech stimuli.

In face-to-face conversation, listeners’ speech understanding is influenced by
body language. Park et al. (2016) found this process also involves entrainment
between speaker movement and listener neural activity. By calculating the
temporal pattern of speaker mouth opening area and listeners’ neural activity
in primary audiovisual cortex and left motor regions, they found significant
entrainment effects at 1 Hz, with target speech comprehension predictable from
entrainment synchrony. Listeners’brain entrainment to body speech enables real-
time utilization of a “simulated” vocalization process in motor regions to help
auditory regions predict upcoming sensory stimuli, thereby facilitating speech
understanding.

Neural entrainment reflects how rhythmic information influences speech under-
standing. When the temporal regularity of speech as an external rhythm is per-
ceived by listeners, resetting of internal neural activity makes internal rhythm
patterns similar to external rhythms, making neural activity under similar phase
patterns an ideal environment for speech understanding. However, neural en-
trainment is not merely passive following of external rhythmic information; it
is also influenced by listeners’ subjective regulation. We will further explore
neural entrainment’ s role in speech understanding by examining its modulation
by several top-down cognitive processes involved in speech comprehension.

4. Top-Down Modulation of Neural Entrainment in Speech
Understanding

Neural entrainment can dynamically select or enhance synchronization with
external input according to listeners’ current cognitive states, facilitating more
targeted prediction of target information. During speech understanding, top-
down modulation may derive from cognitive processes such as selective attention,
prior grammatical knowledge, and expectations generated from speech context.

Noisy acoustic environments make target speech understanding difficult. Selec-
tive attention helps amplify entrainment differences between attended and unat-
tended stimulus streams. Phase synchronization between attended stimuli and
neural activity facilitates greater processing resources, while unattended stimuli
are transmitted to non-optimal phase stages, making them easier to suppress,
thereby aiding speech understanding in noisy environments. In multi-talker sce-
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narios, when listeners selectively attend to a single speaker’ s speech content,
both auditory cortical regions (e.g., superior temporal gyrus) and higher-level
brain regions (e.g., inferior frontal cortex, anterior temporal regions) show en-
hanced amplitude modulation of neural oscillations, with higher-level cortical
regions exhibiting more pronounced selective enhancement of entrainment to
attended speech. Furthermore, selective attention facilitates body language’ s
promotion of auditory speech understanding. When listeners pay more atten-
tion to speakers’ lip movements, entrainment between left motor cortex and
lip movements strengthens, directly predicting speech comprehension accuracy.
Thus, neural entrainment across different brain regions can establish temporal
coupling through selective attention, improving the precision of inter-regional
information integration.

Speech understanding requires retrieving corresponding lexical information
through phonetic features and combining them into phrases and sentences
based on listeners’ prior grammatical knowledge. Excluding prosodic and
statistical cues, researchers found that different frequency cortical activities
can simultaneously track temporal dynamics of abstract linguistic structures
at word, phrase, and sentence levels. Synchronous neural entrainment to
speech units at different temporal scales may #;r a hierarchical embedding
pattern, where representations of smaller speech units are embedded under
representations of higher-level units, enabling timely integration of information
across different hierarchical levels in speech.

When listeners understand speech content, context-based expectations can also
influence neural entrainment to subsequent words’ speech envelopes—the closer a
word’ s semantics is to context, the stronger the neural entrainment to that tar-
get word’ s cortical EEG signals. This indicates that neural entrainment is also
influenced by listeners’ context-based predictions, maximizing predictability of
future events and precisely timing resource allocation, thereby facilitating early
encoding stages of upcoming words. This mechanism also explains why exter-
nally predictable rhythmic stimuli are more easily perceived than unpredictable
non-rhythmic stimuli.

Top-down modulation of neural entrainment by listeners enables better represen-
tation of rhythmic information in complex auditory environments, promoting
target speech understanding. Neural entrainment can serve as a “filter,” re-
ducing or eliminating neural responses to unattended speech streams in higher
brain regions in noisy environments according to listeners’ selective attention.
It can also act as an “amplifier,” enhancing representation and processing of
corresponding speech components based on listeners’ expectations. Finally, neu-
ral entrainment can function as a “connector,” integrating information across
different hierarchical components within speech or across brain regions accord-
ing to listeners’ prior knowledge. Thus, listeners’ active regulation makes key
information in speech understanding more likely to be at optimal excitability
levels of neuronal ensemble activity, thereby receiving more processing resources.
We therefore propose that neural entrainment may provide a “bridge” between
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5. Discussion
5.1 External Rhythms Facilitate Speech Understanding

Inter-word pauses and pause locations in spoken language’ s prosodic structure
rhythm affect listeners’ intelligibility and structural analysis of ambiguous con-
texts. Appropriate prosodic structure rhythm promotes correct speech under-
standing and restores semantically incomprehensible content. Different speech
rates in context alter listeners’ subsequent syllable discrimination and even word
quantity perception. Additionally, speakers’ synchronized motor behaviors dur-
ing speech production transmit simultaneously with speech information to lis-
teners’ brains through visual channels. The synergy between these non-auditory
motor rhythms and speech rhythms helps listeners better capture target speech
content. Speech understanding benefits from these external rhythmic features,
which not only aid comprehension and reduce processing costs but also modulate
phoneme-, word-, and sentence-level speech processing.

When studying speech rhythm using speech material duration, the duration
of acoustic units in spoken language changes perceived speech rate. Speech
rate typically alters rhythm perception by changing the percentage of vocalic
intervals (%V) and the standard deviation of consonantal intervals (deltaC).
However, this phenomenon is not universal across all languages; for example,
speech rate changes in French do not affect deltaC’ s coefficient of variation.
Therefore, whether speech rate changes directly influence speech rhythm percep-
tion remains controversial across languages, suggesting that research involving
acoustic unit duration must carefully control speech rate manipulation.

5.2 Neural Entrainment—A Possible Mechanism Linking Internal and
External Rhythms

Revelations of brain neural activity have led researchers to propose that inter-
nal rhythmic neural oscillations represent speech signals, enabling listeners to
process key information in signals, confirmed in syllable perception, semantic
processing, and syntactic comprehension. Numerous recent studies have found
that brain neural oscillations may exhibit entrainment to external rhythmic stim-
uli. Since the phase of ongoing neural activity reflects rhythmic fluctuations in
neuronal excitability, when entrainment occurs, aligned neural activity and ex-
ternal stimuli can stably adjust processing gain for input stimuli. We therefore
propose that neural entrainment is a possible mechanism linking internal and
external rhythms in speech understanding.

Neural entrainment widely exists in processes where external rhythms influence
speech understanding, providing a pathway for how the brain represents hier-
archical information in speech. Entrainment to speech stimuli does not occur
in a specific frequency band alone; from gamma band responding to acoustic
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features, to theta band tracking speech temporal envelopes, or lower delta band
for characters, words, and sentences in Chinese, the brain produces correspond-
ing neural oscillations for entrainment at different hierarchical levels. Neural
entrainment also explains how prosodic structure rhythm or contextual rhythm
influences current speech understanding through its self-sustaining characteris-
tics—entrainment generated by previously input rhythmic stimuli can persist
for some time after stimulus change, affecting processing of current speech stim-
uli. Entrainment to body speech facilitates timed inter-regional communication,
ensuring precise integration of motor and speech information.

Top-down modulation of neural entrainment by listeners provides physiological
explanations for the roles of selective attention, prior knowledge, and expecta-
tion in speech understanding. Selective attention enables neural ensembles at
high excitability levels to more concentratedly represent target stimuli through
neural entrainment, thereby improving target speech identification. Conversely,
neural activity hinders representation establishment for sensory stimuli that
cannot align, as they randomly amplify or attenuate information. Prior gram-
matical knowledge achieves precise inter-level integration by simultaneously en-
training to different hierarchical units in speech. When listeners understand
context, expectations for upcoming words can enhance entrainment strength
during word processing, facilitating early phonetic encoding. We therefore pro-
pose that neural entrainment is not merely passive brain activity responding to
external rhythmic stimuli but can create an appropriate processing environment
for current speech understanding according to listeners’ cognitive states. As a
metric quantifying consistency between two rhythmic activities, it has become
a method for describing the bidirectional relationship between external speech
and the brain, allowing researchers to investigate how rhythms or cognitive
processes affect speech understanding.

5.3 Existing Challenges

Long-standing controversy exists regarding whether brain responses to sensory
stimuli relate to intrinsic, ongoing neural oscillations, and direct evidence is
lacking for whether neural entrainment is generated by neural oscillations. Re-
searchers need to rigorously determine whether observed entrainment phenom-
ena result from coupling between external stimuli and intrinsic neural oscilla-
tions or from a series of stimulus-evoked potentials. In many cases, so-called
entrainment may merely reflect a series of evoked neuronal responses caused by
regular sound input rather than true neural oscillations.

With advances in non-invasive brain stimulation technology, researchers are
no longer limited to passively recording brain activity but have begun using
external interventions to investigate neural oscillations’ influence on speech un-
derstanding. Transcranial alternating current stimulation (tACS), unlike tran-
scranial magnetic stimulation (TMS), is a completely silent stimulation method
that excludes interference from extraneous experimental sounds. When tACS
is applied to listeners’ temporal regions during speech processing, interfering
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with theta-band neural oscillation activity disrupts neural entrainment and de-
creases speech intelligibility performance. Conversely, when speech stimulus
envelopes serve as electrical stimulation modalities, scalp stimulation can im-
prove listeners’ speech understanding in noisy environments. tACS aligned in
frequency and phase with rhythmic auditory stimuli facilitates perception of
continuous auditory events in auditory cortex. Future research, whether con-
trolling synchronization or desynchronization between neural oscillations and
external stimuli, will help provide more direct evidence for neural oscillations’
role in speech perception. This “experimental” manipulation of brain oscillations
allows determination of whether brain oscillations causally drive brain function
rather than being epiphenomenal, by examining functional outcomes.

6. Conclusion

Auditory speech understanding involves multi-scale participation of internal and
external rhythms. We first revealed how external rhythms influence auditory
speech understanding through three common types: prosodic structure rhythm,
contextual rhythm, and speaker body language rhythm. Second, we described
the role of listeners’ internal neural oscillations and neural entrainment phe-
nomena in speech understanding. Finally, based on neural entrainment’ s mod-
ulation by listeners’ top-down cognitive processes, we discussed the possibility
that neural entrainment serves as a key mechanism linking internal and external
rhythms.
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