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Editorial on the Research Topic

Relationship of language and music, ten years after: Neural

organization, cross-domain transfer and evolutionary origins

Language and music are both evolutionarily old and ubiquitous in human cultures.

They also share many common features such as the use of basic acoustic attributes, the

presence of complex hierarchical structures, and the ability to elicit and communicate

emotions. These parallels have sparked questions regarding the neural organization of

language and music, the cross-domain transfer between them, and their evolutionary

origins. Ten years after the publication of a similar Research Topic in Frontiers, many

intriguing questions remain. The 11 articles in this collection address the relationship

between language and music from a wide range of perspectives, including six empirical

studies on cross-domain transfer, three articles on clinical applications, and two articles

on evolutionary perspectives (Figure 1).

Cross-domain transfer

A plethora of studies have demonstrated that long-term experience with either

language or music can transfer to processing or learning in the other domain. However,

the extent and direction of the transfer remains controversial. Several hypotheses have

been proposed to explain the transfer, including the domain-general sharpening of

sensory encoding (Chandrasekaran and Kraus, 2010), common acoustic processing

and influence on abstract representations in the other domain (Besson et al., 2011),

and the OPERA/expanded OPERA hypothesis (Patel, 2011, 2014). The use of lexically

distinctive pitch in tonal languages has also provided a unique opportunity to evaluate

the language-music relationship.
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FIGURE 1

Three areas of study covered by the current Research Topic.

Zhu et al. showed that musicianship affects categorical

perception of Mandarin tones by native listeners. Mismatch

negativity (MMN) amplitude in response to tonal deviations was

amplified in amateur musicians, indicating that musical training

enhances pre-attentive processing of lexical tones. This finding

also suggests that amateur musical training is sufficient to

induce neural plasticity in speakers who already have long-term

tonal experience. Chen et al. further showed that musicianship

affects categorical perception of Mandarin tones in speakers of a

second tone language. Perception of Mandarin pitch direction

was more categorical in Cantonese-speaking musicians than

non-musicians. The musicians were also more sensitive to

stimulus duration and intrinsic F0 associated with vowel quality,

suggesting that musicians are able to use their sensitivity to

acoustics to form more robust representations of tones in a

second language.

The impact of musical experience extends beyond phonetic

categorization. Smit et al. found an association between pitch

discrimination ability and learning of novel words. Surprisingly,

better pitch discrimination was associated with worse word

learning. The use of infant-directed speech in this study may

have led to greater pitch variation, which turned out to

be detrimental to learning for individuals with better pitch

discrimination abilities. Nie et al. showed that musical training

affects working memory. The authors compared a group of

Mandarin-speaking children who received 1-year music training

to another two groups of children that received either second-

language training or no training. After controlling for initial

group differences in the baseline performance, the authors

found superior development of auditory working memory in the

music group.

Choi examined the other direction of the cross-domain

transfer, i.e., how language experience affects musical pitch

perception. Cantonese language experience facilitated musical

pitch perception, but the effect was limited to non-musicians.

The lack of a language effect among musicians was attributed

to perceptual saturation due to musical training or specialized

pitch processing. With these findings, Choi proposed to revise

the “Precision” criterion in the OPERA/expanded OPERA

hypothesis to accommodate the language-to-music transfer.

The cross-domain transfer, however, does not appear to

apply all the time. Tao et al. used the language-music connection

to address a long-standing issue in speech perception: Does

speech normalization require a general auditory mechanism or

a speech-specific perceptual mechanism? The authors showed

that familiarity with a music context did not give musicians

an advantage in Cantonese tone normalization. Rather, tone

normalization occurred only in the speech context, and

there was no difference in tone normalization performance

between musicians and non-musicians regardless of the context,

suggesting that a speech-specific mechanism is responsible for

perceptual normalization.

Clinical applications

Three articles addressed the clinical application of the

language-music connection. Zhang et al. compared the

effectiveness of melodic intonation therapy (MIT) and

traditional speech therapy on Mandarin-speaking individuals

with non-fluent aphasia. After 8 weeks of therapy, patients

receiving MIT showed better listening comprehension,

repetition, and spontaneous naming compared to those

receiving traditional speech therapy. The authors concluded

that MIT is an effective approach to rehabilitating language

functions. Zhang, Li, et al. offered a systematic review of 39
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randomized controlled trials examining the effect of MIT

on the treatment of non-fluent aphasia. The review showed

that behavioral measurements were used in most of the

studies, and few studies provided brain imaging data. With

this observation, the authors call for more clinical studies

incorporating both behavioral and neurophysiological data to

evaluate the effectiveness of MIT.

Zhang, Song, et al. compared the effects of vocal intonation

therapy (VIT) to standard respiratory therapy on voice

production in people with respiratory dysfunction resulting

from cervical spinal cord injury (CSCI). After 12 weeks of

treatment, patients in the VIT group outperformed those in

the standard respiratory therapy group in measures of speech

volume, singing volume, sustained note length, and fundamental

frequency, suggesting that VIT is an effective treatment for

respiratory dysfunctions in CSCI patients.

Evolutionary perspectives

Commonalities between speech and music in basic acoustic

attributes and hierarchical structure have inspired many

researchers to hypothesize a common evolutionary precursor.

Previous studies have probed the co-evolution hypothesis

from the perspective of pitch (Thompson et al., 2012; Fenk-

Oczlon, 2017). Fenk-Oczlon extended the investigation to

duration. By showing iconic association between vowel height

and the duration of musical notes in 20 Alpine traditional

yodels, Fenk-Oczlon provided new evidence for the “musical

protolanguage” hypothesis (Darwin, 1871; Fitch, 2005, 2006).

The close coupling of vowel height and music in singing with

meaningless syllables is perhaps reminiscent of an ancient,

prosodic protolanguage.

The evolutionary perspective is elaborated in Haiduk and

Fitch. Following Darwin’s speculation about the speech-music

relationship (Darwin, 1871) and Hockett’s “design features” of

communication (Hockett, 1960), Haiduk and Fitch delineate

the evolutionary circumstances which led to the distinctive

trajectories that language and music took in their respective

developments. They consider the differences and similarities in

evolution when language and music are used in a variety of

contexts. These ideas are new probes and need to be nourished

with much more interaction and perhaps experimentation

across diverse cultures. Cultural evolution works much faster

than biological evolution, and humans have become a very

different kind of animal since Darwin’s time. We are living in

a very different physical and social environment of our own

making. The trajectories that language and music will take in the

decades ahead are hard to predict and bound to be fascinating.
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Effects of Amateur Musical
Experience on Categorical
Perception of Lexical Tones by
Native Chinese Adults: An ERP Study
Jiaqiang Zhu1, Xiaoxiang Chen1* and Yuxiao Yang2
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Music impacting on speech processing is vividly evidenced in most reports involving
professional musicians, while the question of whether the facilitative effects of music are
limited to experts or may extend to amateurs remains to be resolved. Previous research
has suggested that analogous to language experience, musicianship also modulates
lexical tone perception but the influence of amateur musical experience in adulthood is
poorly understood. Furthermore, little is known about how acoustic information and
phonological information of lexical tones are processed by amateur musicians. This
study aimed to provide neural evidence of cortical plasticity by examining categorical
perception of lexical tones in Chinese adults with amateur musical experience relative to
the non-musician counterparts. Fifteen adult Chinese amateur musicians and an equal
number of non-musicians participated in an event-related potential (ERP) experiment.
Their mismatch negativities (MMNs) to lexical tones from Mandarin Tone 2–Tone 4
continuum and non-speech tone analogs were measured. It was hypothesized that
amateur musicians would exhibit different MMNs to their non-musician counterparts
in processing two aspects of information in lexical tones. Results showed that the MMN
mean amplitude evoked by within-category deviants was significantly larger for amateur
musicians than non-musicians regardless of speech or non-speech condition. This
implies the strengthened processing of acoustic information by adult amateur musicians
without the need of focused attention, as the detection of subtle acoustic nuances of
pitch was measurably improved. In addition, the MMN peak latency elicited by across-
category deviants was significantly shorter than that by within-category deviants for both
groups, indicative of the earlier processing of phonological information than acoustic
information of lexical tones at the pre-attentive stage. The results mentioned above
suggest that cortical plasticity can still be induced in adulthood, hence non-musicians
should be defined more strictly than before. Besides, the current study enlarges the
population demonstrating the beneficial effects of musical experience on perceptual and
cognitive functions, namely, the effects of enhanced speech processing from music are
not confined to a small group of experts but extend to a large population of amateurs.

Keywords: amateur musical experience, categorical perception, Mandarin lexical tones, MMN, cortical plasticity
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Zhu et al. Amateur Musicians and Tone Processing

INTRODUCTION

Pertaining to the old relationship between music and language,
it is believed that the spoken language evolves from music
(Darwin, 1871), or music evolves from the spoken language
(Spencer, 1857), or both of them descend from a common
origin (Rousseau, 1781/1993). These viewpoints bolster the
notion that music and language, both of which involve complex
and meaningful sound sequences (Patel, 2008), are reciprocally
connected. It has been considerably verified that musical
experience impacts on language or speech processing (Besson
et al., 2011a,b, Patel, 2014). One of the most common approaches
to the assessment of speech processing is adopting categorical
perception in experiments, in which individuals are required
to perceptually categorize continuous auditory signals into
discrete linguistic representations along a physical continuum
(Fujisaki and Kawashima, 1971). The phenomenon of categorical
perception has been investigated with preliminary foci on
segments of consonants and vowels (e.g., Liberman et al., 1957;
Fry et al., 1962; Miller and Eimas, 1996).

In recent years, a surge of interest has been observed
concerning the suprasegmental aspect of speech processing (e.g.,
Yip, 2002; Hallé et al., 2004; Xu et al., 2006; Peng et al., 2010;
Liu et al., 2018). One example is the research into lexical
tones, which are phonemically contrastive and alter the semantic
meanings of words in usage (Gandour and Harshman, 1978).
Through shifts in pitch height and pitch contour, lexical tones
can be distinguished and recognized in disparate categories
(Francis et al., 2003). For instance, monosyllables “ma 55,”
“ma 35,” “ma 214,” and “ma 51” in Mandarin mean “mother,”
“hemp,” “horse,” and “to scold,” when presented individually
(Chao, 1968). The numerals following the syllables stand
for the transcribed tones, depicting the relative pitch value
within a five-point scale of the talker’s normal frequency range
(Chao, 1947). These four tones can also be annotated with
respective pitch patterns as Tone 1 (T1), level; Tone 2 (T2),
rising; Tone 3 (T3), falling-rising; and Tone 4 (T4), falling
(Wang et al., 2017).

Categorical Perception of Lexical Tones
Lexical tones are privileged in Mandarin both phonetically and
phonologically, and categorical perception of lexical tones has
been broadly researched in present decades (Xu et al., 2006;
Peng et al., 2010; Chen F. et al., 2017). In a classic experiment
of categorical perception, participants complete an identification
task to label a flow of tonal stimuli and a discrimination task
to estimate some tonal contrasts as either “same” or “different”
(Xu et al., 2006). The auditory stimuli are physically interpolated
with variable pitch values along a continuum (Francis et al.,
2003). Separated by categorical boundary between two tones
as defined by identification curves (Peng et al., 2010), within-
category stimuli stemmed from one category can be perceived
analogously, but across-category stimuli extracted from two
categories tend to be perceived differentially. Stimulus tokens
from discrepant categories are more discriminable than those
from the same category (Joanisse et al., 2006; Jiang et al., 2012;
Chen and Peng, 2018).

Most of prior studies probed into lexical tones as a whole
(e.g., Wang et al., 2001; Francis et al., 2003; Hallé et al.,
2004), while more recent studies have switched to the dynamic
interaction between acoustic and phonological information of
lexical tones (e.g., Xi et al., 2010; Zhang et al., 2011; Yu
et al., 2014). In general, the acoustic information consists
of the physical features of lexical tones as estimated by F0
(e.g., pitch height and pitch contour), while the phonological
information refers to the linguistic properties with tonal
categories to distinguish lexical semantics (Yu et al., 2019).
Although some secondary cues might influence the judgment
of lexical tone contrasts, F0 remains most critical as amply
confirmed by the seminal (Wang, 1976) and subsequent studies
of categorical perception of lexical tones (Xu et al., 2006;
Peng et al., 2010; Shen and Froud, 2016). It is reported that
for Mandarin lexical tones, the perception of within-category
pairs mainly depends on lower-level acoustic information of
pitch, yet the perception of across-category comparisons is
principally reliant on higher-level phonological information of
lexical categories (Fujisaki and Kawashima, 1971; Xi et al.,
2010; Yu et al., 2014). Importantly, distinguishing acoustic
and phonological information of lexical tones re-paints a clear
picture to interpret the mechanisms underlying lexical tone
perception. For example, the study by Xi et al. (2010) revealed
that when listening to Mandarin lexical tones, native speakers
need to process the acoustic information and the phonological
information simultaneously. A following study by Yu et al. (2014)
manipulated phonological categories and acoustic intervals of
lexical tones in experiments and replicated the results of Xi et al.
(2010). Their additional findings uncovered the temporal pattern
of lexical tone processing showing that phonological processing
precedes acoustic processing at the pre-attentive cortical stage,
which was then re-confirmed in a subsequent study by Yu et al.
(2017). The pre-attentive stage refers to an earlier stage at which
individuals involuntarily process the stimuli, in contrast to the
later attentive stage at which individuals consciously process the
stimuli (Neisser, 1967; Kubovy et al., 1999; Yu et al., 2019).
According to Zhao and Kuhl (2015a,b), this pattern of temporal
processing involves the dominant influences of the higher-level
linguistic categories as compared to the lower-level acoustics
relating to lexical tones.

Given that native speakers of tone languages outperform
those of non-tone languages, a plethora of studies support the
notion that lexical tone perception is plastic and experience-
dependent (Hallé et al., 2004; Peng et al., 2010; Shen and
Froud, 2016; Chen S. et al., 2017). To be exemplified,
compared to Mandarin speakers who perceive native lexical
tones categorically, participants from non-tone languages show
impoverished performance in tasks requiring identification and
discrimination of lexical tones. In the study by Hallé et al. (2004),
although French listeners were observed to have substantial
sensitivity to pitch contour differences, they failed to perceive
lexical tones along the lines of a well-defined and finite set of
linguistic representations as exhibited by across-category tonal
contrasts. However, those speaking the tone language Taiwanese
could perceive lexical tones in a quasi-categorical manner. The
authors proposed that this disparity was attributable to the
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existence of phonological information relating to lexical tones in
Taiwanese, which was, however, absent in French. Considering
the gradation of identification and discrimination tasks, Peng
et al. (2010) demonstrated that German listeners exhibited larger
boundary widths and psychophysical boundaries rather than
linguistic boundaries compared to their Mandarin and Cantonese
counterparts. The results of Xu et al. (2006) also exhibited
strong categorical perception for Chinese-speaking but not for
English-speaking participants in their experiments. According to
Chen et al. (2020), listeners from non-tone languages exhibited
psychoacoustically based performance because of the lack of
experience with lexical tones; however, Shen and Froud (2016)
found that with increased exposure to lexical tones, English
learners of Mandarin would show similar performance to
native Mandarin speakers. Since categorical perception provides
an ideal window to disentangle acoustic information from
phonological information through pairing respective within- and
across-category auditory stimuli, the current study would make
use of this paradigm to research the processing of these two
types of information, which is less studied among listeners with
different levels of musical pitch expertise.

The Influence of Musicianship on Lexical
Tone Processing
The brain perceptual plasticity of lexical tones induced by
language experience has been further demonstrated via cross-
domain research, suggesting that musical experience also
impacts on the perception of lexical tones. Besson et al.
(2011a) proposed that the musician’s brain is a good model
of brain plasticity. The links between music and language
are grounded on findings from numerous empirical studies
(e.g., Schön et al., 2004; Marques et al., 2007; Moreno,
2009; Posedel et al., 2012; Ong et al., 2020). It is believed
that musicians show advantages in processing and encoding
speech sounds due to increased plasticity and perceptual
enhancements (Magne et al., 2006; Kraus and Chandrasekaran,
2010; Gordon et al., 2015). According to the expanded hypothesis
of Overlap, Precision, Emotion, Repetition and Attention
(OPERA-e), musical experience enhances speech processing
because common sensory and cognitive processing mechanisms
are shared by music and language (Patel, 2014). Based on
the conceptual framework of OPERA-e, the perception of
fine-grained musical pitches remains transferrable to that of
coarse-grained lexical tones, as supported by the studies on
music and lexical tone processing. For example, Alexander
et al. (2005) found that a group of American musicians
obtained higher scores than non-musicians in identifying and
discriminating four lexical tones in Mandarin. Zhao and
Kuhl (2015a) demonstrated that, given no prior experience
of Mandarin or any other tone languages, English-speaking
musicians were more sensitive to pitch variations of tonal
stimuli from Mandarin T2–T3 continuum than non-musicians.
A follow-up experiment of perceptual training of lexical tones
was held, results demonstrating that compared to the non-
musician counterparts, musician trainees showed improvement
in identification in post-training test (Zhao and Kuhl, 2015a). It

certified that short-term perceptual training altered perception,
which spanned only about 2 weeks. The study by Moreno et al.
(2008) investigated individuals trained via respective music and
painting lessons. The results uncovered that participants with
musical training were strengthened in both pitch discrimination
and reading abilities, in contrast to those with painting
training. It highlighted the influence of musical experience
on speech processing. Zheng and Samuel (2018) also found
that English-speaking musicians outperformed non-musicians
in the processing of both speech (Mandarin short phrases) and
non-speech (F0) sounds.

The research into music and lexical tone processing has
benefitted from neurophysiological assessments applied in an
array of studies, which allow monitoring the perception of
auditory signals within the brain. One of the most prevalent
approaches is the measurement of event-related potentials (ERPs)
to quantify brain activities in response to specific events with
a high-temporal resolution in millisecond. Because the auditory
ERP component, known as the mismatch negativity (MMN), can
evaluate automatic discrimination at the pre-attentive cortical
stage, it has been pervasively employed in neural studies of
lexical tone perception (e.g., Chandrasekaran et al., 2007a,b;
Li and Chen, 2015; Nan et al., 2018). Specifically, MMN
peak latency reflects the time course of cognitive processing,
while MMN mean amplitude indexes the extent to which
neural resources relate to our brain activities (Duncan et al.,
2009). Through ERP measurements, Besson et al. (2011a) tested
the perception of Mandarin tonal and segmental variations
among French-speaking musicians and non-musicians. The
results exhibited increased amplitude and shorter latency of
ERP components of N2, N3, and P3 for musicians than non-
musicians, suggesting that musical expertise impacts on the
categorization of foreign linguistic contrasts. Chandrasekaran
et al. (2009) examined the perception of non-speech tone
homologs to Mandarin T1, T2, and a linear rising ramp
(T2L). The results revealed that English-speaking musicians
provoked larger MMN responses than their non-musician
counterparts, regardless of within-category (T2/T2L) or across-
category (T1/T2) tonal contrast. This finding indicates that
experience-dependent effects of pitch processing are domain-
general. In spite of the preexisting long-term experience of
lexical tones, Tang et al. (2016) found that Mandarin-speaking
musicians showed increased MMN amplitude to changes of
lexical tones compared to non-musicians, which implicates that
musical experience facilitates cortical plasticity of linguistic
pitch processing.

Although the studies regarding the influence of musical
experience on lexical tone processing are not rare, most
concentrate on the performance of professional musicians, who
usually complete long-term musical training for tens of years
(e.g., Pantev et al., 2001; Marie et al., 2012; Dittinger et al.,
2016), receive formal and theoretical musical education in music
conservatories (e.g., Vuust et al., 2012; Lee et al., 2014; Tang
et al., 2016), and start musical practice very early (before puberty)
in life (e.g., Cooper and Wang, 2012; Zhao and Kuhl, 2015a,b).
In stark contrast to expert musicians in a preponderance of
studies mentioned above, amateur musicians involve those who
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are non-music majors with later onset age and shorter musical
length for their limited musical experience. Since it has been
widely accepted that music plays a strong modulatory role in
boosting language or speech processing (Patel, 2008, 2014; Besson
et al., 2011a,b; Strait and Kraus, 2014), a question then arises as to
whether individuals with amateur musical experience can obtain
similar advantageous effects to experts such as in categorical
perception of lexical tones.

A very recent study identified that children who attended
informal musical group activities demonstrated better neural
sound discrimination than controls (Putkinen et al., 2019).
However, it remains less known whether the facilitative effects
of amateur musical experience can also be found in adults, who
diverge from children in light of physiological maturation and
language exposure. Gfeller (2016) argued that both music and
language as communicative forms encompass many subskills,
and these are impacted by maturation as well as auditory
input and experience (Yang et al., 2020). In the study by Chen
et al. (2010), prelingually deafened participants with cochlear
implants completed the pitch ranking of tonal pairs. The results
showed that the length of musical experience was beneficial
only for young participants. Best (1994, 1995) and Best and
Tyler (2007) concluded that children and adults performed
differently in speech perception because their perceptual systems
had been tuned to variable degrees as a function of native
language exposure. For example, according to Best et al. (2016),
the discriminability of two phones produced with the same
articulatory organ improves with increased native language
exposure, yet the same improvement was not observed among
adults in Yang and Chen (2019). In addition, for Mandarin-
speaking participants, the significant differences in voice onset
time, defined as the time interval of the burst and the beginning
of glottal pulse in stop consonants (Cho and Ladefoged, 1999),
were observed in Ma et al. (2017), which were ascribed to the
physiological differences between children and adults. Given the
vast disparities in neuroplasticity and hearing history, adults and
children might have different bioelectrical responses to auditory
stimuli at the pre-attentive stage originating from the impact of
amateur musical experience.

The Present Study
The study by Putkinen et al. (2019) serves as an encouraging
indication of the benefits of musical exposure while highlighting
the need to continue researching the effects of amateur
musical experience throughout adulthood. We recruited adult
participants with limited musical experience (mean ± standard
deviation: 4.5 ± 0.3, range: 4–5 years) of playing orchestral
instruments requiring intensive usage of musical pitch (Sluming
et al., 2002; Vuust et al., 2012; Patel, 2014). Although these
participants reported that they always enjoyed their musical
practice, none of them had received an early musical education,
taken private lessons, or obtained any professional certificates
in musical practice; crucially, their involvement in music
(all after 16 years old) was motivated by self-willingness
rather than commercial performance (Marie et al., 2012).
The musical expertise of these amateur musicians in this
study was prominently lower than that of expert musicians

investigated in previous studies (e.g., Pantev et al., 2001;
Alexander et al., 2005; Vuust et al., 2012; Wu et al., 2015;
Zhao and Kuhl, 2015a,b).

What has been unveiled thus far about adult amateur
musicians is sparse; however, the population of adult amateur
musicians worldwide is enormous, in contrast to the limited
number of professional musicians. The investigation of the effects
of amateur musical experience on adults’ perception of lexical
tones is of great importance, because it helps resolve the research
issues mentioned above and address whether participants with
amateur musical experience should be differentially grouped
from non-musicians, when conducting experiments in relation
to the processing of word-level lexical tones or sentence-level
intonations (Qin et al., 2021). That is to say, among these tests, it
might be inappropriate to ignore participants’ musical expertise
or simply regard those with informal musical training as non-
musicians. In addition, both behavioral and neural studies have
elucidated that musicianship brings positive impacts on language
and cognition across the life span for children (Schellenberg,
2004), adults (Wang et al., 2015), and aging citizens (Román-
Caballero et al., 2018). Therefore, findings from the current
study might encourage more individuals to participate in musical
activities no matter what levels of performance they maintain
and what backgrounds they are from, in the hope of increasing
their aesthetic appreciation as well as helping them balance their
physical and mental health.

In the current study, categorical perception of lexical tones
was adopted so as to tease apart acoustic and phonological
information by pairing respective within- and across-category
stimuli (Yu et al., 2014). Except for the investigation of lexical
tones in the speech condition, pure tones as the non-speech
stimuli with congruous F0 features were meanwhile exploited
to examine whether music-driven and experience-dependent
effects of pitch processing were domain-general (Chandrasekaran
et al., 2009). Grounded on the framework of OPERA-e (Patel,
2014) that common sensory and cognitive processes relating
to pitch permit the facilitative effects from music to lexical
tone perception, discrepancies were anticipated between amateur
musicians and non-musicians with respect to the coverage of
MMN mean amplitudes and MMN peak latencies. Concretely,
according to preceding studies (Chandrasekaran et al., 2009;
Besson et al., 2011a; Wu et al., 2015; Tang et al., 2016),
MMN mean amplitudes were expected to be larger in the
perception of within-category stimuli by amateur musicians
than non-musicians, yet both of them would be comparable
when processing across-category stimuli; in other words, amateur
musicians might be only enhanced in acoustic processing for
native lexical tones. As to MMN peak latencies, there exist
two competing views about the time course of acoustic and
phonological processing of lexical tones. Luo et al. (2006)
proposed a serial model, the two-stage model, arguing that only
acoustic information of lexical tones is processed at earlier pre-
attentive stage and phonological information is processed at later
attentive stage. However, many recent ERP studies showed that
phonological information of lexical tones is processed in parallel
with acoustic information at the pre-attentive stage (Xi et al.,
2010; Yu et al., 2014, 2017). In this regard, we hypothesized
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that acoustic and phonological information would be processed
concurrently, which contradicted the two-stage model of lexical
tone processing (Luo et al., 2006).

To the best of our knowledge, the present study is the first
attempt to clarify the aforementioned issues in Chinese adult
population from a neural perspective. By exploring whether
the facilitative effects from music to speech processing could
be grasped by a large group of amateur musicians similar
to experts in previous studies, this study aimed to provide
an in-depth understanding of neuroplasticity in addition to
the processing of lexical tones after re-visiting the relationship
between music and language.

MATERIALS AND METHODS

Participants
Thirty adult Mandarin-speaking college students (18 males and
12 females, aged 21–30 years, mean age 24) were recruited
from universities in Shenzhen, China through online advertising.
All participants were confirmed as having no history of speech
or hearing disorders, learning disabilities, brain injuries, or
neurological problems (experienced themselves or by relatives).
Based on the well-documented criteria for classifying musical
expertise (e.g., Pantev et al., 2001; Alexander et al., 2005; Marie
et al., 2012; Hutka et al., 2015), the participants were divided
into two groups: non-musicians (NM) and amateur musicians
(AM). The AM group consisted of 15 amateur musicians (6 males
and 9 females, aged 21–25 years, mean age 23), none of whom
majored in music. Their limited musical experience ranged from
4 to 5 years with the mean and standard deviation at 4.5 and
0.3, individually. The NM group served as the control group,
which consisted of 15 participants (12 males and 3 females,
aged 22–30 years, mean age 24) with no musical experience
(e.g., playing an instrument or vocal training). Although no
power analysis was performed for the calculation of sample size,
the sample size of the current study was comparable with one
seminal ERP study by Xi et al. (2010) that also focused on
the processing of acoustic versus phonological information via
categorical perception of Mandarin lexical tones. All participants
were paid monetarily for their participation.

Both AM and NM members were right-handed according to
a handedness questionnaire adapted from a modified Chinese
version of the Edinburgh Handedness Inventory (Oldfield,
1971). Consent forms were signed by participants prior to the
experiment, which was approved by the Ethics Review Board at
the School of Foreign Languages of Hunan University.

Stimuli
Sampled at 44.1 kHz and digitized at 16 bits, the Chinese
monosyllable /pa/ was recorded with respective T2 and T4
in a sound-attenuated room by a native female speaker from
northern Mainland China. The primary cue to distinguish tonal
contrasts in Mandarin refers to pitch, known as the psychological
percept of F0 (Abramson, 1978; Gandour, 1983). Nevertheless,
the comparison of some pairs of Mandarin lexical tones may be
affected by cues in addition to pitch. For example, distinguishing

T2 and T3 always confuses both native and non-native Mandarin
speakers (Li and Chen, 2015), and the timing of the turning
point in pitch contour is also critical for the discrimination (Shen
and Lin, 1991). The signal properties of T2 and T3 are not very
distinctive and their acoustic similarities are further compounded
by the Mandarin tone sandhi (Hao, 2012). Unlike similar tones of
T2 and T3, T2 and T4 have disparate pitch contours and remain
phonologically distinctive (Chao, 1948). Hence, Mandarin T2
and T4 were purposefully selected, not only because they had
been appreciably employed in categorical perception of lexical
tones in previous studies, but also because the discrimination of
T2 and T4 was reliant on the detection of pitch variations rather
than other confounding features (e.g., phonation) in the acoustic
signals (Xi et al., 2010; Zhang et al., 2011; Li and Chen, 2015; Zhao
and Kuhl, 2015a). The examination of T2 and T4 was likely to
maximize the potential differences between amateur musicians
and non-musicians in the processing of across-category and
within-category stimuli along the tonal continuum.

The two lexical tones were normalized to a sound pressure
level of 70 dB and a duration of 200 ms using the Praat software
(Boersma and Weenink, 2019). In addition, the Mandarin T2–T4
continuum was manipulated by applying the pitch-synchronous
overlap and added function (Moulines and Laroche, 1995) via
Praat. As shown in Figure 1, 11 stimulus sets were created
spanning the continuum with an equalized acoustic interval
between each step. Prototypically, the first stimulus (S1) referred
to T2 and the last stimulus (S11) signaled T4. The non-speech
stimuli were pure tones, with exactly the same pitch, intensity,
and duration as the speech stimuli, which were resynthesized
following the procedures of Peng et al. (2010).

According to prior studies on categorical perception, the third
(S3) and the last (S11) stimuli were chosen as deviants, with the
seventh (S7) being the standard from the current continuum,
which would be played in the neural tests (Xi et al., 2010;

FIGURE 1 | The schematic illustration of the tonal continuum (the thick lines
with numerals represent the stimuli used in the neural tests).
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Zhang et al., 2011; Yu et al., 2014). Although both deviants
were equidistant in frequency size to the standard, the stimuli
of S3 and S11 were defined as across-category and within-
category deviants, respectively. Crucially, to further assure the
feasibility of stimulus deployment, an identification task was
conducted in order to locate the categorical boundary (Peng
et al., 2010). The categorical boundary was computed using
Probit analysis, which involved the commensurate 50% crossover
point in the continuum (Finney, 1971). Based on the boundary
position, across-category and within-category stimuli for each
participant could be paired in agreement with Jiang et al.
(2012). For instance, if one participant retained the boundary
position as 4.9 in the identification task, pairs S3–S5 and S4–S6
that straddled the position would be coded as across-category
comparisons, whereas the remaining pairs that did not cross
the boundary would be taken as within-category comparisons
(Chen F. et al., 2017).

The identification task was completed by 10 participants
who did not attend the following electroencephalogram (EEG)
recording phase. All 11 stimuli were presented randomly through
a laptop using the E-Prime 2.0 program (Psychology Software
Tools Inc., United States). Each stimulus was played nine times.
The design of two-alternative forced choices was applied, thereby
participants had to make a choice when they heard the sounds.
Both T2 and T4 were labeled on the keyboard and participants
pressed the target buttons to respond. Figure 2 demonstrates the
identification curves.

In the current study, categorical boundary positions in speech
and non-speech conditions were 6.47 and 6.46, respectively,
which indicated that the pairing of S3–S7 was across-categorical,
while S7–S11 remained within-categorical. Therefore, as
mentioned above, the present stimulus deployment was
operationalized and could be applied to the next EEG data
collection. In addition, for both AM and NM participants, one
more active behavioral identification task was carried out after
their recordings of ERPs. All participants correctly identified

the three lexical tones as either T2 or T4 with 0% error rate
out of the four choices from T1, T2, T3, and T4 in Mandarin.
The results revealed that amateur musicians and non-musicians
perceived S3–S7 as an across-category comparison and S7–S11
as a within-category comparison.

ERP Procedure
In line with Näätänen et al. (2004) and Pakarinen et al. (2007), the
current study adopted a multifeature passive oddball paradigm,
which consists of more than one type of deviant in one block
(Partanen et al., 2013; Yu et al., 2019). The 15 standard stimuli
were played first to prompt participants to establish a standard
perceptual template. Then, 1,000 stimuli (800 standards and
200 deviants) were played binaurally. The number of each
type of deviant was 100. The stimulus-onset asynchrony (SOA)
was 800 ms, and each sound was presented for 200 ms. The
deviants were repeated pseudo-randomly with any two adjacent
deviants separated by at least three standards, as displayed in
Figure 3. The speech stimuli were set into one block and
the non-speech stimuli were contained in another block. Two

FIGURE 3 | The schematic diagram for typical trials in the improved passive
oddball paradigm.

FIGURE 2 | The identification curves for the speech and non-speech stimuli among native Chinese adults (vertical bars represent one stand error). T2 and T4 were
coded as S1 and S11; besides, S3, S7 and S11 with rectangles represented across-category deviant, standard and within-category deviant stimuli, respectively.
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blocks were presented for all participants in a counterbalanced
sequence. The whole experiment lasted around 1 h, including
a 5-min break between blocks and a 10-min show of a movie
before the tests.

The experiment was conducted in an acoustically and
electrically shielded chamber. The participants were seated in
front of two active loudspeakers placed to their right and left side
with a 45◦ angle, both of which were kept 0.5 m distance from
their ears. An electronic tablet was provided for the participants
to play a movie that none had already watched to distract their
attention from the sounds. Although the movie was kept silent,
the subtitles appeared as normal. The participants were told
that they should watch the movie carefully in the whole process
because questions would be asked about the movie before and
after the EEG recording. For example, prior to the EEG recording,
the participants needed to answer one question after viewing
the movie. When the right answer was provided, the formal
EEG recording would proceed during which participants were
instructed to minimize head motion and eye blinking while
sitting quietly in the reclined chair.

EEG Recording
An EGI GES 410 system with 64 channel HydroCel GSN
electrode nets was employed for the EEG data collection. The
vertex (Cz) was settled as the reference electrode when the
continuous EEG data were recorded. The vertical and horizontal
electrooculograms were monitored by the electrodes placed
on the supra- and infra-orbital ridges of each eye and the
electrodes near the outer canthi of each eye, respectively. The
data were digitized at 1 kHz and amplified with a band-pass
filter of 0.5–30 Hz. The impedance of each contact channel was
maintained below 50 k� (Electrical Geodesics, 2006).

Data Analysis
The EEG data were analyzed off-line with custom scripts and
EEGLAB running in the MATLAB environment (Mathworks
Inc., United States). With re-reference to the average of all
electrodes, the data were adjusted by eliminating the interference
of horizontal and vertical eye-movements. The recordings were
off-line band-pass filtered with 1–30 Hz and segmented into a
700-ms time window with a 100-ms pre-stimulus baseline. The
baseline was then corrected and the recorded trials with ocular
or movement artifacts were rejected if they exceeded the range of
−50 to 50 µV. Only those data with at least 80 accepted deviant
trials for each deviant type were used. The ERPs elicited by
standard and deviant stimuli were computed on average of trails
of each participant, whereby the MMNs were obtained through
the deviant-minus-standard formula.

Consistent with the extant literature, three recording sites of
F3, F4, and Fz were selected for statistical analysis (Xi et al.,
2010). The time window for MMN typically peaks around 200–
350 ms based on the studies by Näätänen et al. (1978, 2007). As
shown by Yu et al. (2014), there exist multiple time windows
for MMN in different experiments, such as 100–350 ms, 150–
300 ms, and 230–360 ms. In line with a recent study by Luck
and Gaspelin (2017), an approach termed “Collapsed Localizers”
(which is becoming increasingly common) was applied to

identify the current time window for MMN1. The MMNs
were firstly obtained by subtraction of ERP waveforms of the
standard from those of the deviants for both conditions. After
obtaining MMNs, these difference waveforms were averaged
across all participants (AM and NM) and conditions (speech and
non-speech), whereby the collapsed waveform was unbiasedly
inspected (without showing group and condition differences).
In the present study, the time window for MMN was fixed at
100–300 ms based on this collapsed waveform. The MMN mean
amplitude was computed as the mean voltage from the range
of 20 ms before and after the MMN peak at Fz. The statistical
analyses of MMN mean amplitude and MMN peak latency
were implemented on the three chosen recording electrodes
(F3, F4, and Fz).

RESULTS

The grand average waveforms of the ERPs elicited by the standard
and deviant stimuli in speech and non-speech conditions at three
locations of F3, F4, and Fz are presented in Figure 4. The MMNs
obtained via deviant-minus-standard formula of the ERPs for
both conditions at F3, F4, and Fz are portrayed in Figure 5. Two
three-way repeated measures analyses of variance (ANOVAs)
were conducted for MMN peak latency and MMN mean
amplitude, respectively, with Condition (speech and non-speech)
and Deviant type (within-category and across-category stimuli)
as two within-subject factors, and Group (AM and NM) as the
between-subject factor. For all analyses, the degrees of freedom
were adjusted according to the Greenhouse–Geisser method.

MMN Mean Amplitude
The MMN mean amplitudes are shown in Figure 6, which
presents the clear differences between AM and NM groups
in the processing of within-category deviants. It can be seen
that the differences become less pronounced when both groups
perceived across-category deviants. ANOVA indicated that the
main effect of Group was not significant, F(1,28) = 1.875,
p = 0.182, the main effect of Condition was not significant,
F(1,28) = 0.243, p = 0.626, and the main effect of Deviant
type was not significant, F(1,28) = 1.425, p = 0.243. However,
a marginally significant interaction between Deviant type and
Group was yielded, F(1,28) = 3.962, p = 0.056. Further simple
effects analysis for this interaction revealed that, regardless
of speech or non-speech condition, the AM group showed
significantly larger MMN mean amplitude than the NM group
in the processing of within-category deviants, F(1,28) = 5.211,
p < 0.05. For across-category deviants, there was no significant
difference between the two groups in terms of MMN mean
amplitude, F(1,28) = 0.004, p = 0.951. Moreover, for the NM
group, MMN mean amplitude evoked by across-category stimuli
was significantly larger than that by within-category stimuli,
F(1,28) = 5.07, p < 0.05, but there was no significant difference

1The way of Collapsed Localizers has been introduced in Luck and Gaspelin (2017),
depicting that the researchers average the waveforms across conditions and then
use the timing and scalp distribution from the collapsed waveforms to define the
analysis parameters for the non-collapsed data.
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FIGURE 4 | Grand average waveforms elicited by standard and deviant stimuli in speech condition (the upper row) and non-speech condition (the lower row) at
three electrodes for amateur musicians (AM) and non-musicians (NM).

between deviant types for the AM group, F(1,28) = 0.317,
p = 0.578. The interaction between Deviant type, Condition and
Group was not significant, F(1,28) = 0.176, p = 0.678. Taken
together, the results of MMN mean amplitude confirmed that
amateur musicians were enhanced in processing within-category
deviants and more sensitive in detecting pitch shifts, evidenced
through their larger MMN mean amplitude, as compared
to non-musicians.

MMN Peak Latency
The MMN peak latencies are displayed in Figure 7, which
shows the clear differences between across-category and
within-category deviants in the speech condition, whereas the
distinctions are less prominent in the non-speech condition.
ANOVA revealed that the main effect of Group was not
significant, F(1,28) = 0.002, p = 0.961, the main effect of
Condition was not significant, F(1,28) = 0.551, p = 0.464,
but there was a significant main effect of Deviant type,
F(1,28) = 6.428, p < 0.05, across-category deviant < within-
category deviant. No significant interaction was found between
Deviant type and Group, F(1,28) = 1.618, p = 0.214, and no
significant three-way interaction was found between Deviant
type, Condition and Group, F(1,28) = 0.381, p = 0.542.
Meanwhile, the other effects did not reach statistical significance
(ps > 0.1). The results of MMN peak latency indicated that

both amateur musicians and non-musicians perceived across-
category deviants earlier than within-category deviants at the
pre-attentive cortical stage.

DISCUSSION

Results of the ERP measurements indicated that both AM
and NM groups provoked the significantly shorter MMN peak
latency for across-category stimuli than within-category stimuli,
which partially certifies our hypotheses of latency showing
that not only these two types of information were processed
concurrently but phonological information was processed prior
to acoustic information of lexical tones at early pre-attentive
stage, irrespective of speech or non-speech condition. Meanwhile,
the AM group exhibited the significantly larger MMN mean
amplitude than the NM group in the processing of within-
category deviants in both speech and non-speech conditions,
which certifies our hypotheses of amplitude indicative of
the AM group’s better automatic discrimination of pitch at
the pre-attentive cortical stage. These findings manifest that
amateur musicians and non-musicians differ in their MMN
profiles, suggesting that perceptual processing of lexical tones by
amateur musicians is divergent from that by their non-musician
counterparts via distinctive neurocognitive mechanisms. This
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FIGURE 5 | The difference waveforms evoked by across-category and within-category changes in speech condition (the upper row) and non-speech condition
(the lower row) at three electrodes for amateur musicians (AM) and non-musicians (NM).

FIGURE 6 | MMN mean amplitudes from electrodes F3, F4, and Fz in respective speech and non-speech conditions. *p < 0.05.

lends support to the notion that musicianship modulates
categorical perception of lexical tones. Besides, an association
between language and music, even at an amateur level of musical
expertise, is evidenced by the empirical data. Furthermore,
alterations in plasticity can also be induced in adulthood, since
the facilitative effects from music to linguistic pitch processing

appeared for adult native speakers who had preexisting long-
term tone language experience. Coming out of the traditional
conception, this proves a novel point that the advantageous
effects from music to speech processing can be obtained by
a large population of amateurs rather than only by a small
group of experts.
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FIGURE 7 | MMN peak latencies from electrodes F3, F4, and Fz in respective speech and non-speech conditions. *p < 0.05.

Enhanced Acoustic Processing but
Comparable Phonological Processing of
Lexical Tones Between AM and NM
The results exhibited that amateur musicians provoked the
significantly larger MMN mean amplitude when processing
within-category deviants than non-musicians independent of
speech or non-speech condition, suggesting that amateur
musicians were more sensitive to acoustic information of lexical
tones. According to the majority of previous studies (Xu et al.,
2006; Peng et al., 2010; Yu et al., 2014, 2017; Shen and Froud,
2016), native tone language users mainly decode phonological
information when across-category comparisons are heard;
nonetheless, the discrimination of within-category comparisons
demands fine-grained pitch resolution. The experimental stimuli
(S3, S7, and S11) were adopted from the Mandarin T2–T4
continuum. Viewed from the perspective of signal properties,
although S3 and S11 both maintained four steps apart from
S7, the combinations of S3–S7 and S7–S11 were essentially
different in perception for native speakers. For the pairs
of S3–S7 and S7–S11, the former tones had straddled the
categorical boundary between T2 and T4, yet the latter
only belonged to the same category of T4. Therefore, the
discrepancies between across-category (S3–S7) and within-
category (S7–S11) comparisons influenced perceptual processing
differentially. Moreover, considering that other cues, such as
duration and intensity, had already been normalized, and
the perception of Mandarin T2 and T4 is determined by
pitch variations instead of some confounding features (Li and
Chen, 2015; Zhao and Kuhl, 2015a), the results that the AM
group showed larger MMN mean amplitude in perceiving
within-category deviants implied that the AM participants had
stronger pitch-processing abilities as compared to their non-
musician counterparts.

Like in the speech condition, the higher MMN mean
amplitude in perceiving within-category deviants was evoked in
the AM group than the NM group in the non-speech condition.

This could be the result of increased demands for the acoustic
analysis of pitch in the non-speech condition (Xu et al., 2006),
and amateur musicians had more experience with fine-grained
musical pitch by playing orchestral instruments (Sluming et al.,
2002; Vuust et al., 2012; Patel, 2014). It is believed that in the
speech condition, lexical tones distinguish the semantic meanings
of words at a higher lexical level, and hence, phonological
representations are exploited to a larger extent than acoustic
processing by native Mandarin listeners; however, in the non-
speech condition, the internal acoustic analysis for tone analogs
tends to be implemented (Xu et al., 2006; Peng et al., 2010; Xi
et al., 2010). As proposed by Wang (1973), lexical tones and
segments, including nuclear vowels and optional consonants, are
compulsory elements of Mandarin syllables. The lack of segments
led pure tones to be non-speech signals, even though pure tones
were interpolated with congruent cues of pitch, intensity, and
duration to lexical tones. From this perspective, the perception
of pure tones was largely contingent on the processing of
pitch information, thereby in the non-speech condition, amateur
musicians also showed improved performance in the processing
of within-category deviants than non-musicians.

As regards categoricality of lexical tone perception, only non-
musicians were observed to provoke the significantly larger
MMN mean amplitude in the processing of across-category
deviants than within-category deviants, suggesting that amateur
musicians were less categorical than non-musicians in the
current study. This was in partial agreement with a recent
study which showed that Mandarin-speaking musicians do not
consistently perceive native lexical tones more categorically
than non-musicians (Chen et al., 2020). Based on a latest
study by Maggu et al. (2021) that focused on absolute pitch
(AP, the ability to name or produce a pitch without a
reference) and found that listeners with AP are more sensitive
to both across-category and within-category distinctions of
lexical tones compared to their non-AP counterparts, our AM
members might be non-AP listeners whereby they did not
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outperform NM in the processing of across-category deviants.
This also complies with the study by Levitin and Menon
(2003) demonstrating that it is very rare for individuals to
have AP when they started musical experience after age 6.
Crucially, the insignificant group difference of amplitudes in
perceiving across-category deviants uncovered the dominant
higher-level influences of linguistic categories relating to lexical
tones (Zhang et al., 2011; Zhao and Kuhl, 2015b; Si et al.,
2017). Zhao and Kuhl (2015b) found that Mandarin musicians’
overall sensitivity to lexical tones links with musical pitch
scores, suggesting lower-level contributions; however, Mandarin
musicians’ sensitivity to lexical tones along a continuum remains
analogous to non-musicians. In the study by Wu et al. (2015),
no group difference was observed in terms of across-category
discrimination accuracy and peakedness in the discrimination
function between Mandarin musicians and non-musicians when
processing lexical tones. Similar to the studies mentioned
above, both groups in the present study were already tonal-
language experts and the phonetic inventories for the native
language had been acquired and refined early in their lives
(Zhang et al., 2005). In other words, as revealed by prior
studies (Kuhl, 2004; Best et al., 2016; Chen F. et al., 2017),
our listeners had developed robust linguistic representations
before their inception of musicianship, which was consequently
resistant to plastic changes driven by music (Besson et al.,
2011a,b; Tang et al., 2016). Therefore, we had not tracked
any clues to mirror that amateur musicians were augmented
in tonal representations. This also echoes a study researching
segmental vowel perception, which showed that musicians were
not advantageous in identifying native vowels and thus they had
no strengthened internal representations of native phonological
categories in comparison to the non-musician counterparts
(Sadakata and Sekiyama, 2011).

In the current study, the AM group outperformed the NM
group in the perception of within-category deviants regardless
of being speech or non-speech, indicating their superior abilities
in pitch processing across domains, in line with Chandrasekaran
et al. (2009). This speculation provides novel but persuasive
support for OPERA-e (Patel, 2014) in that musical-pitch extends
to lexical-pitch detection, even when derived from amateur
musical experience. The facilitative pitch processing could be
explained by taking into account the differences in pitch precision
between music and lexical tones. According to OPERA-e, pitch
variations in music can be smaller in frequency size than that in
language, thereby pitch precision from music plays a profitable
role in perceiving within-category lexical tone stimuli (Patel,
2014). Previous studies identified that a pitch interval as small as
one semitone remains perceptually salient in music. For example,
a C versus a C# in the key of C can be explicitly discerned (Patel,
2014; Tang et al., 2016). Nonetheless, for categorical perception
of lexical tones, the smallest frequency range for discrimination
is about 4–8 Hz for normal Chinese speakers in light of just-
noticeable differences (JNDs, Liu, 2013). Pitch threshold is
important in lexical tone perception. Amusia is a musical-pitch
disorder influencing both music and speech processing (Peretz
et al., 2002, 2008; Tillmann et al., 2011; Vuvan et al., 2015).
Tone agnosics, a subgroup of individuals with amusia (Nan et al.,

2010), struggle to perceive fine-grained lexical tones because the
elevated pitch threshold ranges from 20 to 30 Hz (Huang et al.,
2015a,b), which results in their impoverished performance as
compared to typical listeners in categorical perception of lexical
tones (Zhang et al., 2017). In the current study, as measured via
Praat, the tonal stimuli were about 9 Hz distant for every step
along the continuum of Mandarin T2–T4, and both deviants
(S3 and S11) were four steps apart from the standard (S7). The
frequency size of stimuli in the present study was far larger than
that in music and JNDs. Thus, within-category pitch differences
were detected more easily by amateur musicians than non-
musicians.

However, other possibilities for enhanced within-category
pitch perception should be acknowledged. Although the present
sample demographic characteristics were well-controlled (Ayotte
et al., 2002; Patel, 2014; Tang et al., 2016), the capacities of
lexical tone perception in the AM participants before they started
their musical experience were unknown. In other words, some
participants might be sensitive to pitch information prior to
their musical experience. Longitudinal studies with pre- and
post-tests are thus highly recommended to further estimate the
effects of amateur musical experience on speech processing.
Some heritable differences in auditory functions should also
be cautiously controlled (Drayna et al., 2001), since there exist
naturally occurring variations in pitch perception capacities
(Moreno et al., 2008; Qin et al., 2021). Meanwhile, although the
overall gender ratio was nearly equal, different males and females
were found between AM and NM groups. Previous studies claim
that there are no gender effects in amplitude and latency of MMN
among male and female participants (Kasai et al., 2002; Ikezawa
et al., 2008; Tsolaki et al., 2015; Yang et al., 2016), while others
hold an opposite position (Aaltonen et al., 1994; Barrett and
Fulfs, 1998). Future studies should try to exclude the inconclusive
effects by gender.

Earlier Processing of Phonological
Information Than Acoustic Information
of Lexical Tones by Mandarin Listeners
The results showed that in both groups, across-category deviants
elicited the significantly shorter MMN peak latency than within-
category deviants, suggesting that phonological processing
precedes acoustic processing for lexical tones. Note that unlike
MMN mean amplitude, the two groups showed comparable
MMN peak latency as revealed by the significant main effect
of Deviant type. No group difference in terms of MMN peak
latency might be ascribed to musical experience; in other words,
the AM participants were not expert musicians, which mediated
their abilities of pitch processing. For this reason, together with
MMN mean amplitude and peak latency, the findings possibly
suggest that the effects of amateur musical experience on lexical
tone perception are somehow constrained. Therefore, only if
musical expertise reaches the professional level, then a significant
difference between the two groups in terms of latency can
be anticipated. This tentative speculation needs to be further
elaborated in future studies.
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The current results relating to MMN peak latency provide
counter-evidence to the findings by Luo et al. (2006) concerning
the two-stage model. According to Luo et al. (2006), acoustic
and phonological information about lexical tones are processed
at pre-attentive and attentive stages, respectively. Nevertheless,
many recent studies have shown that both acoustic and
phonological information might be processed at pre-attentive
and attentive stages in parallel (Xi et al., 2010; Yu et al.,
2014, 2017). In accordance with these studies, the present
results revealed that across-category stimuli were processed
earlier than within-category stimuli, indicating that phonological
information was processed ahead of acoustic information at
pre-attentive stage, which differed from that proposed in
the serial model. It is worth noting that the mentioned
studies (Luo et al., 2006; Xi et al., 2010; Yu et al., 2014)
recruited non-musician participants with similar neurocognitive
mechanisms for processing lexical tones. Although the findings
from Yu et al. (2014, 2017) comply with the notion that
phonological information can be processed earlier than acoustic
information, the current study further shows that this pattern
of temporal processing occurs regardless of listeners’ musical
background. In contrast to the studies using only non-
musicians as participants, amateur musicians in the current
study performed similarly to professional musicians showing
advantages in processing within-category deviants, suggesting
their enhanced processing of acoustic information (Wu et al.,
2015; Chen et al., 2020). However, analogous to non-musicians,
these amateur musicians still elicited the significantly longer
MMN peak latency for within-category deviants than across-
category deviants. This indicated that irrespective of the
strengthened processing of acoustic information, phonological
information was processed earlier than acoustic information
at the pre-attentive cortical stage, as opposed to the two-
stage model (Luo et al., 2006); besides, it confirmed the
dominant role of higher-level linguistic categories relating to
lexical tones from a neural perspective (Zhao and Kuhl, 2015b;
Si et al., 2017). This provides the meaningful insight to the
neural mechanisms which underlie the perceptual processing
of lexical tones.

Presumably, some factors contributing to the current results
of latency are worthy of consideration. First, the earlier
processing of across-category than within-category deviants
might be attributable to the properties of MMN. Näätänen
(2001) illustrated that in auditory presentation, the differences
between several infrequent deviant stimuli embedded in a flow
of frequent and repeated standard stimuli can be automatically
detected as signaled by MMN, with stronger incongruity leading
to shorter latency onset. In the current study, across-category
stimuli (S3) diverged from the standard (S7) in both phonological
information of categories and acoustic information of pitch,
while within-category stimuli (S11) only differed in acoustic
information. Therefore, a shorter MMN peak latency was evoked
by S3 than S11. Second, it is argued that tonal representations
influence lexical tone processing (Xu et al., 2006; Chandrasekaran
et al., 2007a; Chen S. et al., 2017). Although pure tones
were non-speech sounds, the perception of them might be
facilitated as a function of long-term phonological memory

traces for lexical tones (Chandrasekaran et al., 2007a; Kraus and
White-Schwoch, 2017). As explicated in Yu et al. (2014), the
activation of long-term memory traces means that phonological
information relating to lexical categories has some effects on
the pitch detection of non-speech analogs, which copy identical
acoustic cues from lexical tones. In the current study, the
perception of pure tones as non-speech analogs to lexical tones
might be impacted by memory traces for lexical tones, through
which across-category deviants also elicited shorter latencies
than within-category deviants in the non-speech condition
regardless of group.

Some researchers have addressed that pitch type influences
the temporal processing of lexical tones. As demonstrated in
previous studies, T2 and T3 are acoustically similar such that
their perception even burdens native speakers (Shen and Lin,
1991; Hao, 2012). Accordingly, Chandrasekaran et al. (2007b)
found that MMN peak latency of T1–T3 is shorter than
that of T2–T3 in Mandarin. Chandrasekaran et al. (2007b)
concluded that MMN peak latency can be impacted by pitch
type and likewise, the study by Yu et al. (2017) systematically
investigated pitch type and latency, showing that pitch height
is always processed ahead of pitch contour. The current study
revealed that across-category deviants (S3) were processed earlier
than within-category deviants (S11) with S7 being the standard.
As shown in Figure 1, the contours of S3 versus S7 were
more different than S11 versus S7 in slope, with a larger
interval at onset point in terms of pitch height. In this regard,
the differences in across-category deviants could be detected
earlier, thus eliciting a shorter MMN peak latency in contrast
to within-category deviants (Yu et al., 2017). This finding
adds a further line of evidence supporting that pitch type is
associated with MMN peak latency (Chandrasekaran et al.,
2007b; Yu et al., 2017).

Re-categorization of Participants’
Musicianship in Tests of Pitch
Processing
From the methodological perspective, the results mentioned
above require us to re-consider the categorization of participants’
musical experience. First, the current study emphasizes the
importance of characterizing participants in light of their musical
experience, because individuals with musical experience tend
to outperform their non-musician counterparts in this field of
research. Second, there have been various choices to select non-
musicians without a conventional standard. For instance, non-
musicians’ musical practice ranges differently from 0 to 3 years in
previous studies (e.g., Alexander et al., 2005; Wong et al., 2007;
Maggu et al., 2018). Besides, individuals with non-professional
musical training may be unsuitably regarded as non-musicians
(Shen and Froud, 2016, 2019), and even reporting musical
background has been occasionally neglected in some studies of
lexical tone processing (Hao, 2012; Morett, 2019; Qin et al., 2019).
The neural evidence provided by the current study showed that
similar to professional musicians, amateur musicians as non-
music majors with around 4-year musicianship are strengthened
in acoustic processing of lexical tones. Those listeners with a
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limited duration of musical experience (e.g., 3 years) might have
already been affected regarding their pitch-detection abilities;
hence, the criteria for screening non-musicians in the future
should be stricter than in the past. Moreover, although we used
the comparative approach to analyze lexical tone processing by
amateurs and experts from previous literature, it is recommended
to directly recruit one more group of professional musicians so
as to systematically research the effects of magnitudes of musical
expertise on speech processing.

The present results verified that amateur musical experience
modulates categorical perception of lexical tones for native adults
(i.e., enhanced within-category but comparable across-category
lexical tone processing) though they have preexisting long-term
tone language experience. In accordance with previous studies
(Gordon et al., 2015; Zhao and Kuhl, 2015a,b), the current study
supports the conceptual framework of OPERA-e by highlighting
that the perceptual demands required for musical practice benefit
the neural systems that are crucial for speech perception (Patel,
2014). Findings also echo those of previous studies indicating that
music can be applied to prompt language skills in both normal
and clinical populations due to the facilitative effects from music
impacting on language (Won et al., 2010; Herholz and Zatorre,
2012; Petersen et al., 2015; Gfeller, 2016).

Since Duncan et al. (2009) identified that the mean amplitudes
of the ERP components link with the volume of neural resources
engaging in brain activities, future studies are advised to continue
researching hemispheric processing of lexical tones by amateur
musicians2. Note that for the analysis of lateralization among
future studies, variance of neural data should be reduced by
handedness, given that there is a strong bias of handedness on
cerebral lateralization and left-handers may show anomalous
dominance patterns (Cai and Van der Haegen, 2015; Plante
et al., 2015). Moreover, conducive to generating some ecological
impacts, these findings might also encourage individuals to
engage in music in either formal or informal ways, thus
aiding their aesthetic development as well as helping protect
against cognitive decline (Román-Caballero et al., 2018). In
addition, as validated by Näätänen et al. (2004) and Pakarinen
et al. (2007), the MMNs obtained via the multifeature passive
oddball paradigm were equal in amplitude to those via the
traditional MMN paradigm. However, it should be treated with
caution when calculating MMNs, because different endogenous
ERPs would be generated by this multifeature passive oddball
paradigm. Due to the potential for physical confounds existing
among auditory stimuli, MMNs can be obtained by subtraction
from a given sound when it is a standard to the exact same sound
when it is a deviant (Schröger and Wolff, 1996). Future studies
are encouraged to tap this paradigm in experiments. Lastly, as
an important auditory ERP component, MMN can provide an

2Following Xi et al. (2010), we compared amplitudes of F3 and F4 and added this
as an extra within-subject factor Electrode to probe into the hemispheric pattern,
which indicated that the main effect or interactions of Electrode with other factors
were not significant (ps > 0.1). Despite the low spatial resolution of ERP, the result
as a preliminary sign manifested that the perception of Mandarin lexical tones is
supported by neither one specific area nor a single hemisphere (Gandour et al.,
2004; Witteman et al., 2011; Price, 2012; Si et al., 2017; Liang and Du, 2018; Shao
and Zhang, 2020).

objective marker to measure the abilities of amateur musicians to
discriminate lexical tones.

CONCLUSION

In summary, the current study explored cortical plasticity among
adult amateur musicians, taking advantage of neurophysiological
MMN indices. Although participants were native speakers of
Mandarin, the results of the MMN mean amplitude indicated
that the abilities to process acoustic information by amateur
musicians were enhanced in terms of categorical perception of
Mandarin lexical tones. Higher sensitivity for pitch shifts across
domains confirmed that speech perception can be modulated by
amateur musical experience in adulthood, and music associates
with language even only an amateur level of musical expertise
is reached by listeners. This indicated that the advantageous
effects of music on speech processing are not restricted to
a small group of professional musicians but extend to a
large population of amateur musicians. In addition, a shorter
latency was evoked by across-category deviants than that by
within-category deviants, suggesting that these two types of
information can be processed concurrently at the pre-attentive
cortical stage; more precisely, the processing of phonological
information is earlier than that of acoustic information, even for
amateur musicians whose acoustic processing was strengthened
for lexical tones.
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Melodic intonation therapy (MIT) positively impacts the speech function of patients
suffering from aphasia and strokes. Fixed-pitch melodies and phrases formulated in MIT
provide the key to the target language to open the language pathway. This randomized
controlled trial compared the effects of music therapy-based MIT and speech therapy on
patients with non-fluent aphasia. The former is more effective in the recovery of language
function in patients with aphasia. Forty-two participants were enrolled in the study, and
40 patients were registered. The participants were randomly assigned to two groups:
the intervention group (n = 20; 16 males, 4 females; 52.90 ± 9.08 years), which received
MIT, and the control group (n = 20; 15 males, 5 females; 54.05 ± 10.81 years), which
received speech therapy. The intervention group received MIT treatment for 30 min/day,
five times a week for 8 weeks, and the control group received identical sessions of
speech therapy for 30 min/day, five times a week for 8 weeks. Each participant of
the group was assessed by a Boston Diagnostic Aphasia Examination (BDAE) at the
baseline (t1, before the start of the experiment), and after 8 weeks (t2, the experiment
was finished). The Hamilton Anxiety Scale (HAMA) and Hamilton Depression Scale
(HAMD) were also measured on the time points. The best medical care of the two
groups is the same. Two-way ANOVA analysis of variance was used only for data
detection. In the spontaneous speech (information), the listening comprehension (right
or wrong, word recognition, and sequential order) and repetitions of the intervention
group were significantly higher than the control group in terms of the cumulative effect
of time and the difference between groups after 8 weeks. The intervention group has
a significant time effect in fluency, but the results after 8 weeks were not significantly
different from those in the control group. In terms of naming, the intervention group was
much better than the control group in spontaneous naming. Regarding object naming,
reaction naming, and sentence completing, the intervention group showed a strong
time accumulation effect. Still, the results after 8 weeks were not significantly different
from those in the control group. These results indicate that, compared with speech
therapy, MIT based on music therapy is a more effective musical activity and is effective
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and valuable for the recovery of speech function in patients with non-fluent aphasia.
As a more professional non-traumatic treatment method, MIT conducted by qualified
music therapists requires deeper cooperation between doctors and music therapists
to improve rehabilitating patients with aphasia. The Ethics Committee of the China
Rehabilitation Research Center approved this study (Approval No. 2020-013-1 on April
1, 2020) and was registered with the Chinese Clinical Trial Registry (Registration number:
Clinical Trials ChiCTR2000037871) on September 3, 2020.

Keywords: stroke, non-fluent aphasia, melodic intonation therapy, Chinese Mandarin, music therapy

INTRODUCTION

Stroke constitutes one of the leading causes of long-term
disability worldwide (Benjamin et al., 2017). Of the major
neurological deficits, language function disorder is the main
symptoms for stroke-related impairments, which are defined
as aphasia in the clinic. Aphasia is a kind of acquired loss or
impairment of the ability to communicate by language following
brain damage, which is usually in the left hemisphere (Wade
et al., 1986). Aphasia is part of the most common complications
that occurred in one-third after stroke, about 21–38% of the
patients are correlated with different degrees of symptoms in
stroke survivors (Dickey et al., 2010). Aphasia is often subdivided
into fluent and non-fluent aphasia. Non-fluent aphasia generally
results from a stroke in the left frontotemporal regions and is
characterized by slow, effortful speech (Meulen et al., 2016). It
mainly presents an oral expression barrier, with relatively good
comprehension, and difficulty in understanding grammatical
words, order words, sentences, retelling, naming, reading, and
writing in varying degrees (Fazio et al., 2009). Non-fluent aphasia
mainly includes Broca’s aphasia, complete aphasia, and so on.

Melodic intonation therapy (MIT) is a formalized
impairment-based approach of language rehabilitation that
uses melodic and rhythmic elements of intoning phrases and
words to assist in speech recovery in patients with Broca’s
aphasia (Albert et al., 1973). MIT was developed by a group
of neurologic researchers in the early 1970s and, now, is a
hierarchically structured treatment program identified by the
American Academy of Neurology as an effective form of output-
focused language therapy (Helm-Estabrooks and Albert, 1991;
Assessment, 1994). The basic rationale for MIT emphasizes the
use of rhythmic musical elements to engage language-capable
regions of the undamaged right hemisphere (Helm-Estabrooks
and Albert, 2004). Considering the dominant role of music
processing in the right hemisphere, MIT uses the comprehensive
characteristics of music, rhythm, and speech output, and uses the
proprioceptive input of the left hand to participate in the control
of the sensory motor network and oral output (Schuppert et al.,
2000; Gentilucci and Dalla Volta, 2008; Norton et al., 2009).
Among the musical parts in MIT, the intoned-speech technique
is a musical stylization of the normal speech prosody using a few
pitches, usually only two or four, separated by a third or a fourth,
and a simple rhythm, quarter or eighth notes (Sparks, 2008),
formulated into a short melody to represent the trained phrases
on a slow tempo.

MIT was originally applied in the English-speaking patients
(Norton et al., 2009). In recent years, there are several literatures
that reported that non-English MIT were applied in clinical
aphasia populations (Cortese et al., 2015; Tabei et al., 2016),
including non-English linguistic patients such as Italian (Cortese
et al., 2015), Japanese (Tabei et al., 2016), Romanian (Popovici,
1995), Persian (Bonakdarpour et al., 2003), French (Zumbansen
et al., 2014), Dutch (Van der Lugt-van Wiechen and Verschoor,
1987), and Caucasian (Breier et al., 2010) with comparable
clinical results. However, most of these studies were case
studies, minimal sample studies, meta-analysis, and mechanism
researches in chronic aphasia (Van der Meulen et al., 2012),
and no large sample studies focused on East Asian languages,
especially for Chinese Mandarin. The literature has shown
now that MIT is more effective than normal speech therapy
in different language chronic aphasia. A group study of 11
chronic non-fluent English-speaking aphasic patients examined
by Wan et al. (2014) reported an improved communicative
effectiveness and verbal fluency after MIT, and associated with
structural changes in the white matter underlying the right
inferior frontal gyrus. In Italian and French-speaking patients
(Zumbansen et al., 2014; Cortese et al., 2015), the MIT group
showed a significant improvement after 16 weeks and also has
the same effect in spontaneous speech at the 6-months follow-up.
Japanese is the best close to Chinese Mandarin in Eastern Asian
language family. In Japanese MIT, Tabei et al. (2016) reported a
marked improvement in following an intensive 9-day training
on one Japanese MIT. Following MIT-J, the arcuate fasciculus
of a part of the right hemisphere was improved by increased
neural processing efficiency. Chen et al. (2020) reported that
17 patients with non-fluent aphasia in Chinese Mandarin had a
significant improvement in the score of Western Aphasia Battery
(WAB) scale after MIT treatment. Therefore, it can be seen that,
although MIT is effective in clinical interventions in East Asian
languages, especially for Mandarin Chinese (MIT-C), a large
sample evidence is still needed.

It is reported that the number of new stroke cases that
occurred in China was about 2.6–4.7 million in 2019 (Wang
et al., 2019), ranking the first in the world (Johnson et al.,
2019). Therefore, the MIT in Chinese for patients with aphasia
after stroke is particularly necessary. Unlike the multisyllable
pronunciation in the Western language, Chinese mandarin is
monosyllabic pronunciation, and also, one syllable has four tones,
each of which represents a different meaning. According to the
regularity of melody and rhythm of speech, syllabic pitch is a
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relative-pitch system using musical notes and a series of “peculiar
symbols” that would represent the relative pitch and relative
duration of each spoken syllable of an utterance (Chow and
Brown, 2018). In this basic terms of pronunciation rule, MIT is
more suitable with short melodies in Chinese character of word
and sound. Zhang et al. reported in a case study that according to
the three levels of language rehabilitation, the content of Chinese
MIT can be divided into three steps (Zhang et al., 2016): (1) 1–
3-words sentence, (2) 4–6-word sentence, (3) 7-word sentence
and 7 above (Zhang et al., 2016). This randomized controlled trial
(RCT) is to observe the behavioral efficacy of existing treatment
paradigm of MIT-C in clinical intervention for Chinese aphasia.
We used the RCT design to compare the therapeutic effects of
MIT-C and speech therapy in patients with non-fluent aphasia
whose mother tongue is Chinese, and to explore the specific
target curative effect of the existing MIT-C clinical operation
paradigm with aphasia.

SUBJECTS AND METHODS

This study was approved by the Ethics Committee of China
Rehabilitation Research Center (CRRC) (approval No. 2020-
013-1) on April 1, 2020 (Supplementary File 1), and informed
consent (Supplementary File 2) was obtained from the
participants, relatives, or guardians before commencing the
study. The study trial was registered with the Chinese
Clinical Trial Registry (Registration No. ChiCTR2000037871) on
September 3, 2020.

Participants
Forty participants were recruited from CRRC, Beijing. The
inclusion criteria were as follows: (1) diagnosed with fMRI
or CT imaging, showing left ischemic stroke or hemorrhagic
stroke; (2) The ninth language score on the National Institutes
of Health Stroke Scale (NIHSS) (Farooque et al., 2020) is 1—
mild to moderate aphasia and 2—severe aphasia. (3) meeting
the diagnostic criteria for non-fluent aphasia: less active speech
expression, lack of fluency in speaking, acceptable hearing ability,
can give a sign of yes/no questions, willing to express, good
cooperation, and emotional stability (Wang et al., 2019); (4)
Aphasia for more than 15 days after stroke, hospitalized patients;
(4) aged 18–70; (5) tolerance to lying therapy for more than
half an hour without postural hypotension; (6) The medication
and other brain metabolism enhancers are the same; physical
therapy, occupational therapy, and routine care are the same. (7)
None of the participants had professional musical experience. (8)
Patients and their families provided written informed consent
to participate in this study. The exclusion criteria were (1)
severe auditory dysfunction; (2) having epilepsy, malignant
arrhythmia, or other serious physical diseases; and (3) patients
with mental symptoms and obvious emotional agitation. Criteria
for withdrawal and termination: patients could be terminated
if their condition changed, if they were discharged from the
hospital, or if they voluntarily withdrew. Forty participants
completed the experiment. Two participants were withdrawn
from the study because they did not meet the inclusion criteria.
The data of participants’ characteristics are shown in Table 1.

TABLE 1 | Participants’ characteristics in this study.

Intervention
group

Control group t p

Total Number 20 20

Gender

Male 16 15

Female 4 5

Age 52.90 ± 9.08 54.05 ± 10.81 0.5089 0.5845

months since injury 2.57 ± 1.74 1.96 ± 1.38 0.2677 0.865

Stoke classification

Left cortical ischemic 10 14

Left cortical hemorrhagic 10 6

Non-fluent aphasia

classification

Global aphasia 9 12

Broca’s aphasia 8 7

Transcortical mixing 3 1

Data were expressed as a number in total number, gender, years since injury, stoke
classification and non-fluent aphasia classification. Other data were expressed
as the mean ± SD, and analyzed by paired t-test. Intervention group: melodic
intonation therapy group; Control group: speech therapy group. P > 0.05 indicates
no significant difference between the two groups.

Study Design
The study was a randomized controlled trial with a pre-test–
post-test design. It included two groups: the intervention group
(n = 20) and the control group (n = 20). This study adopts
a double-blind design—neither the participants nor the data
analyst knows which group of data is being tested and analyzed.
The intervention group received melodic intonation therapy,
while the control group received speech therapy. The study was
conducted from April 2020 to October 2020 at CRRC. The costs
involved in this trial are all funded by the 2020CZ-10 scientific
research project of the Chinese Institute of Rehabilitation
Sciences (CIRS). This is a national non-profit foundation plan
and has been approved by the Ministry of Finance of China.

Procedure
After obtaining approval from the Scientific Research Foundation
of CIRS, participants were screened by the neurorehabilitation
specialists. Patients who were diagnosed as non-fluent aphasia
in the ninth language score on the NIHSS are 1—mild-to-
moderate aphasia and 2—severe aphasia and were referred to
the Music Therapy Department at CRRC. Participants were
reviewed by the researchers to identify potential interventional
objectives based on the inclusion and exclusion criteria of the
study. Once potential participants were identified, an invitation
inform to the study was sent to their family members. The inform
included the purpose, procedures, risks, benefits, confidentiality,
and participants’ rights. Once we acquired the consent forms,
the participants were assessed by professional evaluators for
the modified Boston Diagnostic Aphasia Examination (BDAE)
(Fong et al., 2019) to determine non-fluent aphasia types. The
clinical researchers screened patients based on BDAE scores
to confirm whether they had an abnormal speech function.
After the screening, computer-generated sequences (by Excel
2013, Microsoft office software, Seattle, WA, United States)
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FIGURE 1 | Flow diagram, consort flowchart for participants’ recruitment and allocation.

were used to randomly assign the patients into the two groups.
The participants in the intervention group were treated by
melodic intonation therapy for 8 weeks by registered music
therapists, while participants in the control group were treated
with speech therapy for 8 weeks. The enrollment and allocation
of participants are shown in Figure 1.

Figure 1 illustrates that 42 participants were enrolled in the
study, and 2 participants withdrew from the study because of
not meeting the inclusion criteria (n = 2). The intervention
group was treated with melodic intonation therapy (n = 20) by a
music therapist, while the control group was treated with speech
therapy (n = 20) by speech therapists. Two times evaluation was

conducted during the whole period: t1 (baseline) and t2 (after
8 weeks). The data analysis included a sample of 40 non-fluent
aphasia patients.

Interventions
Once the participants for each group were identified, an
intervention delivery schedule was developed. All patients in
the intervention group received MIT training. Each patient was
trained for 30 min per session, five sessions a week, for 8 weeks.
The training process is carried out by music therapy professionals
who have been trained in neurological music therapy (NMT) and
have obtained a registered music therapist license to ensure the
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music professionalism of the intervention. The intervention steps
of MIT strictly follow the operational steps of Chinese Mandarin
MIT (Zhang et al., 2016).

According to the different three levels of speech rehabilitation,
the music therapist trained the aphasia patients to intone and
chant the targeted speech items, like “sprenchsang,” (Helm-
Estabrooks et al., 2013) and then fade slowly with tapping to let
the patients speak out the targeted sentences in the first level. The
music therapist leads the patients to sing and speak out in the
same way in the second and third levels; the only difference is
the length of the melodic target language (the second level is 5–
9-word sentences, and the third level is 10-word sentences and
above). All the melodic phrases are noted according to the natural
phonic pitches of targeted Mandarin sentences; the specific 12-
item implementation contents of MIT are shown in Figure 2.
The music therapist uses a keyboard or guitar to accompany
while they are singing the melody with the patients. According
to the different types of damage in non-fluent aphasia, in the
intervention group and the control group of this study (Table 1),
there are 21 patients with global aphasia (n = 9, n = 12), 15
patients with Broca’s aphasia (n = 8, n = 7), and 4 patients
with transcortical mixed aphasia (n = 3, n = 1). According
to the MIT training content in the Supplementary Figure 2,
within 8 weeks, the training objectives for patients with global
aphasia in the interventional group are the first and second levels
(Supplementary Figure 2, items 1–6), the training objectives
of the patients with Broca’s aphasia in the interventional group
are the second and third levels (Supplementary Figures 2, 1–10
items), and the patients with mixed transcortical aphasia in the
interventional group are the first to third levels (Supplementary
Figure 2, items 1–9). The effective behavioral performance of the
intervention is that, when the therapist asks the target question,
the patient can speak the target language at a natural speed
without the melody and rhythm, and the behavior performance
can last for more than 3 weeks without regression. The therapy
sessions of the two groups were both 30 min per day, five
times a week, for a total of eight consecutive weeks. All patients
underwent routine treatment during the study period, including
taking medication and other care and support.
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Measurements
This is to assess the baseline of all the participants in BDAE
within 30–40 min before all the therapy started. Then the
participants were randomly assigned to the intervention group
and the control group. The final evaluation was measured after
8 weeks. The test sessions consisted of the (1) BDAE (Fong
et al., 2019) and (2) Hamilton Anxiety Scale (HAMA)/Hamilton
Depression Scale (HAMD) (Spreen and Risser, 2003). During
the evaluation process, no participants wore a 24-h Holter test
or a 24-h ambulatory blood pressure test; no participants had
unsealed tracheostomy and had difficulty expecting sputum.

Boston Diagnostic Aphasia Examination
BDAE is a measure used in the neuropsychological assessment
of aphasia and is currently in its third edition (Fong et al.,
2019). It evaluates language skills in aphasia based on
perceptual modalities (auditory, visual, and gestural), processing
functions (comprehension, analysis, and problem solving), and
response modalities (writing, articulation, and manipulation).
Administration time ranges from 35 to 45 min. Other tests are
sometimes used by neurologists and speech language pathologists
on a case-by-case basis, but BDAE is a universal language
assessment scale that has been proven, with high reliability
and validity, and can be applied to multiple languages. BDAE
is a comprehensive, multifactorial battery designed to evaluate
a broad range of language impairments that often arise as a
consequence of organic brain dysfunction. The examination is
designed to go beyond simple functional definitions of aphasia
into the components of language dysfunctions (symptoms) that
have been shown to underlie the various aphasic syndromes.

BDAE includes four dimensions: spontaneous speech,
repetition, listening comprehension, and naming. Among
them, spontaneous speech includes information and fluency
assessment; listening comprehension includes three assessments
of right and wrong questions, word recognition, and sequential
instruction; naming includes four items: object naming,
spontaneous speech, sentence supplement, and response naming.
Finally, the above four subtables are calculated into the total

score formula to obtain the aphasia quotient (AQ). Thus, this
approach allows for measurement of language-related skills and
abilities and neuropsychological analysis from both ideographic
and nomothetic bases, as well as a comprehensive approach
to the symptom configurations that relate to neuropathologic
conditions (Spreen and Risser, 2003).

Hamilton Anxiety Scale and Hamilton Depression
Scale
The HAMA is a scale commonly used in the clinic to assess
the anxiety of patients. The HAMD is the most commonly used
scale for clinical evaluation of depression. The HAMD used in
this study is a 17-item score battery. Both HAMA and HAMD
use a five-level scoring method of 0–4 points. The scores range
from asymptomatic to extremely severe. Both of the evaluations
are concise and efficient. In this study, HAMA and HAMD have
clinical reference values for the positive psychological effect of
patients with non-fluent aphasia before and after therapy.

Among those assessments, the BDAE tests and the
HAMA/HAMD questionnaires are evaluated by experienced
professionals. All the evaluators were registered research
assistants who worked as health care professionals with 5 years of
clinical experience. The evaluated results were on the consistency
test analysis with open-label design.

Statistical Analysis
The measure data of the two groups were collected at two time
points before intervention (t1) and 8 weeks later (t2). Taking the
mean of each group and the standard deviation of the normal
distribution, repeated measures of variance (two-way ANOVA)
were used to observe intergroup differences, time effects, and
intergroup time interaction differences. SPSS statistical software,
Version 22.0 (IBM Lenovo, BJ) was used for statistical analysis.
The data of 40 patients with non-fluent aphasia who completed
this study were analyzed by SPSS 22.0. All the data of the
intervention group and the control group were collected before
(t1) and after the intervention (t2). Before analysis, basic
frequencies were run on the data to screen for missing values and
outliers and to establish data entry accuracy. Data were analyzed
using a repeated-measures ANOVA to determine the specific
effects of the interventions.

RESULTS

Effectiveness of the Boston Diagnostic
Aphasia Examination Test Results in
Patients With Non-fluent Aphasia: The
Part of Spontaneous Speech, Repetition,
and Listening Comprehension
The first part of the BDAE scale, spontaneous speech, repetition,
and listening comprehension, was tested in both groups before
the first session and after the last session. Two-way ANOVA
was used to analyze the results of the intervention group
and the control group at t1 and t2. Individual results were
normalized by ruling out the difference of greater dispersion.
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FIGURE 2 | Comparison of spontaneous speech, repetition, and listening comprehension in patients with non-fluent aphasia with the intervention group and
the control group. The intervention group: melodic intonation therapy group; the control group: speech therapy group. (A–F) Information, fluency, repetition, true or
false, word recognition, and sequential commands. Data are expressed as mean ± SD (n = 20) and analyzed by repeated-measures analysis of variance. *p < 0.05,
**p < 0.01. t1, baseline; t2, after 8 weeks.

The effect of the intervention group is higher than the control
group. There were significant differences in the intervention
group at t2 (8 weeks after) on information (t2 = 6.35 ± 2.13,
t = 0.5775, p = 0.0002), fluency (t2 = 4.50 ± 1.50, t = 3.975,
p = 0.0019), which belongs to spontaneous speech, and repetition
(t2 = 7.01 ± 2.61, t = 3.975, p = 0.0019) in comparison with

the control group. There were also significant differences in
the intervention group at t2 (8 weeks after) on true or false
(t2 = 4.38 ± 1.33, t = 3.134, p = 0.0019), word recognition
(t2 = 3.30 ± 2.00, t = 0.13, p = 0.0001), and sequential
commands (t2 = 4.23 ± 2.70, t = 4.591, p = 0.0001) in
comparison with the control group. Table 2 shows the results
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TABLE 2 | The results of Boston Diagnosis Aphasia Examination (BDAE) in patients with non-fluent aphasia across the study period for the intervention group and
the control group.

Intervention group (n = 20) Control group (n = 20) t p

Mean ± SD Mean ± SD

Spontaneous speech Information t1 2.25 ± 0.70 4.40 ± 0.86 4.967 0.0001** a

t2 6.35 ± 2.13 6.60 ± 1.32 0.5775 0.0002** b

Fluency t1 2.50 ± 1.36 2.25 ± 0.77 0.6795 0.0878

t2 4.50 ± 1.50 3.85 ± 0.85 1.767 0.0001** b

Repetition t1 2.25 ± 1.22 1.90 ± 0.95 0.5655 0.0001** a

t2 7.01 ± 2.61 4.59 ± 2.39 3.975 0.0019** b

Listening comprehension True or False t1 2.28 ± 0.83 1.86 ± 0.61 1.415 0.0001** a

t2 4.38 ± 1.33 3.45 ± 0.84 3.134 0.0019** b

Words recognition t1 1.31 ± 0.77 0.93 ± 0.24 1.106 0.0001** a

t2 3.30 ± 2.00 1.73 ± 0.30 4.583 0.0001** b

Sequential commands t1 1.74 ± 1.49 0.85 ± 0.41 1.688 0.0001** a

t2 4.23 ± 2.70 1.85 ± 1.02 4.591 0.0001** b

Naming Objective naming t1 0.66 ± 0.36 1.27 ± 0.48 1.89 0.3064

t2 2.36 ± 1.72 2.22 ± 0.92 0.4337 0.0001** b

Spontaneous naming t1 0.16 ± 0.11 0.12 ± 0.75 0.4707 0.0042** a

t2 0.50 ± 0.44 0.22 ± 0.11 3.698 0.0001** b

Sentences completing t1 0.16 ± 0.12 0.19 ± 0.05 0.4052 0.8865

t2 0.50 ± 0.43 0.46 ± 0.14 0.6079 0.0001** b

Reaction naming t1 0.14 ± 0.11 0.15 ± 0.05 0.0598 0.087

t2 0.62 ± 0.50 0.41 ± 0.12 2.512 0.0001** b

Aphasia Quation (AQ) t1 26.87 ± 9.65 27.85 ± 4.02 0.236 0.0088** a

t2 67.47 ± 22.99 50.71 ± 7.22 4.036 0.0001** b

Intervention group: melodic intonation therapy group; Control group: speech therapy group. Data were expressed as mean ± SD (n = 20), and analyzed by repeated
measures analysis of variance. **P < 0.01, remarkable significance; *p < 0.05, significance. Superscript a represents difference factor at the same time between groups,
and superscript b represents difference effect of time factor in inter-group.

of the two groups. Figure 2 shows the comparison results
of the two groups.

Effectiveness of the Boston Diagnostic
Aphasia Examination in Patients With
Non-fluent Aphasia: Naming and Aphasia
Quotient
The second part of the BDAE scale, naming and aphasia quotient
(AQ), was tested in both groups before the first and after the
last session. Two-way ANOVA was used to analyze the results
of the intervention group and the control group at t1 and t2.
Individual results were normalized by ruling out the difference of
greater dispersion. The effect of the intervention group is higher
than the control group. There were significant differences in the
intervention group at t2 (8 weeks after) on objective naming
(t2 = 2.36 ± 1.72, t = 0.4337, p = 0.0001), spontaneous naming
(t2 = 0.50 ± 0.44, t = 3.698, p = 0.0001), sentence completing
(t2 = 0.50 ± 0.43, t = 0.6079, p = 0.0001), reaction naming
(t2 = 0.62 ± 0.50, t = 2.512, p = 0.0001), which belongs to naming.
There were also significant differences in the intervention group
at t2 (8 weeks after) on the AQ (t2 = 67.47 ± 22.99, t = 4.036,
p = 0.0001) in comparison with the control group. Table 3 shows
the results of the two groups. Figure 3 shows the comparison
results of the two groups.

Effectiveness of the Hamilton Anxiety
Scale and Hamilton Depression Scale in
Patients With Non-fluent Aphasia
A main effect of time was found for the HAMA and the HAMD.
The effect of the intervention group is higher than the control
group. There was a significant difference at t2 (8 weeks after)
on HAMD (t2 = 8.95 ± 1.97, F = 5.63, p = 0.0202) in the
intervention group in comparison with the control group. There
was no significant difference at t2 (8 weeks after) on HAMA
(t2 = 8.6 ± 2.68, F = 2.054, p = 0.1559) in the intervention group
in comparison with the control group. A significant difference

TABLE 3 | HAMA and HAMD questionnaire results.

Intervention Control F p
group (n = 20) group (n = 20)

Mean SD Mean SD

HAMA t1 12.15 3.16 12.75 2.47 0.1528 0.697

t2 8.6 2.68 9.65 1.8 2.054 0.1559

HAMD t1 16.15 2.52 16.45 2.25 3.028 0.0859

t2 8.95 1.97 10.9 1.64 5.63 0.0202*

*p < 0.05 significant differences; (a) difference factor at the same time between
groups. (b) difference effect of time factor in inter-group.
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FIGURE 3 | Comparison of naming and aphasia quotient (AQ) in patients with non-fluent aphasia with the intervention group and the control group. The intervention
group: melodic intonation therapy group; the control group: speech therapy group. (A–E) Objective naming, spontaneous naming, sentence completing, reaction
naming, and AQ. Data are expressed as mean ± SD (n = 20) and analyzed by repeated-measures analysis of variance. *p < 0.05, **p < 0.01. t1, baseline;
t2, after 8 weeks.

was observed on HAMD at the t2 time point. Supplementary
Table shows the results of the two groups. Figure 4 shows the
comparison results of the two groups.

DISCUSSION

In this study, melodic intonation therapy and speech therapy
were used as the therapeutic method in patients with

aphasia. Compared with the previously reported method
that used traditional speech therapy (Wan et al., 2014)
as the therapeutic way to treat the patients with aphasia,
this study was based on a long-time clinical work with
aphasia patients that found that melodic intonation therapy
has a positive effect in the clinic. The researcher of this
study and the professional music therapists tried to use
melodic-inducted speech output as the melodic auditory
stimulation to intervene in the patients with aphasia
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FIGURE 4 | Comparison of the Hamilton Anxiety Scale (HAMA) and the Hamilton Depression Scale (HAMD) in patients with non-fluent aphasia between the two
groups with melodic intonation therapy and speech therapy. The intervention group: melodic intonation therapy group; the control group: speech therapy group. (A)
HAMA; (B) HAMD. Data are expressed as mean ± SD (n = 20) and analyzed by repeated-measures analysis of variance. *p < 0.05, **p < 0.01. t1, baseline;
t2, after 8 weeks.

and obtained unexpected results in comparison with the
single-speech therapy group.

Spontaneous Speech, Repetition, and
Listening Comprehension
Speech therapy is a common training method for speech
disorders in patients with aphasia (Albert et al., 1973). However,
due to the limitations of the method and a single-training mode,
it is actually difficult for patients to adhere to or results are slow.
Due to the different mechanisms, MIT uses “singing” to guide
and uses the method of chanting a melody formula language to
guide patients with aphasia from “singing” to speak. It is generally
believed that the right hemisphere is better at processing short
melody information (Sihvonen et al., 2017). Therefore, for
patients with stroke on the left, the right hemisphere plays
a compensatory role in oral output when “singing.” MIT is,
therefore, effective.

In BDAE, spontaneous speech, repetition, and listening
comprehension are the test criteria for speech and listening
ability. Spontaneous speech includes information, fluency,
grammar, and paraphasia. Listening comprehension includes
true or false questions, word recognition, and successive
instructions. Repetition is a separate item, which includes 10
sentences of different lengths, includes words, short sentences,
and long sentences; in the examination of this item, the patient
only needs to imitate. The three sub-examinations of the
BDAE scores were used to assess language comprehension and
imitation in aphasia patients with visual and auditory cues. In
the imitation of listening comprehension and speaking, MIT has
a clearer immediate effect than speech therapy because it uses
the mechanism of singing of music. The patient sings the target
language while imitating the tone, which is more direct and
effective than single vocabulary auditory stimulation. Therefore,
in this study, the intervention group undertaking MIT had
significant time cumulative effects and intergroup effects in terms
of spontaneous language information, oral expression, imitation
repetition, true or false judgment, hearing word recognition,

and instruction execution than the control group undertaking
speech therapy alone. In terms of improvement of spontaneous
speech fluency, patients in the MIT group showed higher
speech fluency after 8 weeks of cumulative treatment. However,
compared with the control group, speech therapy also had similar
effects on spontaneous speech fluency. It can be seen that the
improvement of fluency is more due to the accumulation of
effective treatment time. In other words, among the hospitalized
non-fluent aphasia patients who received the same medical care,
the music therapy–MIT group has better speech recovery effects
in listening comprehension, repetition, and spontaneous speech
than patients who received speech therapy and has a similar effect
in terms of improving fluency.

Naming and Aphasia Quotient
The BDAE’s naming test on abstract thinking is divided
into four dimensions: objective naming, spontaneous naming,
sentence completing, and reaction naming. Patients in the
intervention group receiving MIT performed more prominently
in spontaneous naming. After 8 weeks of intervention, they
showed a significant cumulative effect of time. Compared with
the control group, the intervention group showed a larger
difference between groups. This is closely related to the repeated
use of “singing” for intervention in the MIT treatment. Singing is
a whole-brain activity; when the patient participates in singing,
the cognitive information network related to the song will
be activated (Merrett et al., 2014). Because the song contains
more information, the listening experience of singing with an
accompanying instrument is more complicated, not only for the
language in the trained items but also for the language in other
untrained items (Meulen et al., 2016). MIT can also activate
more spontaneous naming responses. In terms of object naming,
sentence completion, and reaction naming, the MIT group was
also significantly different from the speech therapy group, but
there was no obvious contrast effect in the cumulative effect
after 8 weeks. Therefore, compared with MIT, speech therapy has
consistent efficacy in non-spontaneous naming.
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In conclusion, in the aphasia quotient performance of the
two groups of patients through the BDAE test, compared
with the control group using speech therapy, the overall
score of the intervention group has an obvious improvement
either in the time effect after 8 weeks or in the comparison
between the two groups.

Hamilton Anxiety Scale and Hamilton
Depression Scale
In this study, the score of the HAMD of the intervention
group was lower than that of the control group, and there
is no significant difference in the score of HAMA, which
means a more positive subjective experience of the music
group and has a decrease feeling in depression. Patients in the
intervention group reported decreasing feelings in expressive
difficulty, and the falling ratings are accompanied by improved
speech functionality. In the control group, ratings also declined,
but it did not show significant differences compared with the
intervention group. In the HAMD measurements, both of the
groups reported a decrease in depressive symptoms, but patients’
score of the intervention group was lower than that of the
control group. Each patient in the intervention group underwent
an individual music therapy session that promoted interaction
and positive experience. Singing interventions may reduce the
depressive stress of the patients. Through familiar songs, singing,
and accompaniment with music therapists, patients’ sense of
satisfied and happy feelings will enhance during a singing
session. Therefore, music therapy may have a positive effect on
aphasia patients. Having an enjoyable musical training course
not only motivates them to increase participation but also
brings important emotional experience. The family and guardian
of aphasia patients from the intervention group reported that
the patients felt reconnected with life, either by singing more,
or by exploring and listening to familiar songs, and had a
greater sense of participation in music activities in life, as well
as the link between music, health, and quality of life. This
training method, based on music and singing, has a higher
participation rate, is easier, simpler, and more effective for
patients to comply.

The Core of Melodic Intonation Therapy
Intervention
Melodic guidance at MIT can be divided into two parts: in the
first part, melody guides the language, the second, the musical
language stimulation. In the process of melody in guiding the
target language, the pitch of the melody comes from the natural
pronunciation of Mandarin Chinese. For example, the three-tone
“you” in Mandarin can be imitated by the interval of “sol–
dol” (G-C). The patient began to sing and slowly generalized
into speaking. These fixed-pitch formulaic melody languages
range from 2 to 5 short sentences to 7–10 long sentences
(Supplementary Materials), that is, to create lyrics of daily
life language with a fixed melody, teach patients to sing, and
then slowly get out of the melody, and the pitch becomes
speaking. This is an entirely different approach from speech
therapy intervention. According to the concept of “sprechsang,”

first proposed by Sparks scholars in 1974 (Albert et al., 1973), the
melody in MIT is between “singing” and “speaking.” In this study,
the core intervention technology of MIT complies with the core
principle of “sprechsang,” but the innovation lies in its application
in Mandarin Chinese. The formation of pitch melody completely
simulates the laws of Chinese phonetics.

In the second part, after MIT, if the patient can imitate the
pitch but cannot imitate the Chinese character sound, they will
use MUSTIM to sing familiar songs to guide the words that
cannot be expressed verbally. The choice of the song is not blind.
When the music therapist chooses the song, the lyrics will include
the vocabulary of the target language. For example, when the
patient is guided to say “drink water,” and the patient cannot
complete it, the therapist will lead the patient to sing a song
with the sound of “he” and “shui,” such as “Wanquan River
Clear and Clear” (with lyrics “River water”-“drink water”) or
“Love the country and the beauty more” (including the lyrics
“drink the same water”). After the familiar cognitive melody is
guided, the patient is guided back to the model singing of the
formulaic melody, so that the patient can imitate and say it. This
is why aphasia patients in the MIT group performed particularly
prominently in the repetition items.

When the patient sings each short melody or song, it
is accompanied by a guitar or piano and other harmonic
instruments. Music therapists use musical instruments with
human voices to guide patients to chant, which enriches
patients’ auditory experience in auditory input. Due to the
interaction of the left and right hemisphere networks when the
brain processes language information, when the auditory center
receives multiple stimulations, they jointly activate the output
of emotion, memory, and spoken language. Therefore, in this
study, the MIT group in the BDAE score has improved listening
comprehension, repetition, spontaneous speech, and naming.

Limitations
One limitation was the limited sample, as previously detailed.
Two participants dropped out of the study, which may have
caused the variance in group allocation. If a blank, the control
group was added to observe self-healing, and the comparison
might have been more accurate. This study only recruited 40
patients. If larger-sized studies are conducted in the future, the
therapeutic outcomes could be more precisely observed. Besides,
the participants with three different types of non-fluent aphasia
are included into the trial. Although they belong to non-fluent
aphasia, they also belong to different subtypes. If more samples
can be included in future studies and different subtypes of aphasia
are classified and compared, the effect comparison of the two
methods will be clearer.

Implications for Clinical Practice
In previous reports in the literature, clinicians usually
recommend speech therapy to train the patients with aphasia but
neglected that the function of song singing played an important
role in speech output. Although MIT has been proposed and
used in the 1970s, it is often used by speech therapists. Given
that professionals with a musical background, that is, music
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therapists, will have a more professional understanding of music
or songs, and the operability of the musical instrument, the
MIT performed by the music therapist will provide multiple
auditory stimulation to the patients to activate more potential
brain networks and better restore language ability. Through this
study, we confirmed the positive effect of the MIT performed
by a music therapist in 20 aphasia patients. All the participants
in the intervention group were more active in every aspect of
AQ than the control group, which provided a more effective way
for speech recovery of aphasic patients. Music therapists with
professional backgrounds provide multiple auditory stimuli with
instrumental accompaniment and fixed-pitch melody formulaic
language during the treatment process, which are all necessary
conditions for the implementation of MIT.

CONCLUSION

The MIT performed by music therapists has a more obvious
effect on improving the language function of patients with non-
fluency aphasia. Therefore, it is recommended that clinicians and
professional music therapists work together to make the clinical
treatment effect more remarkable.
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Effect on Musical Pitch Perception
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Given its practical implications, the effect of musicianship on language learning has
been vastly researched. Interestingly, growing evidence also suggests that language
experience can facilitate music perception. However, the precise nature of this facilitation
is not fully understood. To address this research gap, I investigated the interactive effect
of language and musicianship on musical pitch and rhythmic perception. Cantonese and
English listeners, each divided into musician and non-musician groups, completed the
Musical Ear Test and the Raven’s 2 Progressive Matrices. Essentially, an interactive effect
of language and musicianship was found on musical pitch but not rhythmic perception.
Consistent with previous studies, Cantonese language experience appeared to facilitate
musical pitch perception. However, this facilitatory effect was only present among the
non-musicians. Among the musicians, Cantonese language experience did not offer any
perceptual advantage. The above findings reflect that musicianship influences the effect
of language on musical pitch perception. Together with the previous findings, the new
findings offer two theoretical implications for the OPERA hypothesis—bi-directionality
and mechanisms through which language experience and musicianship interact in
different domains.

Keywords: OPERA, pitch, tone, rhythm, language-to-music transfer

INTRODUCTION

Long-term musical experience facilitates speech perception (Pfordresher and Brown, 2009;
Bidelman et al., 2010). This effect, known as music-to-language transfer,1 largely undergirds
theoretical models of cross-domain plasticity (Patel, 2011, 2012, 2014; Krishnan et al., 2012).
Interestingly, there is emerging evidence of language-to-music transfer (Bidelman et al., 2013; Chen
et al., 2016; Zhang et al., 2020). These studies generally showed that tone language experience
enhanced musical pitch perception among non-musicians. However, these novel findings could
not situate well in the OPERA hypothesis as it was designed for music-to-language transfer. Also,
the OPERA hypothesis does not embody the interaction between musicianship and language
experience, presumably because very few studies systematically manipulated both variables together
(Cooper and Wang, 2012; Ngo et al., 2016; Maggu et al., 2018b). Apart from pitch, rhythm is
also a common acoustic feature of music and speech (Zhang et al., 2020). As such, Patel (2012)

1In the current study, cross-domain transfer is said to occur when experience with perceptual attributes (e.g., tones) in one
domain facilitates the sensitivity to perceptual attributes in a different domain (e.g., musical pitch). For example, language-
to-music transfer refers to the facilitatory effect of language experience on music perception. This definition does not reject
the idea that the facilitation is mediated by subcortical sensitivity to shared acoustic features (i.e., periodicity).
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called for future studies to extend the OPERA hypothesis from
pitch to rhythm. To broaden the OPERA hypothesis, the current
study examined the interactive effects of musicianship and
language experience on musical pitch and rhythmic perception.

The OPERA hypothesis theorizes how long-term musical
experience increases neuronal sensitivity to perceptual attributes
in the language domain, most notably tones (Patel, 2011).
In the hypothesis, a clear conceptual distinction was made
between perceptual attributes (e.g., tones and musical pitch)
and acoustic features (e.g., periodicity). According to Patel
(2011), music-to-language transfer will occur only when five
conditions are met—Overlap, Precision, Emotion, Repetition,
and Attention. Regarding Overlap, although different perceptual
attributes (tones and musical pitch) are processed differently
at the cortical level, the processing of their acoustic feature
(i.e., periodicity) recruit overlapping subcortical networks. For
Precision, music must require more nuanced processing than
speech. For Emotion, strong positive emotion must be brought
about by musical activities. In terms of Repetition, there must
be a frequent repetition of the musical activities. For Attention,
the musical activities must require focused attention. When
the above conditions are met, musical experience will enhance
neuronal precision in the subcortical area shared by music and
language. Enhanced subcortical processing of the acoustic feature
(i.e., periodicity) will in turn facilitate the processing of the
linguistic perceptual attribute (i.e., tones).

Music-to-Language Transfer
There is mounting cross-sectional evidence that musicianship
facilitates tone perception in different tasks, e.g., discrimination,
identification, sequence recall, and word learning. Concerning
discrimination, English musicians discriminated Mandarin tones
more accurately than did English non-musicians (Alexander
et al., 2005). On the one hand, this result implied that
musicianship facilitated English listeners’ tone discrimination.
On the other hand, the perceptual facilitation might be
speech general rather than specific to tones. In a later study,
Italian musicians, Italian non-musicians, and Italian learners of
Mandarin were presented with monosyllabic Mandarin word
sequences with tonal and segmental violations (Delogu et al.,
2010). Compared with the non-musicians, the musicians only
detected tonal variations more accurately. This suggested that
the music-to-language transfer was specific to tones. In a more
recent study, English listeners heard pairs of Mandarin phrases,
half of which contained a syllable with a deviant tone (i.e.,
the f0 level of the syllable was increased by 10%) (Zheng and
Samuel, 2018). Compared with the English non-musicians, the
English musicians were better able to detect the tonal differences.
This indicated that music-to-language transfer was not limited
to isolated words. As the above studies only used Mandarin
tones, it remained unclear whether music-to-language transfer
applied to more complex tone systems such as Cantonese
(for a review of Cantonese tonal complexity, see Yip, 2002;
Gu et al., 2007). In a Cantonese tone discrimination task,
English musicians outperformed English non-musicians in half
of the possible Cantonese tonal contexts (Choi, 2020). Despite
the subtle differences between the tone discrimination studies,

they generally provided evidence of music-to-language transfer.
Remarkably, this transfer was not limited to Mandarin.

Music-to-language transfer also applied to tone identification
and sequence recall. Following a brief familiarization of
Mandarin tones, English musicians identified the Mandarin tones
more accurately than did English non-musicians (Alexander
et al., 2005; Lee et al., 2014). Critically, some tone identification
studies reported the lack of correlation between musical
pitch identification (i.e., absolute pitch) and Mandarin tone
identification tasks (Lee and Lee, 2010; Lee et al., 2011, 2014).
Does this lack of correlation indicate the absence of music-and-
language relationship? In the only study which included English
musicians and non-musicians, the musicians showed superior
performance on Mandarin tone identification (Lee et al., 2014).
Thus, the lack of correlation should not be taken to indicate
the absence of music-to-language transfer. Instead, it merely
reflected that the music-to-language transfer was not because the
musicians had employed the perceptual mechanism of absolute
pitch for Mandarin tone identification. In particular, enhanced
neural encoding of periodicity might underlie a perceptual
advantage on Mandarin tones (Patel, 2011, 2014). Going beyond
identification, a recent study compared English musicians and
non-musicians on their ability to recall Cantonese tone sequences
(Choi, 2020). The English musicians outperformed the non-
musicians on recalling contour tone sequences, indicating the
presence of music-to-language transfer at the higher perceptual
levels. Here, higher perceptual levels refer to the relative
levels at which the perceptual operations are more complex
than basic perceptual operations (e.g., forming phonological
representations vs. judging the loudness of two beeps).

Concerning the higher perceptual levels, music-to-language
transfer was also evident in tone-word learning. In a Mandarin
tone-word learning experiment, English musicians and non-
musicians were classified as successful (95% accuracy or above
for two consecutive sessions) or less successful (less than 5%
improvement for four consecutive sessions) learners (Wong
and Perrachione, 2007). While only 22% of the non-musicians
reached the successful criterion, as many as 88% of the musicians
were classified as successful learners. Despite its small sample
size (n = 17), the study provided initial evidence that music-to-
language transfer applied to tone-word learning. With a more
adequate sample size (n = 54), a later study compared English
musicians, English non-musicians, Thai musicians, and Thai
non-musicians on Cantonese tone word learning (Cooper and
Wang, 2012). After training, the English musicians identified
the tone words more accurately than did the English non-
musicians. This convincingly reflected that music-to-language
transfer was potent at the linguistic level, i.e., formation and recall
of phonological-semantic links.

Aside behavioral evidence, there is ample neural evidence of
music-to-language transfer (e.g., Wong et al., 2007; Bidelman
et al., 2010; cf. Maggu et al., 2018a). At the subcortical level,
English musicians showed stronger fundamental frequency-
following response (FFR) to Mandarin tonal changes than
English non-musicians (Wong et al., 2007). In a later
study, English musicians even encoded two sections of the
Mandarin rising tone more robustly than did Mandarin listeners
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(Bidelman et al., 2010). The above findings situated well in
the OPERA hypothesis—musical experience strengthens the
subcortical neural network shared by music and language; and
the enhancement of the subcortical plasticity was leveraged for
tone perception (Patel, 2011, 2014).

Language-to-Music Transfer
Originally devised to account for music-to-language transfer,
the OPERA hypothesis did not explicitly articulate about
bidirectionality (Patel, 2011, 2012, 2014; see Asaridou and
McQueen, 2013). Recall the Precision condition—for language-
to-music transfer to occur, language must entail more precise
pitch processing than music. However, Patel (2014) has argued
that music requires finer pitch distinctions than language does—
one semitone difference is perceptually salient in musical notes
but not in lexical tones (Peretz and Hyde, 2003; Zatorre and
Baum, 2012). Pertaining to the Emotion condition, Asaridou
and McQueen (2013) believed that emotional reinforcement of
speaking a tone language was hardly comparable to that of
musical activities. As such, the authors reasoned that the OPERA
hypothesis was not very, if at all, predictive of language-to-
music transfer.

Interestingly, there is growing behavioral evidence on
language-to-music transfer (Wong et al., 2012; Asaridou and
McQueen, 2013; Bidelman et al., 2013). Lexically, tone languages
(e.g., Cantonese and Mandarin) place a heavier demand on
pitch than do non-tonal languages (e.g., Dutch, English,
French, and Japanese) (Cutler, 2012). Relative to non-tonal
language listeners, tone language listeners consistently showed
superior performance on musical pitch perception tests. In the
Online Identification Test of Congenital Amusia, Cantonese
listeners outperformed English and French listeners on musical
pitch perception (Wong et al., 2012). Even when non-verbal
intelligence and working memory were controlled, Cantonese
listeners outperformed English non-musicians on self-designed
musical pitch memory and discrimination tasks (Bidelman et al.,
2013). This further indicated that tone language experience
enhanced not only basic auditory sensitivity but also complex
music perception. Besides Cantonese listeners, there were similar
findings from other tonal populations, e.g., Mandarin listeners.
In the Montreal Battery of Evaluation of Amusia, Mandarin
listeners discriminated pitch more accurately than did Dutch
listeners (Chen et al., 2016). In the melody subtest of the well-
validated Musical Ear Test, Mandarin listeners scored higher than
Japanese listeners (Zhang et al., 2020). Collectively, the above
studies have suggested that speaking a tone language sharpens
musical pitch sensitivity.

Beyond behavioral advantages, language-to-music transfer
also enhances the neural encoding of musical pitch (Bidelman
et al., 2010, 2011). Bidelman et al. (2010) compared English
musicians, English non-musicians, and Mandarin non-musicians
on their FFR to musical pitch interval and Mandarin tone.
Relative to the English non-musicians, the Mandarin non-
musicians showed a higher pitch tracking accuracy on musical
pitch interval. In line with the OPERA hypothesis, this
result suggested that tone language experience enhanced the
subcortical encoding of musical pitch (Patel, 2011, 2014).

Could this enhanced neural encoding explain the behavioral
advantage enjoyed by tone language speakers on musical pitch
perception? In a later study, Bidelman et al. (2011) tested English
musicians, English non-musicians, and Mandarin non-musicians
on behavioral and neural perception of musical pitch. While
the Mandarin non-musicians showed stronger FFR than English
non-musicians, the former did not outperform the latter on
behavioral musical pitch discrimination. This seemed to indicate
that although tone language experience enhanced the subcortical
processing of musical pitch, this neural enhancement did not
yield any behavioral perceptual advantage. However, the results
should be interpreted with caution given (a) the small sample
size (n = 11 per group) and (b) the preponderance of studies
showing that Cantonese/Mandarin non-musicians outperformed
Dutch/English/French/Japanese non-musicians on behavioral
measures of musical pitch perception (Wong et al., 2012;
Asaridou and McQueen, 2013; Bidelman et al., 2013; Chen et al.,
2016; Zhang et al., 2020). It remained unclear whether enhanced
neural encoding of musical pitch could explain the behavioral
advantage on musical pitch perception. However, this does not
underscore the collective neural evidence that tone language
experience enhanced the subcortical processing of musical pitch
(Bidelman et al., 2010, 2011).

Interactive Effects of Language and
Musicianship on Speech and Music
Perception
Although cross-domain transfer was well supported by empirical
evidence, its exact nature has seldom been explored. Regarding
music-to-language transfer, only few studies examined the
interaction between tone language experience and musicianship
(Cooper and Wang, 2012; Maggu et al., 2018b). Cooper
and Wang (2012) investigated whether the combination of
both tone language experience and musicianship would offer
extra advantage above either experience. Specifically, they
compared the Cantonese tone word learning proficiencies
between Thai musicians, Thai non-musicians, English musicians,
and English non-musicians. Resonating previous studies on
music-to-language transfer, the English musicians had a greater
learning success than the English non-musicians. However,
music-to-language transfer was not observed among the Thai
listeners. Intriguingly, the Thai musicians even tended to perform
poorer than the Thai non-musicians. The authors attributed
this non-additive effect to an internal conflict between linguistic
and music perceptual mechanisms. In a related study, English
musicians also outperformed English non-musicians on Thai
tone word learning (Maggu et al., 2018b). Similar to the earlier
finding, the Mandarin musicians tended to perform poorer
than the Mandarin non-musicians. Interestingly, the study
also included double tone language (i.e., Cantonese-Mandarin
bilingual) groups. Compared with the Mandarin listeners, the
Cantonese-Mandarin bilingual listeners did not exhibit any
perceptual advantage. In other words, speaking an additional
tone language did not provide any extra benefit on tone word
learning. Taken together, the available studies showed that tone
language experience influenced the effect of musicianship on
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tone word learning (Cooper and Wang, 2012; Maggu et al.,
2018b).

Although language-to-music transfer was well supported by
empirical evidence, its exact nature was not fully explored (Wong
et al., 2012; Asaridou and McQueen, 2013; Bidelman et al.,
2013; Chen et al., 2016; Zhang et al., 2020). In the context of
music perception, it remains unclear whether and how language
experience and musicianship interact. Most of the available
studies only manipulated the language variable, and the lack of
musician groups rendered them impossible to test the interaction
(e.g., Wong et al., 2012; Chen et al., 2016; Zhang et al., 2020).
One study attempted to manipulate both language (Cantonese
and English) and musicianship variables, but the musician group
only contained English musicians (Bidelman et al., 2013). In a
similar vein, the lack of Cantonese musicians made it impossible
to systematically test the interaction between musicianship
and language experience. A recent study compared Cantonese
musicians and Cantonese non-musicians on FFR to Cantonese
tones and musical pitch (Maggu et al., 2018a). Regarding music-
to-language transfer, the Cantonese musicians showed stronger
FFR to musical pitch than the Cantonese non-musicians. The
authors concluded that the combination of Cantonese language
experience and musicianship offered extra perceptual advantage
on musical pitch than did either experience. However, the authors
also acknowledged that the lack of English musicians and non-
musicians in their study rendered it impossible to fully test
the music and language interaction. Also, the previous study
only included a subcortical measure, i.e., FFR, which did not
always correlate with behavioral musical pitch perception (Maggu
et al., 2018a; Yu and Zhang, 2018). So, it remained unclear
as to how such an interaction would manifest behaviorally.
Limitations aside, this study provided preliminary evidence of the
interaction of music and language on musical pitch perception
(Maggu et al., 2018a).

Among the studies on language-to-music transfer, one study
systematically manipulated both musicianship and language
experience together (Ngo et al., 2016). Vietnamese and English
listeners, each split into musician and non-musician groups, were
assessed with the Cochran-Weiss-Shanteau index of expertise and
the Montreal Battery of Evaluation of Amusia. Importantly, the
interaction between language experience and musicianship was
not significant. More surprisingly, the main effect of language
experience was not significant too on both musical tests. While
the lack of interaction might be possible, the lack of language-
to-music transfer seemed unusual given substantial previous
evidence (Bidelman et al., 2013; Chen et al., 2016; Wong et al.,
2012; Zhang et al., 2020). Critically, Ngo et al. (2016) only
recruited eight participants per group. This very small sample
size might have rendered the statistical power too small to
detect any effects. Also, their Vietnamese listeners grew up
in the U.S. and only half of them reported having achieved
native Vietnamese proficiency. Given the above limitations, the
current study re-examined the interaction between language
experience and musicianship with a larger (31 participants per
group) and representative (native Cantonese speakers born and
raised in Hong Kong; native English speakers born and raised
in the United States) sample. Given the preliminary evidence

that Cantonese musicians had stronger FFR to musical pitch
than Cantonese non-musicians, I anticipated an interaction
between language experience and musicianship on musical pitch
perception (Maggu et al., 2018a). Specifically, musicianship was
expected to amplify the language-to-music transfer.

The OPERA Hypothesis and Rhythmic
Perception
As mentioned previously, rhythm is another acoustic feature
shared by music and speech. Musically, rhythm represents
an ordered alteration of long and short notes regardless of
the absolute duration of each note. Similarly, speech rhythm
represents the timing of successive vowel and consonant
sequences (Hayes, 1989). Speakers of different languages use
rhythm differently. Based on rhythmical properties, languages are
typically categorized as stress-timed (e.g., English), mora-timed
(e.g., Japanese), and syllable-timed (e.g., Cantonese) (Pike, 1945;
Ladefoged, 1975). In stress-timed languages, unstressed syllables
are often compressed to fit in the constant interval between
stressed syllables (Nespor et al., 2011). As such, successive
intervals between vowels vary rigorously (i.e., high vocalic
interval variability) in these languages (Ladefoged and Johnson,
2011). In syllable-timed languages, syllables have highly similar
durations, rendering the vocalic interval relatively constant
(i.e., low vocalic interval variability). In mora-timed languages,
contrastive vowel length characterizes mora, a syllabic sub-unit
which organizes speech (Otake et al., 1993). As such, stress-
timed and mora-timed languages have higher vocalic interval
variabilities than syllable-timed languages (Nespor and Vogel,
1986; Warner and Arai, 2001; Grabe and Low, 2002). Cross-
language differences aside, rhythm (like pitch) is a common
feature of music and speech. However, the OPERA hypothesis
has seldom been discussed in relation to rhythmic perception
(Patel, 2012).

In a follow-up paper on refining the OPERA hypothesis,
Patel (2012) raised the possibility that the OPERA hypothesis
might apply to rhythmic perception. For music-to-language
transfer, there was behavioral and neural evidence of enhanced
speech rhythm sensitivity among musicians (Marie et al., 2011;
Cason et al., 2015; Magne et al., 2016; Choi, 2021b). This
suggested that the OPERA hypothesis also applied to rhythmic
perception, at least unidirectionally (i.e., music-to-language).
Similar evidence on language-to-music transfer was scarce. Two
studies investigated the effect of language experience on rhythmic
perception (Wong et al., 2012; Zhang et al., 2020). In the more
recent study, Zhang et al. (2020) tested Mandarin and Japanese
listeners with the Musical Ear Test (Wallentin et al., 2010).
The Japanese listeners outperformed the Mandarin listeners on
the rhythm subtest, presumably because Japanese had a higher
vocalic interval variability than Mandarin. Together with prior
evidence on music-to-language transfer in rhythmic perception,
this finding implied that the transfer was bidirectional (Marie
et al., 2011; Cason et al., 2015; Magne et al., 2016).

Being a stress-timed language, English has a higher vocalic
interval variability than Cantonese (Ladefoged, 1975; Grabe and
Low, 2002). Thus, it was reasonable to hypothesize that English
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listeners would outperform Cantonese listeners on rhythmic
perception. Counterintuitively, Wong et al. (2012) reported
that English listeners and Cantonese listeners performed
similarly on rhythmic perception. Concerning rhythmic
perception, this finding did not support language-to-music
transfer at least among English vs. Cantonese listeners. Critically,
methodological issues necessitate a re-examination of this
preliminary conclusion. Firstly, a ceiling effect was shown on
the rhythmic measure, probably because the congenital amusia
screening test was too easy for typical listeners (Peretz et al.,
2008). Secondly, despite the role of non-verbal intelligence in
auditory perception, such measure had not been controlled (even
in the study by Bidelman et al., 2013; Tang et al., 2016; Choi,
2020; Zhang et al., 2020). Going beyond these methodological
limitations, the present study adopted the Musical Ear Test,
the rhythmic subtest of which did not show any ceiling effect
on speakers of syllable-timed languages (Wallentin et al., 2010;
Zhang et al., 2020). Similar to the aforementioned research
question on musical pitch, the potential interaction between
musicianship and language experience on rhythmic perception
was also explored.

To broaden the OPERA hypothesis, the present study
examined the interactive effects of language experience and
musicianship on music perception. Of particular interest was
whether and how musicianship influenced the language effects
on musical pitch and rhythmic perception. Based on preliminary
neural evidence, I anticipated that musicianship would amplify
the language effect on musical pitch perception (Maggu et al.,
2018a). In other words, Cantonese musicians were expected
to outperform Cantonese non-musicians, English musicians,
and English non-musicians. Regarding rhythmic perception, I
expected that English musicians would outperform English non-
musicians, Cantonese non-musicians, and Cantonese musicians.
Given the role of non-verbal intelligence in pitch perception, it
was also measured and controlled as necessary (Tang et al., 2016;
Choi, 2020, 2021a).

MATERIALS AND METHODS

Participants
To abide by the social distancing rules associated with COVID-
19, data collection was switched from face-to-face to online.
Ethical approval was obtained from the University Human
Research Ethics Committee for the research project (Ref. no.
A2019-2020-0036). Thus, 62 Cantonese (24 males, 38 females),
and 62 English (26 males, 34 females, and 2 undisclosed) listeners
were recruited via email and Prolific,2 respectively. Prior to data
collection, all participants completed an initial online or phone
screening. All Cantonese listeners reported that they (i) were
living in Hong Kong, (ii) spoke Cantonese as a first language, and
(iii) had normal hearing. All English listeners reported that they
(iv) were living in the United States, (v) spoke English as a first
language, and (vi) had normal hearing.

2prolific.co

Based on the pre-established criteria, musicians were
individuals who (a) had received 7 or more years of continuous
music training and (b) could play at least one music instrument
(Choi, 2020, 2021b). Non-musicians were individuals who (c)
had never received more than 2 years of music training, (d) had
not received any music training in the past 5 years, and (e) could
not play any music instrument.

Participants were tested on an online experiment platform
(Gorilla Experiment Builder)3 (Anwyl-Irvine et al., 2020;
Tsantani and Cook, 2020; Jasmin et al., 2021). They were asked to
sit comfortably in a quiet environment and wear headphones. An
automatic procedure ensured that the participants were using a
computer but not phones or tablets. After giving written consent,
the participants filled out a language and music background
questionnaire (Choi et al., 2017, 2019; Choi, 2021b). Prior to the
Musical Ear Test, the participants could test and adjust the sound
volume to their satisfaction (Wallentin et al., 2010). Following a
written description of the task, the Musical Ear Test began. Upon
completion of the Musical Ear Test, the participants completed
the digital short form of the Raven’s 2 Progressive Matrices
Clinical Edition (Raven et al., 2018). Between each task, the
participants were given opportunities to take breaks at their own
pace. To prevent prolonged idle time, an overall experimental
time limit of 120 min was set for each participant.

To test whether the participants remained attentive
throughout the study, five attention-check trials were embedded
in the perceptual tasks. On each attention-check trial, two
identical audio stimuli were presented (see Supplementary
Materials). Participants then judged whether the two sounds
were different. With acoustically identical stimuli, these
attention-check trials could be answered easily. To be empirically
stringent, only one mistake on the attention-check trials was
allowed (i.e., 80% accuracy or above). As such, one Cantonese
musician, one Cantonese non-musician, and one English
musician were removed from the dataset.

Offline screening of the language background questionnaires
showed that three English musicians and one English non-
musician had learnt Cantonese or Mandarin as a second
language. These participants were excluded from the dataset.
Thus, the final sample consisted of 30 Cantonese musicians,
30 Cantonese non-musicians, 27 English musicians, and 30
English non-musicians.

In the final sample, all Cantonese listeners had learnt English
as a second language. This is because English language education
is compulsory in Hong Kong since Grade 1. Among the
English listeners, only eight reported having learnt a second
language. Specifically, four English musicians and four English
non-musicians learnt Farsi, Hindi, Polish, Portuguese, Punjabi,
Spanish, or Urdu as a second language. None of the English
listeners had learnt any tone language or resided in any
tone language-speaking country. The demographic, language,
and music backgrounds of all participants are summarized in
Tables 1–3. The very high mean accuracies on the attention
trials suggested that the participants remained attentive during
the experiment (MCM = 97%, SDCM = 7%; MCNM = 97%,

3www.gorilla.sc

Frontiers in Psychology | www.frontiersin.org 5 October 2021 | Volume 12 | Article 71275341

https://prolific.co
http://www.gorilla.sc
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-12-712753 October 5, 2021 Time: 17:24 # 6

Choi Language and Music Interaction

TABLE 1 | Age, years of music training, onset age of music training, and
non-verbal intelligence of the Cantonese and English musicians
and non-musicians.

Group Chronological
age in years

(SD)

Years of
music

training (SD)

Onset age
of music

training (SD)

Non-verbal
intelligence

(SD)

CM 23.8 (4.0) 10.8 (2.9) 7.8 (3.5) 17.4 (3.3)

CNM 24.9 (5.4) 0.4 (0.7) 11.5 (6.2) 16.6 (2.8)

EM 22.5 (4.7) 10.4 (3.2) 9.0 (3.5) 16.2 (3.8)

ENM 27.8 (6.3) 0.4 (0.7) 11.6 (2.9) 14.9 (5.3)

CM, Cantonese musician; CNM, Cantonese non-musician; EM, English musician;
ENM, English non-musician.

TABLE 2 | Language background of the bilingual Cantonese and English
musicians and non-musicians.

Group Number of
bilinguals

(max)

L1
frequency of

use (SD)

L2
frequency of

use (SD)

L1
proficiency

(SD)

L2
proficiency

(SD)

CM 30 (30) 5.0 (0.0) 3.3 (0.9) 4.9 (0.4) 3.3 (0.8)

CNM 30 (30) 5.0 (0.0) 2.9 (0.9) 4.9 (0.3) 3.4 (0.6)

EM 4 (27) 4.9 (0.4) 2.2 (1.2) 5.0 (0.0) 2.7 (1.0)

ENM 4 (30) 4.8 (0.7) 2.0 (0.9) 5.0 (0.0) 2.6 (1.6)

Frequency ranges from 0 (never) to 5 (always); Proficiency ranges from 0 (non-
proficient) to 5 (highly proficient).

SDCNM = 8%; MEM = 94%, SDEM = 9%; MENM = 96%,
SDENM = 8%).

Musical Ear Test
The Music Ear Test was adopted to assess musical pitch and
rhythmic discrimination (Wallentin et al., 2010). The test was
validated in previous studies and strongly correlated with other
musical tests such as the Montreal Battery of Evaluation of
Amusia (e.g., Wallentin et al., 2010; Chen et al., 2016). It has been
vastly used to measure musical aptitude in Eastern and Western
populations (e.g., Chen et al., 2016; Yates et al., 2019; Zhang et al.,
2020).

The melody subtest contained 52 pairs of piano-played
melodic phrases. They were presented audibly with an AX
paradigm. On each trial, two melodic phrases with duration
of one measure were played at 100 beats per minute. The
participants then judged whether the melodic phrases were
different. There were 26 “same” and 26 “different” trials, each
carrying one point (i.e., maximum possible score = 52). All
“different” trials contained a pitch violation. On half of the
“different” trials, the pitch violation also caused a pitch contour
change. The melody subtest began with two practice trials with
feedback. No feedback was given on the experimental trials. To
test the internal consistency of the items, a Cronbach’s alpha
reliability coefficient was obtained from the performances of all
participants across the 52 trials. The internal consistency of the
melody subtest was satisfactory (Cronbach’s α = 0.76).

The rhythm subtest contained 52 pairs of rhythmical phrases
generated by 4–11 wood block beats. It had the same procedure
as the melody subtest. Presented in a randomized order, 31

TABLE 3 | Musical experience of the musicians.

Participant Onset age
(years old)

Amount of
music

training
(years)

First
instrument

Second
instrument

Third
instrument

CM1 5.00 15.00 Piano

CM2 9.00 11.00 Flute

CM3 10.00 10.00 Violin

CM4 8.00 7.00 Tuba Trumpet

CM5 9.00 17.00 Oboe Piano

CM6 6.00 15.00 Flute Horn

CM7 3.00 15.00 Piano Viola Recorder

CM8 3.00 14.00 Piano

CM9 5.00 14.00 Piano

CM10 7.00 14.00 Violin

CM11 5.00 13.00 Piano Flute

CM12 5.00 13.00 Piano

CM13 5.00 13.00 Piano

CM14 6.00 12.00 Piano

CM15 7.00 11.00 Piano

CM16 10.00 10.00 Violin Piano Others

CM17 13.00 10.00 Guitar Bagpipe

CM18 7.00 10.00 Piano Clarinet Guitar

CM19 6.00 10.00 Drums

CM20 8.00 10.00 Piano Drum

CM21 7.00 9.00 Piano Guitar Drum

CM22 13.00 9.00 Trumpet

CM23 20.00 9.00 Piano

CM24 9.00 9.00 Piano

CM25 6.00 8.00 Piano Guitar

CM26 8.00 8.00 Piano

CM27 4.00 7.00 Piano Guitar

CM28 9.00 7.00 Clarinet

CM29 11.00 7.00 Violin

CM30 10.00 7.00 Piano

EM1 11.00 17.00 Flute Cello

EM2 5.00 17.00 Piano Bass Organ

EM3 9.00 11.00 Flute Piccolo Others

EM4 10.00 9.00 Clarinet Piano Violin

EM5 6.00 7.00 Piano Flute Guitar

EM6 18.00 7.00 Piano

EM7 12.00 7.00 Saxophone

EM8 9.00 7.00 Piano

EM9 6.00 16.00 Violin Piano

EM10 14.00 15.00 Piano

EM11 5.00 14.00 Violin Piano

EM13 6.00 13.00 Dilruba Harmonium

EM14 7.00 12.00 Piano Ukulele

EM15 6.00 12.00 Piano

EM16 9.00 11.00 Flute

EM17 7.00 11.00 Piano Clarinet Others

EM18 11.00 11.00 Cello

EM19 7.00 10.00 Piano Cello

EM21 4.00 10.00 Guitar Piano

EM23 8.00 10.00 Piano Clarinet Others

(Continued)

Frontiers in Psychology | www.frontiersin.org 6 October 2021 | Volume 12 | Article 71275342

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-12-712753 October 5, 2021 Time: 17:24 # 7

Choi Language and Music Interaction

TABLE 3 | (Continued)

Participant Onset age
(years old)

Amount of
music

training
(years)

First
instrument

Second
instrument

Third
instrument

EM24 15.00 9.00 Tuba Trombone Others

EM25 10.00 9.00 Keyboard Mallets

EM26 8.00 8.00 Saxophone Piano

EM27 10.00 8.00 French
horn

Piano

EM28 5.00 7.00 Piano Clarinet

EM29 14.00 7.00 Bass

EM30 11.00 7.00 Saxophone Clarinet

trials contained even subdivisions of the beat whereas 21 trials
contained triplets. This resulted in varying rhythmic complexities
across trials. Like the melody subtest, there were 26 “same” and
26 “different” trials and the maximum possible score was 52. On
each “different” trial, there was one rhythmic change (refer to
Wallentin et al., 2010, p. 189; Zhang et al., 2020, p. 387 for audio
and visual illustrations). Reliability analysis showed a fair internal
consistency of the rhythm subtest (Cronbach’s α = 0.64).

Raven’s Test
The digital short form of the Raven’s 2 Progressive Matrices
Clinical Edition was adopted. The digital short form contained
24 randomly selected items. On each trial, a picture with a
missing pattern was presented along with five possible options.
The participants then chose the option which could best complete
the picture. Task administration and scoring were done according
to the test manual (Raven et al., 2018). The time limit was 20 min.
The same reliability analysis was conducted on the 24 items. The
internal consistency was satisfactory (Cronbach’s α = 0.79).

RESULTS

Preliminary Analysis
To evaluate whether the four groups matched on age and
non-verbal intelligence, two-way univariate analysis of variance
(ANOVAs) were conducted separately on age and non-
verbal intelligence with language (Cantonese and English) and
musicianship (musician and non-musician) as the between-
subjects factors. Regarding age, the main effect of language was
not significant, F(1, 113) = 0.69, p = 0.41. However, the main
effect of musicianship, F(1, 113) = 11.27, p = 0.001, ηp

2 = 0.09,
and the interaction between language and musicianship, F(1,
113) = 4.56, p = 0.04, ηp

2 = 0.04, were significant. Simple
effects analysis showed that the English non-musicians were older
than the Cantonese non-musicians, F(1, 113) = 4.52, p = 0.04,
ηp

2 = 0.04. The English and the Cantonese musicians matched
on age, F(1, 113) = 0.83, p = 0.36.

Concerning non-verbal intelligence, the main effect of
language was significant, F(1, 113) = 4.21, p = 0.04, ηp

2 = 0.04,
but not the main effect of musicianship, F(1, 113) = 2.06,
p = 0.15. Pairwise comparison showed that the Cantonese

FIGURE 1 | Mean pitch score of the Cantonese musicians, Cantonese
non-musicians, English musicians, and English non-musicians. The error bars
represent the standard error of the mean.

FIGURE 2 | Mean rhythm score of the Cantonese musicians, Cantonese
non-musicians, English musicians, and English non-musicians. The error bars
represent the standard error of the mean.

listeners outperformed the English listeners, F(1, 113) = 4.21,
p = 0.04, ηp

2 = 0.04. The interaction between language and
musicianship was not significant, F(1, 113) = 0.14, p = 0.71. Given
the group differences in age and non-verbal intelligence, these
two variables were controlled in the main analysis.

Main Analysis
To ascertain whether musicianship influenced the language
effect on musical pitch and rhythmic perception, a two-way
MANCOVA was conducted on pitch and rhythmic scores with
language (Cantonese and English) and musicianship (musician
and non-musician) as the between-subjects factors, and age
and non-verbal intelligence as the covariates (see Figure 1).
MANCOVA revealed significant main effects of language,
3 = 0.91, F(2, 110) = 5.78, p = 0.004, ηp

2 = 0.10, and
musicianship, 3 = 0.83, F(2, 110) = 11.58, p < 0.001, ηp

2 = 0.17,
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and the interaction between language and musicianship,
3 = 0.94, F(2, 110) = 3.61, p = 0.03, ηp

2 = 0.06.
Concerning musical pitch perception, there were significant

main effects of language, F(1, 111) = 5.78, p = 0.02, ηp
2 = 0.05,

and musicianship, F(1, 111) = 23.28, p < 0.001, ηp
2 = 0.17.

Consistent with previous studies, a clear language-to-music
transfer was found—knowing Cantonese seemed to offer the
listeners a perceptual advantage on musical pitch perception.
Expectedly, long-term musical experience also facilitated musical
pitch perception. Crucially, the interaction between language and
musicianship was also significant, F(1, 111) = 7.21, p = 0.01,
ηp

2 = 0.06. This hinted that the language-to-music transfer
was influenced by musicianship. Indeed, simple effects analysis
revealed that the Cantonese outperformed the English listeners
among the non-musicians, F(1, 111) = 12.97, p < 0.001,
ηp

2 = 0.11, but not among the musicians, F(1, 111) = 0.04,
p = 0.85. This further adds that knowing Cantonese is helpful only
to non-musicians.

To further elucidate the interaction, a one-way ANCOVA
was conducted on pitch score with group (Cantonese musicians,
Cantonese non-musicians, English musicians, and English non-
musicians) as the between-subjects factor, and age and non-
verbal intelligence as the covariates. The main effect of group
was significant, F(3, 111) = 11.21, p < 0.001, ηp

2 = 0.23.
Pairwise comparisons with Bonferroni adjustments showed that
the English non-musicians performed poorer than the Cantonese
musicians, p < 0.001, Cantonese non-musicians, p = 0.003, and
English musicians, p < 0.001. However, the Cantonese musicians,
Cantonese non-musicians, and English musicians performed
similarly, ps = 0.563, 0.423, 1.00.

Regarding rhythmic perception, the main effect of
musicianship was significant, F(1, 111) = 6.20, p = 0.01,
ηp

2 = 0.05, but not the main effect of language, F(1, 111) = 1.10,
p = 0.30. The interaction between musicianship and language
was not significant, F(1, 111) = 0.99, p = 0.32. Expectedly,
long-term music training facilitated rhythmic perception (see
Figure 2). However, language-to-music transfer was not evident
in rhythmic perception, nor was any interaction.

DISCUSSION

The present study investigated the interactive effects of
language experience and musicianship on music perception.
An interaction between language experience and musicianship
was found on musical pitch perception—Cantonese language
experience facilitated musical pitch perception among the non-
musicians but not among the musicians. Regarding rhythmic
perception, the musicians consistently outperformed the non-
musicians. No language or interactive effects were found.

Musicianship Influences Language Effect
on Musical Pitch Perception
The most crucial finding is that musicianship influences
language-to-music transfer. It is known that tone language
experience enhances musical pitch perception (Wong et al.,
2012; Bidelman et al., 2013; Chen et al., 2016; Zhang et al.,

2020). Strikingly, the present study found that language-to-
music transfer occurred only among non-musicians. Given
relevant musical experience, Cantonese language experience
was no longer beneficial to musical pitch perception. This is
reminiscent of two previous studies which investigated music-
language interaction in an opposite direction, i.e., music-to-
language transfer (Cooper and Wang, 2012; Maggu et al., 2018b).
Like the present study, Cooper and Wang found significant
interactive effects of musicianship and language experience
(though on tone word learning). While tone language experience
and musicianship each led to enhanced tone word learning,
their beneficial effects did not add up. Specifically, musicians
outperformed non-musicians only among the English listeners
but not among the Thai/Mandarin listeners. This previous
finding could be re-interpreted as such—musicianship aided
tone perception only in the absence of tone language experience
(Cooper and Wang, 2012; Maggu et al., 2018b). Though the
present study focuses on an opposite direction, i.e., language-
to-music transfer, a striking similarity was found—Cantonese
language experience facilitated musical pitch perception only
in the absence of long-term musical experience. Tentatively,
these collective results indicate the potential need to add a
new condition “Lack of relevant experience” to the OPERA
hypothesis: For cross-domain transfer to occur, one must not
possess long-term experience in the target domain.

With the potential condition “Lack” now identified, it would
be interesting to see how it operates. Concerning music-to-
language transfer, Thai/Mandarin musicians performed similarly
as English non-musicians and even tended to perform poorer
than Thai/Mandarin non-musicians (though not statistically
significant; Cooper and Wang, 2012; Maggu et al., 2018b).
Cooper and Wang (2012) ascribed this to an internal conflict
between language and music systems. Specifically, the authors
argued that music training drove Thai musicians to attend to
the fine-grained acoustic details of Cantonese tones; whereas
Thai language experience oriented them to ignore these details
and rely on coarse tonal percepts. In the context of language-
to-music transfer, the present study shows a seemingly different
case. Nuanced analysis showed that the Cantonese musicians
outperformed the English non-musicians. Also, the Cantonese
musicians performed similarly as the Cantonese non-musicians
and the English musicians. Unlike the previous studies which
reflected an internal conflict, our musicians simply did not benefit
from Cantonese language experience.

Speculatively, there were two possible causes for the above
phenomenon. Music entails finer pitch distinction than does
language (Patel, 2011, 2014). Also, musical pitch is more
functionally relevant to music than to language. Conceivably,
music training exerts stronger influence on musical pitch
perception than does language experience. Possibly, musicianship
might have already saturated the perceptual capacity for musical
pitch or periodicity, so language experience had no effect on it.
The term perceptual capacity is used here because it remains
uncertain whether the saturation occurred at the cortical or
subcortical levels. As mentioned above, the previous FFR study
only included Cantonese musicians and non-musicians (Maggu
et al., 2018a). Without measuring the FFR of English musicians,
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it was impossible to ascertain whether musicianship saturated the
subcortical plasticity to periodicity which could have otherwise
been enhanced by language experience. If the saturation occurs at
the subcortical level, Cantonese musicians and English musicians
are expected to show similar FFR on musical pitch perception.
The other possible cause of the above phenomenon was that the
musicians had developed a highly specialized cortical mechanism
for musical pitch perception (Tervaniemi et al., 2006; Rogalsky
et al., 2011). As such, the musicians needed not leverage on
language experience for musical pitch perception. By contrast, the
non-musicians might at least partially leverage on their language
experience for musical pitch perception. For the Cantonese non-
musicians, their linguistic experience in tone perception might
have translated into perceptual benefits on musical pitch. This
claim is supported by neural evidence that Cantonese non-
musicians showed left hemispheric lateralization on both tone
and musical pitch perception (Gu et al., 2013). To further verify
this claim, future fMRI studies can examine whether musical
pitch and tone perception recruit overlapping or separate cortical
regions among Cantonese musicians, Cantonese non-musicians,
English musicians, and English non-musicians.

At first glance, the present results contrasted the previous
neural findings (Maggu et al., 2018a). On the one hand, Maggu
et al. (2018a) reported that Cantonese musicians had stronger
FFR to musical pitch than Cantonese non-musicians. On the
other hand, our Cantonese musicians did not outperform
the Cantonese non-musicians on behavioral musical pitch
perception. Importantly, subcortical processing only underlies
one of the many cognitive operations involved in behavioral
perception (Holder, 1992; Law et al., 2013). While subcortical
neural encoding is a sine qua non, behavioral perceptual ability
may hinge on other cognitive operations. Indeed, there was
evidence that FFR measures did not correlate with behavioral
perception (English listeners; Yu and Zhang, 2018). Thus,
enhanced FFR of Cantonese musicians does not necessarily
indicate that they have a behavioral advantage on musical
pitch perception.

Bidirectional OPERA Hypothesis:
Revisiting “Precision”
The present result enriches the body of evidence on language-to-
music transfer (see text footnote 1) (Wong et al., 2012; Bidelman
et al., 2013; Chen et al., 2016; Zhang et al., 2020). In the
Musical Ear Test, the Cantonese non-musicians discriminated
musical pitch height and contour more accurately than did
the English non-musicians. This is consistent with previous
studies showing that tone language listeners outperformed non-
tonal language listeners on musical pitch perception (Wong
et al., 2012; Bidelman et al., 2013; Chen et al., 2016; Zhang
et al., 2020). Collectively, the present and previous findings
inform the OPERA hypothesis about bidirectionality—cross-
domain transfer not only occurs from music to language, but
also from language to music. As mentioned in the Introduction,
the OPERA hypothesis was originally devised to account for
music-to-language transfer. Nevertheless, it has good potential to
account for language-to-music transfer. I describe below some

potential directions on how the OPERA hypothesis could be
modified to broaden its coverage.

The converging evidence of language-to-music transfer,
herein and in previous studies, motivates a reconsideration of
how “Precision” should be defined (Wong et al., 2012; Bidelman
et al., 2013; Chen et al., 2016; Zhang et al., 2020). In the
original paper of the OPERA hypothesis, Precision was defined
as the extent to which “a perceiver requires detailed information
about the patterning of that feature in order for adequate
communication to occur” (Patel, 2011; p. 7). In terms of the
grain size, a pitch movement of only one semitone is structurally
important in music (e.g., from C to C#) but not in Cantonese
tones (Chow, 2012). By contrast, Cantonese tonal variations
typically involve more than three semitones (Yiu, 2013).
Regarding the word “requires”, neutralizing tonal information
in Mandarin sentences did not impede comprehension among
native Mandarin listeners (Patel et al., 2010). As such, Patel
(2011) argued that language processing could hardly entail a high
precision relative to music processing.

With its original definition of Precision, the OPERA
hypothesis was not very (if at all) predictive of language-to-
music transfer (Patel, 2011, 2012; Asaridou and McQueen, 2013;
Patel, 2014). This was because tone perception hardly requires
more precision on periodicity encoding than musical pitch
perception (Patel, 2011, 2014). The present study found robust
evidence that, although Cantonese tone perception required less
precision than musical pitch perception, Cantonese language
experience enhanced musical pitch sensitivity. Together with
similar previous findings, this finding implies the need to revisit
the definition of Precision. As described above, Patel (2011)
viewed Precision as domain-relative, i.e., music vs. language,
in which music always prevailed. Critically, the present study
indicates that Precision should be re-referenced on listeners—
relative to English listeners, Cantonese listeners engaged in
more precise pitch perception in their first language (due to
lexical tones); this precision positively transferred to the music
domain. This new specification also applies potently to music-
to-language transfer—musicians had more precise musical pitch
perception than non-musicians; and this precision aided lexical
tone perception. This new conception of Precision may help the
OPERA hypothesis cover bidirectional, and more specifically,
language-to-music transfer.

Absence of Language-to-Music Transfer
on Rhythmic Perception
Regarding rhythmic perception, the present study found no
evidence of language-to-music transfer. Originally, it was
hypothesized that the English listeners would outperform the
Cantonese listeners since English had a higher vocalic interval
variability than Cantonese (Nespor and Vogel, 1986; Warner
and Arai, 2001; Grabe and Low, 2002). However, no significant
main effect of language was shown, indicating that English
language experience did not lead to better performance beyond
Cantonese language experience. In fact, this finding is consistent
with a previous study which reported that Cantonese and
English listeners performed similarly on rhythmic perception
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(Wong et al., 2012). The present study has further added that task
easiness does not explain the lack of group difference, because the
rhythmic subtest of the Musical Ear Test showed no ceiling effect.

There are two possible explanations for the lack of language-
to-music transfer in rhythmic perception. Firstly, a previous
study showed that bilinguals having learnt two languages with
different rhythmic properties (syllable-timed Turkish and stress-
timed German) had enhanced rhythmic perception relative
to those having learnt two languages with similar rhythmic
properties (stress-timed German and English) (Roncaglia-
Denissen et al., 2013). In the present study, a majority (86%) of
the English listeners were monolinguals. However, the Cantonese
listeners in the present and previous studies were all L2 English
learners, meaning that they had learnt syllable-timed (i.e.,
Cantonese) and stress-timed (i.e., English) languages (Wong
et al., 2012). It was possible that native English language
experience indeed benefited the English listeners’ rhythmic
perception; but then this advantage was masked by the Cantonese
listeners’ enhanced rhythmic perception associated with bilingual
experience. As in many Asian countries, English language
instruction is compulsory in Hong Kong, so it would not
be feasible to recruit Cantonese monolinguals to verify this
hypothesis.

The other possible interpretation was that English language
experience simply did not lead to better rhythmic perception.
Although English has a high vocalic variability, duration is
not the primary acoustic cue for English vocalic contrasts, e.g.,
tense vs. lax and full vs. reduced (Zhang et al., 2020). As
such, language-to-music transfer was absent in the present and
previous studies (Wong et al., 2012). Interestingly, Japanese
listeners perceived rhythm more accurately than did Mandarin
listeners (Zhang et al., 2020). The authors reasoned that Japanese
had better durational sensitivities due to the presence of long
and short vowel contrasts. These vowel contrasts are, however,
absent in English.

FUTURE DIRECTION AND CONCLUSION

Aiming to provide a broad picture of how musicianship
influenced the language effect on musical pitch perception, the
present study viewed musicianship as a binary variable. In reality,
musicians can be further categorized as amateur or professional
musicians. Future studies may adopt a more fine-grained
research design (2 language × 3 music groups) to see whether
musicianship and language experience interact differently
between amateur and professional musicians. Although non-
verbal intelligence and age can be controlled statistically, future
studies are encouraged to enhance stringency by recruiting
matched subjects prior to experiment.

In conclusion, the present study identified an interactive
effect of language experience and musicianship on musical
pitch perception. Specifically, Cantonese language experience
facilitated musical pitch perception only in the absence of
long-term musical experience. With similar evidence that
musicianship enhanced tone perception only in the absence
of tone language experience (Cooper and Wang, 2012; Maggu

et al., 2018b), a new condition “Lack of relevant experience”
could be considered for the OPERA hypothesis. Apart from
the interactive effect, the present study also found evidence of
language-to-music transfer. Together with previous studies, this
informs the OPERA hypothesis about bidirectionality (Wong
et al., 2012; Bidelman et al., 2013; Chen et al., 2016; Zhang
et al., 2020). As described previously, the OPERA hypothesis was
not devised for language-to-music transfer. As such, it’s current
conception of Precision does not readily allow language-to-music
transfer. To better account for the bidirectionality, Precision
could be re-referenced on listeners (rather than domains).
Clearly, this study does not speak the last word on cross-
domain transfer nor music and language interaction. Future
studies are needed to further inform (i) how Precision could be
redefined and (ii) whether the OPERA hypothesis could evolve
into the O-PEARL (Overlapping, Precision, Emotion, Attention,
Repetition, Lack) hypothesis.
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Purpose: This study is to investigate whether Cantonese-speaking musicians may

show stronger CP than Cantonese-speaking non-musicians in perceiving pitch directions

generated based on Mandarin tones. It also aims to examine whether musicians may be

more effective in processing stimuli and more sensitive to subtle differences caused by

vowel quality.

Methods: Cantonese-speaking musicians and non-musicians performed a categorical

identification and a discrimination task on rising and falling continua of fundamental

frequency generated based on Mandarin level, rising and falling tones on two vowels

with nine duration values.

Results: Cantonese-speaking musicians exhibited a stronger categorical perception

(CP) of pitch contours than non-musicians based on the identification and discrimination

tasks. Compared to non-musicians, musicians were also more sensitive to the change

of stimulus duration and to the intrinsic F0 in pitch perception in pitch processing.

Conclusion: The CP was strengthened due to musical experience and musicians

benefited more from increased stimulus duration and were more efficient in pitch

processing. Musicians might be able to better use the extra time to form an auditory

representation with more acoustic details. Even with more efficiency in pitch processing,

musicians’ ability to detect subtle pitch changes caused by intrinsic F0 was not

undermined, which is likely due to their superior ability to process temporal information.

These results thus suggest musicians may have a great advantage in learning tones of a

second language.

Keywords: categorical perception, musical experience, intrinsic F0, stimulus duration, tone

INTRODUCTION

Pitch, the perceptual correlate of fundamental frequency (F0), plays an important role in both
music and language. Musicians and tone language speakers have in common enhanced sensitivity
to small pitch changes associated with meaningful units, namely melodies for musicians and words
for speakers of a tone language. While the effects of musicianship and experience with lexical tones

49

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2021.713949
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2021.713949&domain=pdf&date_stamp=2021-10-14
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sarah.chen@polyu.edu.hk
https://doi.org/10.3389/fpsyg.2021.713949
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.713949/full


Chen et al. Categorical Perception and Musical Experience

have been separately studied among native and non-native
speakers of tone languages, respectively, the effects of musical
experience on lexical tone perception among speakers of lexical
tone languages have been rarely investigated. To fill this research
gap, the current study investigates the effects of musical training
and categorical perception (CP) of tones among tonal speakers.
Potential factors such as stimulus duration and vowel quality are
also explored.

This study aims to better understand the relationship between
musical experience and linguistic processing by comparing native
Cantonese musicians and non-musicians on their categorization
of falling and rising pitch continua, representative of Mandarin
tones. The continua are realized on a high [i] and a low
vowel [a], associated with a high and a low intrinsic F0,
respectively (Whalen and Levitt, 1995). Unlike Mandarin,
Cantonese contrasts six lexical tone categories in open syllables
(Xu and Mok, 2012). In addition, while the four Mandarin
tones contrast with each other in terms of direction of F0
movement (level, falling, and rising), three of the six tones in
Cantonese tones differ in pitch height. Therefore, Cantonese
listeners place more emphasis on average height of F0 contour
than do Mandarin listeners when processing tones (Peng et al.,
2012). This may explain why, besides Mandarin tone 2 (high-
rising) vs. tone 3 (low-falling-rising), Cantonese speakers have
additional difficulties differentiating Mandarin tone 1 (high-
level) formMandarin tone 4 (high-falling) (Hao, 2012). However,
due to their denser tonal system, native Cantonese listeners
may be more efficient in processing pitch variation than native
Mandarin listeners (Lee et al., 1996; Zheng et al., 2012).

Relationship Between Music and Language
Previous behavioral research has found that musical experience
improves lexical tone perception among non-native tone
speakers. For example, English-speaking musicians were
significantly more skilled at identifying or discriminating
Mandarin tones (Alexander et al., 2005; Lee and Hung, 2008)
than English-speaking non-musicians, even when only partial
F0 information was present (Lee and Hung, 2008). Additionally,
novice English musicians were more accurate and faster than
non-musicians in their discrimination of Thai tones (Burnham
et al., 2015).

Neurophysiological data has also revealed the facilitative
effects of musicality on lexical tone processing. For instance,
enhanced event-related brain potentials (ERPs) associated with
Mandarin tone deviants were observed in French-speaking
musicians compared to non-musicians (Marie et al., 2012).
Furthermore, correlations between F0 tracking quality and the
amount of musical training and performance on identification
and discrimination of Mandarin syllables were positive (Wong
et al., 2007). Similarly, brainstem frequency following response
(FFR) to homologs of musical intervals and of lexical tones
showed that pitch tracking and pitch strength were more
robust for Englishmusicians compared to English non-musicians
(Bidelman et al., 2011). The above findings indicated the overlap
in music and language perception, suggestive of a common
perceptual substrate for the two domains (Maggu et al., 2018).
To account for how musical experience may benefit speech

processing, Patel (2011, 2012), and Patel (2014) proposed
a neurocognitive model, OPERA, which stands for Overlap,
Precision, Emotion, Repetition, and Attention. According to this
model, speech processing benefits in musicians are attributed
to overlapping brain networks engaged during speech and
music perception.

In comparison to studies conducted on non-tone speaking
musicians and non-musicians (Gottfried and Riester, 2000;
Gottfried et al., 2004; Alexander et al., 2005; Gottfried, 2007;
Wong and Perrachione, 2007; Lee and Hung, 2008) which largely
revealed an overlap between music and language perception,
the interaction between music and language among native tone
speakers is not conclusive. For example, Tang et al. (2016) found
increased neural activity in the discrimination of Mandarin
tones (Tone 1 and Tone 2) and musical notes (C4 and G3 in
piano timbre) among Mandarin-speaking musicians compared
to Mandarin-speaking non-musicians. Similarly, Ong et al.
(2020) found that Cantonese musicians were more accurate than
non-musicians in their ability to discriminate and identify the
most challenging tone pair (T23–T25). On the other hand, Thai
musicians in Cooper andWang (2012) were not superior to Thai
non-musicians (or English-speaking musicians) in their ability
to associate a change in pitch to a change in lexical meaning.
Mok and Zuo (2012) found that, while French and English-
speaking musicians outperformed non-musicians in their ability
to identify Cantonese tones and their pure tone analogs, such
musical advantage was not observed among native Cantonese
listeners, suggesting that the linguistic and musical processing
may belong to separate but overlapping domains, at least among
native tone speakers.

In sum, behavioral and electrophysical studies have found that
musical experience facilitates pitch perception among non-tone
musicians. However, the facilitative effects of musical experience
on pitch perception among native speakers of lexical tones
remain inconclusive.

Musical Experience and Categorical
Perception of Lexical Tones
Categorical perception, a classic paradigm in speech perception,
refers to the ability to perceive and group linguistically distinct
categories with equal physical changes along a continuum
(Liberman et al., 1957). The results of prior research suggested
that tonal continua were largely perceived categorically by native
tone listeners (Abramson, 1975;Wang, 1976; Francis et al., 2003),
but continuously by non-native tone listeners (e.g., Hallé et al.,
2004; Peng et al., 2010).

It has been reported that musical experience modulates CP of
non-speech and speech F0 continua (Zatorre and Halpern, 1979;
Howard et al., 1992; Wu et al., 2015; Zhao and Kuhl, 2015a; Chen
et al., 2020), suggesting that experience with the distinguishing
of pitch categories defined along an F0 continuum in the musical
domain (i.e., musical notes) may induce CP of both linguistic and
non-linguistic F0 continua. For example, Zatorre and Halpern
(1979) found that perception of a continuum of major and minor
thirds whose component tones were sounded simultaneously was
more categorical among musicians than among non-musicians.
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Similarly, Howard et al. (1992) found that the ability to
label members of a computer-synthesized continuum of major
to minor was more categorical among the most musical
compared to the least and the moderate musical listeners. Wu
et al. (2015) compared identification and discrimination of
Mandarin Tone 1–Tone 4 continuum by Mandarin musicians
and non-musicians. While the steepness and the location
of the category boundary as well as the between-category
discrimination were comparable between the two groups, within-
category discrimination was found to be enhanced among the
musicians. The results suggested that musicality refines low-
level auditory perception without interfering with higher-level,
categorical processing of lexical tonal contrasts in native tonal
listeners. Recently, Chen et al. (2020) found that perception
of level-to-rising and level-to-falling pitch continua was more
categorical among English-speaking musicians than among
English-speaking non-musicians. Zhu et al. (2021) examined
CP of Mandarin Tone 2–Tone 4 continuum and its non-
speech, pure tone analogs, and found that mean amplitude of
the mismatch negativities (MMNs) elicited by within-category
deviants was significantly larger among amateur musicians than
non-musicians for both types of continua. This result suggests
that musical advantage extends to auditory processing of pitch
at the pre-attentive level and is not confined to professional
musicians. According to Bidelman (2017), musical training
may improve the abilities of representing auditory objects and
matching incoming sounds to memory templates, and these
improved abilities may provide musicians with advantages in CP
of speech.

However, musical training does not always promote or
enhance CP among either non-native or native speakers of
lexical tones. For example, Zhao and Kuhl (2015a) compared
the perception of Mandarin Tone 2-Tone 3 continuum among
English-speaking musicians, English-speaking non-musicians,
and Mandarin-speaking non-musicians and found that in
contrast to native Mandarin non-musicians, English-speaking
musicians and non-musicians perceived the continuum non-
categorically, and while short-term perceptual training improved
perception, no evidence of categorical formation among
either musicians or non-musicians post training. According to
Bidelman et al. (2011), “Pitch encoding from one domain of
expertise may transfer to another as long as the latter exhibits
acoustic features overlapping those with which individuals have
been exposed to from long-term experience or training” (p. 432).
Zhao and Kuhl (2015b) compared musical pitch and lexical
tone discrimination among Mandarin musicians, Mandarin
non-musicians, and English musicians. No difference between
Mandarin musicians and non-musicians was found in their
sensitivity to lexical tones or in the pattern of within-pair
sensitivity to the tone pairs. The English musicians showed
significantly higher overall sensitivity to lexical tones than the
two Mandarin groups and exhibited a different pattern of
within-pair sensitivity, indicating that the processing of musical
pitch and lexical pitch might be independent in nature. In
addition, Chen et al. (2020) reported that Mandarin musicians
did not consistently perceive rising and falling pitch directions
more categorically than Mandarin non-musicians. A plausible

explanation is that perception of music and speech may implicate
distinct processing mechanisms, and the processing of lexical
tones makes use of other phonetic cues (e.g., duration and
amplitude) besides F0 (Liu and Samuel, 2004; Lee and Lee, 2010).
Maggu et al. (2018)’s finding that Cantonese musicians did not
differ from non-musicians on the brainstem encoding of lexical
tones, but that they showed a more robust brainstem encoding
of musical pitch as compared to non-musicians lends further
support to the hypothesis that distinct mechanisms are engaged
in the encoding of linguistic and musical pitch among native
tone speakers.

To further probe the interaction between musical and
linguistic training on pitch perception, we compared
CP of Mandarin tones among Cantonese musicians
and non-musicians.

The Role of Stimuli Duration and Vowel
Quality in Perception of Tones
It has been found that perception of shorter vowels is more
categorical than perception of longer vowels, suggesting the
role of stimulus duration in CP. Duration is purported as one
possible acoustic dimension affecting representation strength.
According to the cue-duration hypothesis, acoustic information
of consonants (e.g., formant transitions) is relatively short and
less represented while information of formants in vowels is
longer and better represented in auditory memory (Fujisaki and
Kawashima, 1970). Moreover, the interaction between tones and
the perceived vowel duration has been reported in several studies
(Yu et al., 2014; Wang et al., 2017). For example, Yu et al.
(2014) argues that perceived duration may be affected by F0
slope and height. Usually, syllables with dynamic F0 tend to
be perceived as longer than those with flat F0. These results
suggest an interaction between perceived duration and tonal
shapes. Duration of stimulus also plays a critical role in pitch
contour perception. It has been reported that for both native
Mandarin and English speakers, the strength of CP increased as
stimulus duration increased. In addition, native Chinese listeners
showed stronger effects from stimulus duration in terms of
category boundary sharpness, between- and within- category
discrimination, and peakedness compared to native English
listeners (Chen et al., 2017). These results are inconsistent with
the cue-duration hypothesis stating that longer stimuli will be
processed with weaker CP. They also revealed an influence of
tone language background to the duration effect (Chen et al.,
2017).

Also, a few studies reported enhanced processing of duration,
both pre-attentively and attentively among musicians. For
example, Marie et al. (2012) found larger pre-attentive and
attentive responses to duration deviants among native speakers
of Finnish, a language with phonemic vowel length contrast,
and French musicians relative to non-musicians. In another
study, Chobert et al. (2014) found that both the passive and
the active processing of vowel duration and voice-onset-time
(VOT) deviants were enhanced in musicians compared with
non-musician children. These findings suggested that linguistic
and musical expertise similarly influenced the processing of

Frontiers in Psychology | www.frontiersin.org 3 October 2021 | Volume 12 | Article 71394951

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Chen et al. Categorical Perception and Musical Experience

pitch contour and duration in music and language, possibly
because they tapped on the same pool of neural resources (Besson
et al., 2011). The duration effect was mostly examined on native
speakers or non-tonal speakers. Therefore, it is worth examining
whether similar duration effect can be observed amongmusicians
and non-musicians with a tone language background.

In addition to stimulus duration, intrinsic F0 effects have
been recently reported to contribute to CP (Chen et al., 2017).
Intrinsic F0 effects refer to the consistent correlation between F0-
values and vowel height (Whalen and Levitt, 1995). In speech
production, high vowels are correlated with higher F0-values and
low vowels with low F0-values. But such correlation is reversed in
speech production, namely, high vowels are perceived to have a
lower F0-value when they actually share the same F0 (Wang et al.,
1976; Stoll, 1984). Yu et al. (2014) also proposed a hypothesis
that if perceptual compensation occurs for high vowels, where
they are perceived to have a lower F0-value, then high vowels
may in turn be perceived as longer. Chen et al. (2017) found
that Mandarin and English listeners required a longer duration
to perceive a tone on a low vowel than a high vowel. Chen et al.
(2020) also reported that vowel quality significantly contributed
to tone identification and sharpness of category boundary in
English and Mandarin musicians. Vowel quality also plays a role
in tone perception especially for musicians and they were better
at teasing apart the factor of vowel quality that may affect the
F0 cue than non-musicians. The current study aims to examine
the factor of vowel quality in tone perception by non-native tonal
speakers with and without musical experience.

The Current Study
We have three research goals for the current study: (1) to
investigate the effects of musical experience on CP of pitch in
a non-native language by native speakers of a tone language;
(2) to examine how longer stimulus duration affects auditory
categorization of pitch among non-native tonal musicians and
non-musicians; (3) to investigate if musicians are more sensitive
to factors that may potentially influence pitch processing such as
vowel quality and pitch directions than non-musicians.

METHODOLOGY

Participants
A total of 28 native speakers of Cantonese participated in the
experiment. All participants speak Cantonese as the first and
dominant language and they also speak English and Mandarin.
Of all the participants, 14 were musicians (seven males, seven
females; mean age± SD: 23.79± 2.40; age range: 19–27) and the
other 14 were non-musicians (seven males, seven females; mean
age ± SD: 23.86 ± 2.70; age range: 19–27). The musicians began
receiving formal musical training of western music instruments
at an average age of 6.96 (± 1.95) years and all had regular
practice of the instruments at the time of the experiment (mean
years of musical experience ± SD: 16.80 ± 3.31; range: 10–
23). The non-musicians did not receive any after-school musical
training. To confirm that the two groups of participants had
similar background of Mandarin learning, we further collected
information on the onset age of Mandarin learning, years of

Mandarin learning as well as self-reported proficiency of reading,
writing, listening, and speaking abilities in Mandarin on a five-
point scale as listed in Table 1 (Point 1 indicates the lowest
level of proficiency and point 5 indicates the highest level of
proficiency). The participants reported no history of speaking,
hearing, or language difficulty.

Stimuli
To examine the role of vowel quality, two sets of stimuli were
created in the same way on low and high vowels [a] and [i].
A male native speaker of Mandarin with no reported speaking
or hearing problem produced the Mandarin syllables [a] and [i]
with the high-level Tone 1 using an Audio-Technica AT2020
microphone in a soundproof booth of the phonetics lab at
the University of Florida. For each set of stimuli, the pitch
contour of the original target syllable was manipulated with the
pitch synchronous overlap add (PSOLA) method (Moulines and
Laroche, 1995) in Praat (Boersma and Weenink, 2015). Our
stimuli were all linear, and the slope and intercept parameters
followed the estimates of a previous study based on a corpus of
Mandarin speech (Prom-on et al., 2009). According to Prom-
on et al. (2009), the slope and intercept for the rising Tone 2 in
Mandarin are 93.4 and −2.2 st, respectively. Equation (1) below
was used to transform st from Hertz (Hz):

Number of st =
12

log102
∗ log(F02/F01) (1)

where F01 and F02 represent the lower F0 and the higher F0, and
the number of st measures the distance between F01 and F02 in
Hz (Lehnert-LeHouillier, 2013). Following Xu et al. (2006), we
set the F02-value at 130Hz, and calculated the F01-value based on
the chosen F02-value and the intercept value of−2.2st.

For each vowel, nine durations were manipulated: 200, 180,
160, 140, 120, 100, 80, 60, and 40ms. In total, there were 18
continua (9 duration ∗ 2 vowels). The stepwise onset values
with different duration values for the rising tone are as shown
in Table 2 and those for the falling tone are listed in Table 3.
Figures 1, 2 are examples of two rising continua with the
durations of 200 and 40 ms.

Using a rising continuum as an example, we describe how
steps in a continuum are calculated as follows. First, the offset

TABLE 1 | Participants’ background information.

Factor Musician Non-musician

Age 23.79 ± 2.40 23.86 ± 2.70

Onset age of musical training 6.96 ± 1.95 N/A

Years of musical training 16.80 ± 3.31 N/A

Onset age of Mandarin learning 5.43 ± 2.26 5.79 ± 1.82

Years of Mandarin learning 7.85 ± 2.56 8.14 ± 2.20

Self-reported reading ability in Mandarin 4.57 ± 0.49 4.71 ± 0.45

Self-reported writing ability in Mandarin 4.43 ± 0.73 4.36 ± 0.48

Self-reported listening ability in Mandarin 3.64 ± 1.11 3.71 ± 0.45

Self-reported speaking ability in Mandarin 3.64 ± 0.72 3.50 ± 0.50
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TABLE 2 | Onset values for each step varied by duration for linear rising pitch directions.

Duration 0.2 0.18 0.16 0.14 0.12 0.1 0.08 0.06 0.04

Step 0 196.56 187.56 178.97 170.78 162.96 155.50 148.38 141.59 135.11

Step 1 179.43 172.62 166.09 159.84 153.86 148.14 142.66 137.42 132.40

Step 2 163.12 158.31 153.69 149.26 145.02 140.94 137.04 133.30 129.72

Step 3 147.58 144.61 141.76 139.03 136.41 133.91 131.52 129.24 127.06

Step 4 132.77 131.49 130.27 129.13 128.05 127.04 126.11 125.24 124.43

Step 5 118.67 118.92 119.21 119.55 119.92 120.33 120.79 121.28 121.82

Step 6 105.23 106.89 108.57 110.28 112.01 113.78 115.57 117.39 119.24

TABLE 3 | Offset values for each step varied by duration for linear falling pitch directions.

Duration 0.2 0.18 0.16 0.14 0.12 0.1 0.08 0.06 0.04

Step 0 196.56 187.56 178.97 170.78 162.96 155.50 148.38 141.59 135.11

Step 1 179.43 172.62 166.09 159.84 153.86 148.14 142.66 137.42 132.40

Step 2 163.12 158.31 153.69 149.26 145.02 140.94 137.04 133.30 129.72

Step 3 147.58 144.61 141.76 139.03 136.41 133.91 131.52 129.24 127.06

Step 4 132.77 131.49 130.27 129.13 128.05 127.04 126.11 125.24 124.43

Step 5 118.67 118.92 119.21 119.55 119.92 120.33 120.79 121.28 121.82

Step 6 105.23 106.89 108.57 110.28 112.01 113.78 115.57 117.39 119.24

FIGURE 1 | Rising continua with duration of 200ms (top) and 40ms (bottom).

FIGURE 2 | Falling continua with duration of 200ms (top) and 40ms (bottom).

values for each duration were calculated with Equation (2):

X (t) = 93.4 ∗ t − 2.2 (2)

where t is the duration in s, and X(t) stands for the semitone
(st)-values at the offset of the tone. For example, for the 200ms
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continuum, t = 200ms (0.2 s) and the onset can be calculated by
setting t = 0 s, which is −2.2 st (or 123.02Hz); and the offset can
be calculated by setting t = 0.2 s, which is 16.48 st (or 196.56Hz).
Therefore, the onset-to-offset distance [i.e., 1X (t)] is 16.48 –
(−2.2) = 18.68 st in this case. Stimuli with various onsets were
created based on the calculated intercept value of −2.2 st, which
was also the cutoff point. The extreme points of onset values were
then determined so that the distance between the lowest onset
value (−8.43 st or 105.23Hz) and −2.2st was one third of the
distance between the highest onset value (16.48 st or 196.56Hz)
and −2.2st. The highest onset was defined as the same value as
the obtained offset value (196.56Hz) and is used to generate a
level tone with equal onset and offset values. After obtaining the
highest and lowest onsets, steps were created between them based
on the ERB scale instead of Hertz because the former reflects
natural perception (Xu et al., 2006). Seven stimuli with equal
perceptual distance were created for each duration value in a
continuum, and the onset values were then transformed back
into Hertz.

Our resynthesizing procedure is similar to Peng et al. (2010):
(1) we adjusted the duration of the stimuli to the duration values
in Tables 1, 2; (2) we peak normalized the stimuli to the same
intensity level; (3) We adjusted the pitch points according to the
values in Tables 1, 2. The set of stimuli used by Chen et al. (2020)
was used in this current study.

For the identification task, stimuli with a rising pitch
continuum were grouped in one block and those with a falling
pitch continuum were grouped in another block. There were
630 stimuli (5 repetitions ∗ 7 steps ∗ 9 duration ∗ 2 syllable) in
each block.

Since a one-step difference is too difficult to perceive (Francis
et al., 2003), so this study used two-step difference pairs for
the same-difference discrimination task. Again, the stimulus
presentation was blocked by rising and falling pitch directions.
Within each block, the different pairs were presented in either
the forward order (0–2, 1–3, 2–4, 3–5, 4–6) or the backward
order (2–0, 3–1, 4–2, 5–3, 6–4). All the same and different pairs
were repeated twice in the task. Overall, there were 612 trials in
each block [9 durations ∗ (7 same pairs + 10 different pairs) ∗ 2
syllables ∗ 2 repetitions].

Procedure
All the participants signed informed consent forms in
compliance with a protocol approved by the Human Subjects
Ethics Sub-committee at the Hong Kong Polytechnic University
and participated in the experiment with a GMH C 8.100
D headset at the Speech and Language Sciences Lab of the
Hong Kong Polytechnic University. An identification task and
a same-difference discrimination task were implemented in
E-Prime 2.0 (Schneider et al., 2012). There was one practice
block and two test blocks for each task where the practice block
always preceded the test block. Within each block, the order
of stimulus presentation was randomized. The order of block
presentation for each participant was also counterbalanced and
the block order was kept identical for the musician group and
the non-musician group.

Training and Practice
Prior to the actual tasks, the participants were first familiarized
with the tasks and the participants were required to identify the
pitch directions they heard by pressing the number key 1 for a
level tone and the number key 2 for a rising or falling tone in a
practice session of the identification task. In the practice session
for the same-difference discrimination task, the participants
listened to a pair of stimuli at a time and were asked to decide
whether the stimuli had the same or different pitch direction by
pressing the number key 1 for “the same” and the number key
2 for “different.” Only stimuli with the longest duration value
(0.2 s) at the two endpoints of each continuum were used for
the practice sessions. A minimum threshold [75% (12 out of 16
trials); 71% (17 out of 24 trials) for the identification and the
discrimination tasks, respectively] of correct responses was set
for each practice session to make sure that the participants were
able to finish the tasks and can identify or discriminate the pitch
directions with either a level or steep rising/falling tone with the
longest duration. Only those who passed the threshold proceeded
to the experimental tasks. The reasons for including the practice
session is that we need to make sure that the participants are
familiar with the procedure required by the tasks and are able
to press the right keys when listening to the pitch directions.

The Identification Task
In the identification task, the participants followed the same
procedure as in the practice session. Once they heard a stimulus,
they needed to decide whether it was a level tone or a
rising/falling tone by pressing “1” for the former and “2” for
the latter at a self-paced rate. The next stimulus was presented
automatically after a response was given.

The Same-Different Discrimination Task
In the discrimination task, the participants listened to a pair of
stimuli in each trial and were asked to decide whether the two
stimuli were the same or different in terms of pitch direction at a
self-paced rate. There were 34 trials of stimuli for each duration
value [(7 same pairs+ 10 different pairs) ∗ 2 repetitions]. The 34
trials were divided into five two-step comparison units: 0–2, 1–3,
2–4, 3–5, and 4–6, where each unit had four types of comparisons:
AA, AB, BA, and BB. The same trials were included. For example,
the 3–3 pair was included in both 1–3 and 3–5 units. Therefore,
there were eight trials (4 types of comparison ∗ 2 repetitions) for
each unit. In addition, the ISI of 500ms was used as previous
research suggests that 500ms is the time needed to maximize
the differences in between- vs. within-category discrimination
(Pisoni, 1973; Xu et al., 2006; Peng et al., 2010).

The stimuli were presented automatically after a response was
given. For further analyses, d-prime (d′) scores were computed
from raw discrimination responses with the Equation (3):

d′ = z(H)− z(F) (3)

where d’ is the d-prime score, H is the hit rate (i.e., “different”
response given for “different” trials), F is the false alarm rate (i.e.,
“different” response given for “same” trials) and z is z-transform
(Creelman and Macmillan, 2004).
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Data Analysis
There are three features of CP, namely a sharp category boundary,
a discrimination peak, and prediction of discrimination from
identification. The data obtained were, therefore, analyzed to
examine the effects of musical background (musicians vs. non-
musicians), pitch direction (rising vs. falling), vowel quality (low
vs. high), and duration (nine different duration values) on these
characteristics of CP.

The Identification Task
The identification data was analyzed to see if category boundary
sharpness and category boundary location were affected by pitch
direction type (falling vs. rising), vowel quality (low [a] vs. high
[i]), stimulus duration (nine values: 40–200 in 20ms increment)
and musicianship (musicians vs. non-musicians). To achieve
these goals, a generalized linear mixed model with subjects as a
random effect was fitted to the data using the lme4 package (Bates
et al., 2015) in R (R Core Team, 2018).

To perform the analyses, the data were divided into eight
subgroups based on musical background, pitch direction, and
vowel quality: FCMA, FCMI, RCMA, RCMI, FCNA, FCNI,
RCNA, and RNI, where F and R represent falling and rising pitch
directions, CM and CN stand for Cantonese musicians and non-
musicians, and A and I for [a] and [i] syllables. For example,
RCNA is the subset of data which includes rising pitch direction
(R) on the syllable [a] (A) identified by Cantonese non-musicians
(CN). Within each subgroup, a generalized linear mixed model
was fitted with identification scores (0 or 1) as the response
variable (the accuracy rate can be calculated from 0 and 1 s)
and step number (x = 0–6) as a factor. The model is similar
to a logistic regression model when only the fixed effects are
considered in Equation (4).

loge

(

p1

1− p1

)

= b0 + b1x (4)

In this equation, the coefficient b1 stands for the sharpness
of category boundary. To perform a post-hoc analysis on the
effects of sharpness of boundary by duration, we carried out
pairwise comparisons between different duration values for each
of the eight subgroups. Specifically, we fit a model treating the
coefficient b1 from each pair of duration values as the same and
conducted a likelihood ratio test to compare it to another model
that treats them as different. Significant differences between
the two models would indicate significant differences of the
coefficient b1 between two duration values. We also tested
whether musical background, pitch direction and vowel quality
would influence the values of b1. In addition, we modeled the
relationship between the sharpness of category boundary and
duration for musicians and non-musicians.

For category boundary location, after obtaining the estimates
for b0 and b1, P1 = 0.5 was used to estimate the step number at
category boundary within musician and non-musician groups, as
shown in Equation (5):

xcb = −b0/b1 (5)

Once the individual category boundary was obtained for subjects
in each subgroup, a linear mixed effects model was fitted, with
pitch direction, musicianship, duration, and vowel quality as
fixed effects and subjects as random effects, followed by post-
hoc analyses. Linear regression models were fitted separately for
musicians and non-musicians to test the relationship between
duration and category boundary.

Finally, formulas for minimum stimulus duration required to
perceive a rising or a falling F0 from a level F0 were derived
using Equation (6):

t = b0 + b1d (6)

where t is the duration needed to perceive d st differences
from level tones. For each duration value, the estimated step
(identification rate equaled 0.5) was recorded and set as a cut-
off point. Step numbers smaller than this point indicated that
the stimulus was more likely to be identified as a level tone. The
step number was transformed back to st-values with respect to
the baseline (level tone as step 0) for each duration value. Linear
mixed effects models were then fitted to obtain a relationship
between cut-off st-values and duration, and it was assumed that
the cut-off st-values were the smallest values for a rising or
falling pitch direction to be perceived as different from a level
tone. Minimum stimulus duration formulas for each of the eight
subgroups were derived separately, and more general formulas
for musicians and non-musicians to perceive each pitch direction
were also obtained.

The Discrimination Task
d-prime’s scores based on correct (hits) and incorrect (false
alarms) responses were obtained in the discrimination task, and
a generalized linear mixed model were fitted with duration,
musical background, and vowel quality and all the two-way
and three-way interactions as fixed factors and subject as a
random factor.

To explore the relationship between between-and within-
category discrimination, d-prime scores of between- and within-
category discrimination for each subgroup according to its
category boundary was calculated (Wu et al., 2015). The d-prime
scores were calculated for all nine duration values. When the
category boundary was <1 or >5, the d-prime score was not
calculated, because the steps were constrained between 0 and 6
steps. Linear mixed-effects models were then fitted to examine
the contribution of musical background, pitch direction, vowel
quality, and duration to the d-prime scores, followed by post-hoc
analyses. Pairwise comparison of duration was performed, and
linear regression models were fitted to examine the relationship
between discrimination scores and duration.

The peakedness of discrimination function was estimated
from the difference between Pbc and Pwc. Pbc (between-
category discrimination) is defined as P of the comparison
unit corresponding to the category boundary, and Pwc (within-
category discrimination) is defined as the average of two
comparison units at the extremes of the continuum (P02 and
P46) (Pisoni, 1973). Linear models were fitted to examine
whether there were any significant contributing factors. Pairwise
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comparison of duration with respect to peakedness was
conducted, and regression models were also fitted to investigate
the relationship between peakedness and duration.

Predicting Discrimination From Identification
According to Pollack and Pisoni (1971), the predicted
discrimination score P∗ can be calculated by Equation (7):

P∗ =
[

1+ (PA − PB)
2
]

/2 (7)

where PA and PB are the identification scores in a comparison
unit. This equation assumes that the discrimination can be
solely determined by the identification of the two stimuli
A and B. The correlation between the predicted and the
observed discrimination scores for each comparison subgroup
was calculated based on different trials of stimuli A and
B by optimizing linear regression models after Fisher’s z
transformation. Next, the effects of musical background, pitch
direction, vowel quality, and duration on the correlation was
tested. The mean difference between the predicted and observed
discrimination scores P – P∗ were also calculated. The optimized
linear model was selected based on the stepwise optimization
algorithm using the function “step” (Hastie and Pregibon,
1992) to model the relationship between the distance and the
tested variables.

RESULTS

Identification
A generalized linear mixed effects model was fitted to the
pitch direction (i.e., level vs. rising/falling) identification data
obtained from Cantonese listeners with and without musical
experience. The dependent variable was response rate, and the
independent variables included vowel quality, pitch direction,
duration, musical experience, and their interactions. The results
revealed significant main effects of vowel quality [χ2

(1)
= 26.503,

p < 0.001] and pitch direction [χ2
(1)

= 104.9, p < 0.001] as well

as a marginally significant main effect of duration [χ2
(1)

= 3.285,

p = 0.07]. The main effect of musical experience, however, did
not reach significance [χ2

(1)
= 1.017, p = 0.313]. These results

indicated that a syllable with the high vowel [i] was more likely
to be identified as a level tone than a syllable with the low
vowel [a], and a rising syllable was more likely to be identified
as a level than a falling syllable. The chance of a syllable being
identified as a level tone also decreased with the increase of
syllable duration. The two-way interactions were significant for
vowel quality and musical experience [χ2

(1)
= 9.356, p = 0.002],

musical experience and pitch direction [χ2
(1)

= 21.465, p< 0.001],

and musical experience and duration [χ2
(8)

= 169.99, p < 0.001].

Post-hoc tests suggested that (1) vowel quality did not influence
the identification of non-musicians, but musicians were more
likely to identify a high vowel /i/ as a level tone; (2) both groups
of participants were more likely to identify a falling syllable as
a level tone; (3) with the increase of duration, musicians tended
to identify a syllable as a rising/falling tone, while non-musicians
tended to identify a syllable as a level tone.

Sharpness of Category Boundary
The estimates of the coefficient b1 (sharpness of category
boundary) of all nine stimulus durations for each subgroup are
plotted in Figure 3. From Figure 3, it is evident that category
boundary becomes sharper as the stimulus duration increases
for all subgroups. In addition, overall, the musicians showed a
sharper category boundary than the non-musicians.

We extracted all the values of category boundary sharpness
b1 and treat it as the dependent variable. The independent
variables included vowel quality, pitch direction, duration,
musical experience, and their interactions. Likelihood ratio tests
revealed significant effects of musical experience [χ2

(1)
= 97.687,

p < 0.001]; pitch direction [χ2
(1)

= 26.733, p < 0.001]; and

vowel quality [χ2
(1)

= 26.503, p < 0.001]. These results suggested

that, on average, category boundary was significantly sharper
for musicians than non-musicians [b1 = 0.587 vs. 0.363]; for
the rising pitch than the falling pitch direction [b1 = 0.536 vs.
0.414], and for the high vowel /i/ than the low vowel /a/ [b1 =

0.483 vs. 0.483]. There were also significant interactions between
musical experience and pitch direction [χ2

(3)
= 150.47, p< 0.001],

between musical experience and vowel quality [χ2
(3)

= 110.48, p

< 0.001], and between musical experience and duration [χ2
(10)

=

3686.4, p < 0.001]. For both groups of listeners, follow up tests
revealed higher b1 (sharper category boundary) values for the
rising than the falling pitch directions and for the high vowel [i]
than the low vowel [a]. However, none of the differences reached
statistical significance.

FIGURE 3 | Sharpness of category boundary for Cantonese musicians (upper)

and non-musicians (lower).
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FIGURE 4 | Plots with and without outliers. The upper figures present the original data, which are severely left-skewed. The right figures represent the data after

removing the outliers, which are normally distributed.

To examine the significant interaction between musicianship
and stimulus duration on category boundary sharpness,
regression models were separately fitted for musicians and
non-musicians. For the musicians, a regression model with
an extra quadratic term did not significantly improve the
model compared to a linear regression model, as suggested
by a likelihood ratio test [χ2

(2)
= 0.187, p = 0.911]. The linear

regression model in Equation (8) was thus selected and it
captured the relationship between the duration and sharpness
well [F(1,34) = 153.1, p < 0.001; adjusted R2 = 0.813]. For the
non-musicians, a regression model with an extra quadratic term
did not significantly differ from a linear regression model [χ2

(2)

= 2.214, p = 0.331], so the linear model in Equation (9) was
adopted [F(1,34) = 251.7, p < 0.001; adjusted R2 = 0.878].

b1 = 7.067 ∗ d − 0.261 (8)

b1 = 4.498 ∗ d − 0.177 (9)

The formulae show that the sharpness of category boundary for
both Cantonese musicians and non-musicians increases with the
stimulus duration, but the musicians exhibit a steeper slope and
thus have a faster increment of sharpness of category boundary
with increased duration.

Category Boundary Location
Category boundary for each subgroup and each duration value
was calculated based on the estimated coefficients b0 and b1 from

the generalized linear models. After removing all the outliers1 as
illustrated in Figure 4, we plotted the category boundary against
stimulus duration for each subgroup in Figure 5.

In general, we see that category boundary shifted to smaller
values as the stimulus duration increased. A linear regression
model was fitted, where the dependent variable was category
boundary, and the independent variables included musicianship,
vowel quality, duration, and pitch direction. A significant effect of
stimulus duration (p < 0.001) was found, but a marginal effect of
musical experience was identified (p= 0.068), wherein boundary
locations were smaller for non-musicians than musicians. No
effects of vowel quality (p= 0.143) or pitch direction (p= 0.846)
were found.

To capture the relationship between category boundary
location and stimulus duration for Cantonese musicians and
non-musicians, regression models were fitted to the data. For
the musicians, no significant difference was observed between
a regression model with only the slope and intercept terms and
a regression model with an extra quadratic term, as suggested
by a likelihood ratio test [χ2

(1)
= 1.793, p = 0.181], so the

simple model [F(1,24) = 33.77, p < 0.001; adjusted R2 = 0.567]
was adopted [Equation (10)]. Similarly, for the Cantonese non-
musicians, no significant difference was found between a simple

1Following the Tukey’s method, outliers are defined as values above and below the

1.5 ∗ IQR (interquartile). The script for detecting and removing the outliers can be

found at: https://goo.gl/4mthoF.
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FIGURE 5 | Category boundary for Cantonese musicians and non-musicians.

The upper figure shows the category boundary of the musician group and the

lower one stands for that of the non-musician group.

model and a complex model [χ2
(1)

= 2.328, p = 0.127], so the

simple model [F(1,19) = 0.495, P = 0.490; adjusted R2 = −0.026]
was adopted [Equation (11)].

cb = −12.008 ∗ d + 5.068 (10)

cb = −3.409 ∗ d + 3.509 (11)

We can infer from the equations that the category boundary
shifted to smaller values as the stimulus duration increases, and
the decrease rate is faster for the musician group.

Same-Different Discrimination Task
The raw data of the same-different discrimination task were
transformed into a response of either 0 (same) or 1 (different)
to fit generalized linear mixed effects models to test the main
effects and interaction terms. The dependent variable was
the response variable, and the independent variables included
musicianship, vowel quality, duration, and pitch direction and
their interactions. The results revealed significant main effects of
vowel quality [χ2

(1)
= 6.451, p = 0.011], pitch direction [χ2

(1)
=

583.31, p < 0.001], and duration [χ2
(1)

= 2507.2, p < 0.001]. The

main effect of musical experience did not reach significance [χ2
(1)

= 2.377, p= 0.123]. The two-way interactions were significant for
vowel quality and musical experience [χ2

(2)
= 27.002, p < 0.001],

vowel quality and pitch direction [χ2
(2)

= 10.417, p = 0.005],

vowel quality and duration [χ2
(1)

= 4.867, p = 0.027], musical

experience and pitch direction [χ2
(1)

= 21.098, p < 0.001], and

music experience and duration [χ2
(1)

= 4.079, p = 0.043]. Post-

hoc tests showed the following: (1) themusicians tended to regard
the low vowel [a] stimuli as being the same compared to the high
vowel [i], while the non-musicians had the reversed pattern; (2)
the musicians were more likely to regard the stimuli as different
than the non-musicians, regardless of duration or pitch direction;
(3) the low vowel [a] stimuli were more likely to be regarded as
the same compared to the high vowel [i] stimuli, regardless of
the pitch direction or duration; (4) the rising pitch direction was
more likely to be treated as the same compared to the falling pitch
direction, regardless of duration values.

Between-Category Discrimination
For each subject, the d-prime scores of the comparison unit
corresponding to the category boundary were calculated. Linear
mixed-effects models were then fitted with d-prime scores as
the response variable, musical experience, pitch direction, vowel
quality, and duration as factors, and subjects as a random effect.
The main effects of musical experience [χ2

(1)
= 7.486, p= 0.006],

pitch direction [χ2
(1)

= 37.065, p < 0.001], and duration [χ2
(1)

= 33.938, p < 0.001] all reached significance. There were also
significant two-way interactions between musical experience and
pitch direction [χ2

(1)
= 29.447, p< 0.001], musical experience and

vowel quality [χ2
(1)

= 6.495, p= 0.039], pitch direction and vowel

quality [χ2
(1)

= 6.800, p= 0.033], and duration and vowel quality

[χ2
(1)

= 7.962, p= 0.004]. Post-hoc tests suggested that musicians

had higher d-prime scores than non-musicians regardless of
pitch direction, duration, or vowel quality. Also, the falling
pitch direction had higher d-prime scores than the rising pitch
direction for musicians, while the reversed pattern was observed
for non-musicians. In general, d-prime scores improved with the
increase of duration for both musicians and non-musicians.

Next, we fitted regression models for Cantonese musicians
and non-musicians to capture the relationship between between-
category d-prime scores (dependent variable) and duration. The
model for the musicians (Equation 12) was non-significant
[F(1,25) = 4.412, p = 0.459; adjusted R2 = 0.116], and the one
for non-musicians (Equation 13) was significant [F(1,18) = 8.014,
p= 0.011; adjusted R2 = 0.270].

bcd = 22.710 ∗ d − 3.073 (12)

bcd = 17.616 ∗ d − 1.975 (13)

Within-Category Discrimination
Within-category discrimination d-prime scores were calculated
for each subject. A linear mixed effects model was fitted where
the dependent variable was d-prime scores, and the independent
variables included musicianship, vowel quality, duration, and
pitch direction. The results showed significant main effects of
pitch direction [χ2

(1)
= 140.99, p < 0.001; mean d′ scores= 1.441

and 0.777 for falling and rising pitch directions, respectively],
and a marginally significant main effect of stimulus duration
[χ2

(1)
= 3.674, p = 0.055; mean d′ scores ranged from 0.988 to

1.240]. There was no significant effect of musical experience on
the d-prime scores.
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We then fitted regression models for Cantonese musicians
and non-musicians to capture the relationship between within-
category d-prime scores (dependent variable) and duration
(independent variable). The regression model for the musicians
as in Equation (14) was significant [F(1,25) = 6.747, p = 0.015;
adjusted R2 = 0.181]. The model for non-musicians as in
Equation (15) did not reach significance [F(1,18) = 2.67, p =

0.120; adjusted R2 = 0.081]. In general, the musicians had higher
scores than the non-musicians, although not all pairs showed
significant differences.

wcd = 0.812+ 5.886 ∗ d (14)

wcd = 0.305+ 5.775 ∗ d (15)

Peakedness
Peakedness of discrimination function was estimated by
calculating the difference between Pbc (between-category
discrimination) and Pwc (within-category discrimination). The
dependent variable is the peakedness value, and the independent
variables included musical experience, pitch direction and
stimulus duration. The main effects of musical experience
[χ2

(1)
= 5.828, p = 0.016] and pitch direction [χ2

(1)
= 10.434,

p = 0.001] and stimulus duration [χ2
(1)

= 12.412, p < 0.001]

reached significance. The two-way interactions between musical
experience and pitch direction [χ2

(1)
= 15.469, p < 0.001]

and between pitch direction and duration [χ2
(1)

= 3.970, p =

0.046] were also significant. In general, the musicians had larger
peakedness than the non-musicians regardless of vowel quality,
or duration. The rising pitch direction was always greater in
peakedness than the falling pitch direction. There was also a
general trend of greater peakedness with the increase of duration
for both groups of participants. Moreover, although musicians
had larger peakedness than non-musicians for the falling pitch
direction, the two groups had comparable peakedness for the
rising pitch direction.

Since musical experience was shown to influence the
peakedness, we fitted regression models for musicians and
non-musicians separately. However, the models suggested that
duration did not significantly contribute to the change in
peakedness for either musicians [F(1,18) = 3.341, p = 0.084;
adjusted R2 = 0.110] or for non-musicians [F(1,6) = 2.43, p =

0.170; adjusted R2 = 0.170]. The models are listed in Equations
(16) (musicians) and (17) (non-musicians).

pk = 0.339− 6.170 ∗ d (16)

pk = −0.704+ 6.825 ∗ d (17)

Predicted and Obtained Discrimination
The scores of the identification and predicted and obtained
discrimination for the eight subgroups are plotted in Figures 6–
8. Three duration values were selected for illustration: 200, 140,
and 80ms. In general, the musicians showed stronger CP than
the non-musicians. For both groups, the perception becamemore
categorical with the increase of the stimulus duration.

To confirm these observations, linear regression models were
fitted where correlation values between predicted and obtained

discrimination were the dependent variable, and the independent
variables included musical experience, vowel quality, duration,
and pitch direction. Significantmain effects ofmusical experience
[t(46) = 2.96, p= 0.006], pitch direction [t(46) = 2.11, p= 0.044],
and duration [t(46) = 2.46, p = 0.013] as well as significant two-
way interactions between musical experience and pitch direction
[t(46) = −3.01, p = 0.005] and between musical experience
and duration [t(46) = −3.20, p = 0.003] were obtained. These
results indicated that, overall, correlation between predicted and
obtained discrimination was stronger for non-musicians than
musicians and for the rising pitch direction than the falling pitch
direction. In addition, correlation for the rising pitch direction
obtained from both musicians and non-musicians was stronger
than that obtained for the falling pitch direction obtained from
musicians [FM < RM, χ

2
(1)

= 6.04, p = 0.014; FM < RN, χ
2
(1)

= 5.75, p = 0.016] but not from non-musicians [FN < RN, χ2
(1)

= 2.35, p= 0.125], suggesting that identification better predicted
discrimination of the rising pitch contour than the falling pitch
contour, particularly among musicians.

Next, we calculated the distances between the predicted and
obtained discrimination. A linear regression model suggested
a significant two-way interaction between musical experience
and vowel quality [t(234) = −2.30, p = 0.022] and a three-
way interaction among musical experience, duration and vowel
quality [t(234) =−2.09, p= 0.021]. Post-hoc tests showed that the
pairs FN vs. RN [FN > RN, χ2

(1)
= 4.146, p = 0.042] and MA vs.

NI [MA > NI, χ2
(1)

= 4.404, p = 0.036] were significant. For the

three-way interaction, we only found that the distance got larger
with the increase of duration, which was true for both groups and
for both vowels.

Summary of the Results
In sum, musicians’ perception of pitch direction in a non-native
language was generally more categorical than non-musicians.
Specifically, they exhibited sharper category boundary and were
also more sensitive to between-category differences than non-
musicians. In addition, they had greater peakedness of the
discrimination functions as well as higher correlation between
predicted and obtained discrimination. Surprisingly, however,
the relationship between between-category discrimination and
duration was significant for non-musicians but not formusicians.
In contrast, the relationship between within-category sensitivity
and duration was significant for musicians, but not for non-
musicians. In general, the musicians had higher scores than
the non-musicians. In response to our first research goal, these
results strongly suggested that musicians with a tonal language
background tended to have stronger CP of pitch in a non-
native language.

For our second research goal on examining the effects of
stimulus duration, we found that both musicians and non-
musicians benefited from increased stimulus duration, but
musicians were more sensitive than non-musicians to the
changes in stimulus duration reflected by more changes in the
sharpness of categoryand the location of category boundary.

Finally, we explored if musicians were more sensitive to
factors that may potentially influence pitch processing such
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FIGURE 6 | Logistic identification functions and discrimination curves for eight subgroups of Cantonese speakers with duration 200ms.
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FIGURE 7 | Logistic identification functions and discrimination curves for eight subgroups of Cantonese speakers with duration 140ms.
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FIGURE 8 | Logistic identification functions and discrimination curves for eight subgroups of Cantonese speakers with duration 80ms.
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as vowel quality and pitch directions. We found that vowel
quality did not significantly influence pitch identification among
non-musicians, but musicians were more likely to hear more
level tones on a high vowel /i/. In addition, both groups
showed sharper category boundary for the rising than the
falling pitch direction. However, the discrimination results were
inconsistent. For between category discrimination, the falling
pitch direction had higher d-prime scores than the rising pitch
direction formusicians, but the reversed pattern was observed for
non-musicians. For within-category discrimination, the results
showed significant higher d′ scores for the falling pitch than
rising pitch.

DISCUSSION AND CONCLUSION

Using a CP paradigm, this study explored the effects of musical
experience, stimulus duration, vowel quality on pitch direction
categorization among native Cantonese speakers. Rising and
falling pitch direction continua representative of Mandarin Tone
1–2 and Tone 1–4, varying in stimulus duration and vowel
height were presented to Cantonese-speaking musicians and
non-musicians for identification and discrimination. Sharpness
of category derived from the identification data suggested that,
in general, musicians exhibited sharper category boundaries
than non-musicians, an indication that their perception was
more categorical. The results were similar to English-speaking
musicians (Chen et al., 2020) and we did not find an obvious
ceiling effect of musical experiences reported for the Mandarin-
speaking musicians in their study. In addition, albeit statistically
non-significance, category boundaries were sharper for the rising
pitch direction than the falling pitch direction, and for the
high vowel [i] than the low vowel [a] for both groups of
listeners. These results suggested the universal psychoacoustic
effects of pitch direction and vowel intrinsic F0, but a unique
effect of musical experience on pitch direction identification.
Specifically, rising F0 and higher intrinsic F0 associated with a
high vowel led to more precise perceptual boundaries between a
level and a rising pitch contour among both groups of listeners.
However, greater auditory sensitivity to both F0 parameters (i.e.,
rising F0 and higher intrinsic F0) among musicians than non-
musicians resulted in their significantly more abrupt shift in
category boundaries.

In addition to sharper identification category boundary,
discrimination patterns also suggested that musicians’ perception
of pitch direction was more categorical than that of non-
musicians. Specifically, averaged across vowel height, pitch
direction and duration, musicians were more sensitive to
between-category differences than non-musicians. Peakedness
of the discrimination function also suggested that musicians’
perception of pitch direction was more categorical than that of
non-musicians. That is, on average, peakedness values were larger
for musicians than for the non-musicians, and for the rising
than the falling pitch direction. There was also a general trend
of greater peakedness with the increase of duration for both
groups of participants. Moreover, although musicians had larger
peakedness than non-musicians for the falling pitch direction,

the two groups had comparable peakedness for the rising
pitch direction. Correlation between predicted and obtained
discrimination also pointed to a stronger CP among musicians as
it was found that the correlation was stronger for non-musicians
than musicians and for the rising pitch direction than the
falling pitch direction, particularly among musicians. Regarding
distances between predicted and obtained discrimination, they
were numerically greater among musicians than non-musicians,
but the differences did not reach statistical significance. In
addition, the distance became larger as the stimulus duration
increases for both groups. The effect of pitch direction was
observed only among non-musicians, with greater distance for
falling than rising pitch direction. In sum, against characteristics
of CP, musicians’ perception of pitch direction was generally
more categorical than non-musicians. They exhibited sharper
category boundary, greater between-category sensitivity, greater
peakedness of the discrimination functions, higher correlation
between predicted and obtained and greater distance between
predicted and obtained discrimination.

In addition to the rising tone being inherently more salient,
the possible effects of pitch range cannot be ruled out. As pointed
out by an anonymous reviewer, the twoMandarin tonal pairs (T1
vs. T2, T1 vs. T4) are different in the pitch range. According to
the traditional five-point scale, the tonal contour changes from
point 3 to point 5 for the T2[35]/T1[55] pair, but it changes from
point 5 to point 1 for the T1[55]/T4[51] pair. To control for
potential confounding effects of differences in acoustic distance
between members in both set of stimuli in a CP paradigm, same
acoustic differences among stimuli in both tone continua are
necessary. However, although the tonal continua are not natural
Mandarin tonal continua, a smaller amount of F0 fall for some
members of the falling continuum (e.g., [12], [13]), may render
them less “natural” and less acoustically salient than their rising
counterparts in the rising continuum. This, in turn, may lead
to better discrimination for the rising continuum. However, our
discrimination results suggest that this might not always have
been the case. For between-category discrimination, the falling
pitch direction had higher d-prime scores than the rising pitch
direction formusicians, but the reversed pattern was observed for
non-musicians. For within-category discrimination, the results
showed significant higher d′ scores for the falling pitch than
rising pitch. These results suggest that musicality has a stronger
effect on discrimination pattern than pitch range.

Our findings suggest that musicians may be at an advantage
in learning tones of a second language in that they may better
categorize tones in a new tonal language. Cantonese has three
level tones and two rising tones, which are different from
Mandarin tonal categories (one level tone and one rising tone).
Although there might be some positive transfer from Cantonese
tones, learners need to establish or revise the existing categories.
The beneficial effects from musical training were more obvious
for musicians of non-tonal speakers processing tones (Peng et al.,
2010; Zhao and Kuhl, 2015a; Chen et al., 2020) than tonal
speakers. Our results were inconsistent with what have been
found for tone processing in the native language by musicians
(Wu et al., 2015; Chen et al., 2020), suggesting that musical
training may help tone processing more in a non-native tone
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language. It has been argued that musical training help improve
auditory memory (Patel, 2011), representations of auditory
objects and the mapping between new stimuli and existing
memory templates (Bidelman, 2017). In addition, the sensitivity
to linguistic andmusic pitch processing may come from a general
cognitive processing (Perrachione et al., 2013). However, musical
measures that were indirectly related to tones were less likely to
predict tonal word learning (Bowles et al., 2016).

Furthermore, musicians were also more sensitive than non-
musicians to changes in stimulus duration when identifying pitch
directions. Both musicians and non-musicians benefited from
increased stimulus duration, but musicians were more sensitive
than non-musicians to the changes in stimulus duration reflected
by greater changes in the sharpness of category. In addition,
category boundary locations calculated from the identification
functions showed that category boundary had a smaller value as
the stimulus duration increased for both groups of listeners and
musicians had a smaller value than non-musicians. Similar to
the findings in Chen et al. (2020), musicians may benefit more
from the extra time in that they can use the time to form a
more robust auditory representation and matching sounds to
internalized memory templates. Since musicians in our study
are also native Cantonese speakers, they can rely on existing
long-term memory of Cantonese lexical level and rising tonal
categories in processing stimuli and further benefit from context-
coding, matching sounds to long-term representations.

Both groups were also affected by intrinsic F0s associated with
vowel height, but only musicians appeared to be perceptually
compensated for the effects. Compared to those with lower
musical capacity, listeners with higher musical capacity were
shown to be more capable of teasing apart acoustic cues and
employmore of F0, which is a key acoustic cue in pitch processing
(Cui and Kuang, 2019). On the other hand, those with lower
musical ability tend to rely on both spectral and F0 cues. Our
results thus showed that musical training affords musicians the
ability to better accommodate variation in F0 induced by factors.

While both groups showed similar effects of pitch direction in
identification (i.e., sharper category boundary for the rising than
the falling pitch direction), the effects of the two pitch directions
were inconsistent in discrimination. The identification results
were consistent with the reported difficulties that Cantonese
speakers have in differentiating Mandarin Tone 1 (high-level)
from Mandarin Tone 4 (high-falling) (Hao, 2012). With three
contrastive level tones of different F0 height, Cantonese speakers
paymore attention to F0 height than F0 contour in comparison to
Mandarin speakers (Peng et al., 2012). Also, although Cantonese
has two rising tones (Tone 2 [25] and Tone 5 [23]), it only has a
falling tone with a shallow slope (Tone 4 [21]), which may lead to
their difficulties in identifying falling tones.

Though the factor of proficiency of Mandarin has been
controlled between musicians and non-musicians, their exposure
to Mandarin may have an effect on CP of their Mandarin
lexical tones. Note that non-tonal learners of a tonal language
may establish tonal categories and perceive tones in a more
categorical way (Shen and Froud, 2016). However, Cantonese
learners of Mandarin usually have difficulties in perceiving
Mandarin tones. Cantonese speakers pay more attention to F0

height than F0 contours compared to Mandarin speakers due to
three contrastive Cantonese level tones of different F0 height in
their tonal system (Peng et al., 2012). Also, Cantonese has two
rising tones (Tone 2 [25] and Tone 5 [23]), but only a falling tone
with a shallow slope (Tone 4 [21]), leading to their difficulties
in identifying falling tones. Despite the learning experience
of Mandarin, the identification results showed difficulties of
Cantonese learners in differentiating Mandarin Tone 1 (high-
level) from Mandarin Tone 4 (high-falling) (Hao, 2012). Since
Cantonese has both level and rising tones, positive transfer may
occur when they perceive Mandarin tones. Our data showed
Cantonese musicians had sharper categorical boundary in
perceiving rising tones than falling tones, though the differences
were less discernible in non-musicians.

Moreover, variability inmusical ability and L2 proficiencymay
influence tone processing. Li and DeKeyser (2017) reported that
musical tonal ability is positively correlated with the accuracy rate
of perception of tones and comprehension of tone words after
training. Also, it has been reported that those with higher musical
ability tend to separate acoustic cues better. F0 is known as a
cue most relevant to pitch processing, and listeners with higher
musical ability could tease apart spectral cues and F0 and rely
on F0 only, which may help in tone processing (Cui and Kuang,
2019). Wong and Perrachione (2007) reported that individuals’
learning results were positively correlated with their musical
experience. Those who received more private music lessons
performed better in a Mandarin tone learning task. In addition,
it has been reported that prior musical experience and musical
aptitude scores predicted success in learning tonal word (Cooper
andWang, 2012) andmusical aptitude scores were also positively
related to tone discrimination ability (Delogu et al., 2006, 2010).
In future studies, it is worth exploring how variability in musical
ability and CP are related and whether more musical experience
and higher capability will lead to greater sensitivity to vowel
quality and more benefits from longer stimulus duration.

The variability in L2 proficiency may also influence tone
processing though the results have not been consistent. It has
been reported that fluent tone language speakers performed
significantly better than less fluent tone language speakers and
non-tone language speakers (Deutsch et al., 2009). Hao (2018)
tested how proficiency level affects tone discrimination for
native English speakers. Three groups of speakers were recruited,
including beginning, advanced learners and those who were
naïve to Mandarin. Higher accuracy were obtained by learners
than those speakers naïve to Mandarin. However, both group of
learners were accurate in discriminating tonal pairs except for
the T2–T3 pair without significant differences. With extensive
exposure to a tone language, adult listeners of non-lexical tone
languages may exhibit categorical-like perception for non-native
lexical tones. For example, Shen and Froud (2016) reported
that native speakers of American English who are advanced
learners of Mandarin perceived Mandarin tonal continua in a
categorical-like manner, evidencing sharp category boundaries
and prominent discrimination peaks. In fact, their discrimination
performance was found to be better than that of native Mandarin
listeners who had been living as university students in the US
for a few years. These results suggest that CP of non-native
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phonetic categories can be acquired through intensive and long-
term exposure. According to listeners’ reports in this study, the
participants were proficient non-native Mandarin speakers. It
is expected that Cantonese speakers with lower proficiency or
naïve to Mandarin may show weaker CP. Therefore, whether
musical training may contribute more to tone processing in the
initial stage of learning a tone language is worth exploring in
future studies.
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Listeners utilize the immediate contexts to efficiently normalize variable vocal streams
into standard phonology units. However, researchers debated whether non-speech
contexts can also serve as valid clues for speech normalization. Supporters of the
two sides proposed a general-auditory hypothesis and a speech-specific hypothesis to
explain the underlying mechanisms. A possible confounding factor of this inconsistency
is the listeners’ perceptual familiarity of the contexts, as the non-speech contexts were
perceptually unfamiliar to listeners. In this study, we examined this confounding factor
by recruiting a group of native Cantonese speakers with sufficient musical training
experience and a control group with minimal musical training. Participants performed
lexical tone judgment tasks in three contextual conditions, i.e., speech, non-speech,
and music context conditions. Both groups were familiar with the speech context and
not familiar with the non-speech context. The musician group was more familiar with
the music context than the non-musician group. The results evidenced the lexical tone
normalization process in speech context but not non-speech nor music contexts. More
importantly, musicians did not outperform non-musicians on any contextual conditions
even if the musicians were experienced at pitch perception, indicating that there is no
noticeable transfer in pitch perception from the music domain to the linguistic domain
for tonal language speakers. The findings showed that even high familiarity with a non-
linguistic context cannot elicit an effective lexical tone normalization process, supporting
the speech-specific basis of the perceptual normalization process.

Keywords: speech normalization, tone normalization, music, lexical tones, Cantonese

INTRODUCTION

Humans communicate in language and music. In both formats, the continuous acoustic signals
are segmented and then categorized into abstract meaningful units (e.g., words and melodies).
Musical performance and appreciation require deliberate practice and longitudinal exposure, but
speech production and perception abilities are developed naturally. Albeit speech categorization
is sometimes demanding since there is no one-to-one mapping between acoustic signals and
linguistic units due to speaker variability. In speech production, speakers vary a lot in their
vocal tract configurations, which results in a large individual difference in speech production
(Peterson and Barney, 1952). Even speech production by the same speaker may change a lot
in different situations (Newman et al., 2001). The inter- and intra-speaker variability blurs the
boundary between two acoustically similar phonemes and makes them less distinguishable. For
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example, a male speaker’s production of a high-level tone may
have a similar pitch height as a female speaker’s production of
a mid-level tone (Peng et al., 2012). The word identification is
slower and less accurate when the speech stimuli are presented in
the mixed-speaker condition than in the blocked-talker condition
(Nusbaum and Magnuson, 1997; Magnuson and Nusbaum,
2007), revealing an obstacle in speech perception introduced by
high speech variability.

Language as a complex system also provided rich information
for us to overcome the speech variability and achieve perceptual
constancy. Ladefoged and Broadbent (1957) found that the
ambiguous ‘bVt’ syllable was more likely perceived as ‘bit’
in a sentence with high first formant (F1) and as ‘bet’ in
a sentence with low F1. This pioneering work demonstrates
that the acoustic information embedded in context affects our
interpretation of the target speech cues and thus to some extent
reduces the ambiguity caused by the inter- and intra-talker
variability, a process known as extrinsic normalization (Nearey,
1989). The extrinsic normalization has been widely observed
in the perception of vowels, consonants, and lexical tones.
The perception of Cantonese lexical tones relies heavily on the
extrinsic context information. The primary acoustic correlate of
lexical tones is the fundamental frequency (F0), and the height
and the slope of F0 trajectory affect the tone differentiation
(Gandour, 1983). However, Cantonese has three level tones, high-
level tone, middle-level tone, and low-level tone, which can only
be differentiated by pitch heights (Peng, 2006). Therefore, the
contextual F0 which provides a good reference for listeners to
estimate the relative pitch height of the target stimuli becomes
important. Cantonese speakers’ perception of three level tones
was improved significantly (from 48.6% to above 90%) when
the isolated tonal stimuli were embedded into speech contexts
(Wong and Diehl, 2003). Wong and Diehl (2003) and Zhang et al.
(2013,2017,2021) reported that an ambiguous Cantonese middle-
level tone is more frequently perceived as the high-level tone after
a context of low F0 and perceived as the low-level tone after a
context of high F0, indicating a contrastive context effect in the
lexical tone normalization process.

Spectrally Contrastive Encoding and
General-Auditory Level Processing
Since the observation of context effect, different theories are
proposed to explain the underlying mechanisms of the extrinsic
normalization process. There is an ongoing dispute about
whether the extrinsic normalization operates on the general-
auditory level or the speech-specific level. The core issue of
this debate mainly lies in the effectiveness of non-speech
context on perceptual normalization. Huang and Holt (2009)
reported that Mandarin lexical tone perception was contrastively
affected by the non-speech context composed of the sine-wave
harmonics or the pure tone. Specifically, listeners perceived the
ambiguous lexical tones as high-level tone (Mandarin T1) if its
preceding non-speech context had low frequency and as high-
rising tone (Mandarin T2) if the preceding non-speech context
had high frequency. More importantly, the contrastive context
effect in non-speech contexts (albeit quantitatively smaller)

was statistically comparable with that in the speech context.
The effectiveness of non-speech contexts got strong support
from a serial of studies on consonant normalization as well.
The non-speech composed of sine-wave tones and white noise
affected listeners’ perception of /ga/-/da/continuum in a similar
manner as the speech context (Lotto and Kluender, 1998; Holt,
2006), even if context and target were separated by more
than one second or multiple intervening sounds (Holt, 2005).
Japanese quails demonstrated the contrastive perception behavior
after training, which further suggested that the normalization
process was not constrained by the speech-specific processing
(Lotto et al., 1997). Since non-speech is extralinguistic, Lotto
and Kluender (1998) suggested that the normalization process
required no specific linguistic knowledge and that it operated on
the general perceptual level and depended on the spectral contrast
between context and target stimuli.

The contrastive perceptual pattern is essentially consistent
with forwarding energy masking, which shows that the target
after the masker is perceived less accurately when the masker
has acoustic energies in the same frequency region as the target
(Moore, 1995; Viswanathan et al., 2013). Energy masking is
partially caused by the inertia of the auditory nerve; that is,
the basilar membrane takes time to recover after responding to
the masker (Duifhuis, 1973). Aside from the physiological basis
in the peripheral auditory system, the neural adaptation of the
central auditory system also contributes to contrast encoding
(e.g., Bertrand, 1997). As illustrated by the oddball paradigm,
while being continuously exposed to the same auditory stimuli,
neurons decrease their firing rates and become less active; when
new stimuli are presented, neurons are activated and increase
their firing rates, generating large event-related potential (ERP)
amplitude (Polich, 2007). This working mechanism of neurons
may also apply to the extrinsic normalization process. Neurons in
the auditory cortex are responsive to different frequency regions
(Sjerps et al., 2019). Neurons adapted by the preceding context
are less responsive to the same frequencies in the following
target, but neurons that do not fire in the context presentation
are relatively more sensitive to the frequency ranges of the
following sounds, resulting in spectrally contrastive perception
(Stilp, 2020).

Context Tuning and Speech-Specific
Level Processing
The normalization differences between speech and non-speech
contexts were also reported. Francis et al. (2006) compared
the normalization of Cantonese middle-level tones in speech
and non-speech contexts. The speech context was meaningful
Cantonese sentence /ŋO23 wui23 tOk22 ji33 pεi25 lεi23 t’εŋ55/[I
will read ji for you (to hear)], and the non-speech context was
synthesized by applying the pitch contour of the speech context
to the ‘hummed’ unintelligible neutral vocal tract /U/ with Praat
(Boersma and Weenink, 2016). They found that even though the
non-speech context contained the crucial cues for the pitch range
estimation (i.e., the same pitch contour as the speech context),
native listeners showed almost no normalization effect in the
non-speech context. However, the contrastive perceptual pattern
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was noticeable in the speech context. Their study revealed an
unequal effect of speech and non-speech contexts in the lexical
tone normalization process. Zhang et al. (2015) further tested
the contribution of speech information at each level. They
asked native Cantonese speakers to identify the ambiguous
Cantonese middle-level tones in non-speech contexts (triangle
waves), reversed speech contexts (normal speech reversed
in time scale, sounding like foreign phonemes), meaningless
speech contexts (Cantonese monosyllabic sequences), and
meaningful speech contexts. The information in four contexts
also decreased from meaningful speech (semantic, phonological,
phonetic, and acoustic information), meaningless speech
(phonological, phonetic, and acoustic information), reversed
speech (phonetic and acoustic information), to non-speech
(acoustic information). They found that meaningful speech
exerted the largest normalization effect, which was followed by
the meaningless speech contexts. The reversed speech context
also showed some positive effects on the normalization process,
but the normalization effect in non-speech was almost negligible.
Francis et al. (2006) and Zhang et al. (2015) suggest that the
normalization effect of non-speech context is not as prominent
as speech context and that speech-specific information (i.e.,
semantic, phonological, and phonetic information) is necessary
for the Cantonese level tone normalization.

Instead of a contrastive encoding of auditory signals, some
researchers believe that the speech normalization process
operates via the context tuning mechanism. According to the
context tuning mechanism, listeners use extrinsic contextual
information to compute a talker-specific mapping of acoustic
patterns onto abstract linguistic units, and ambiguous target
speech cues are identified by referring to that mapping. Joos
(1948) described that a talker-specific vowel pattern can be
quickly established even during their first greeting ‘How do you
do?’. Three critical phonemes /a/, /j/, and /u/in the greeting
can roughly outline the vowel space of that speaker since the
/a/ is pronounced with the low central articulation gesture, the
/u/ with the highest and strongest back articulation, and the
/j/ with a higher and more forward articulation. The incoming
acoustic signals can be categorized by referring to this vowel
pattern. Joos’ description indicates that the mapping used in
normalization is essentially an acoustic-phoneme mapping. To
form such a mapping, linguistic knowledge is required, indicating
a normalization process at the speech-specific level.

A Hybrid Model of Speech Perception:
Co-existence of Exemplars and Abstract
Linguistic Representations
Although general auditory contrastive encoding mechanism and
the context tuning mechanism, to some extent, explain the
context effect on ambiguous speech perception, they can hardly
explain why the typical speech is almost not affected by context
cues. For example, the perception of two endpoints of the
speech continuum does not change in different context shifts
(Johnson, 1990) and speakers whose pitch ranges are closer to
the population mean are less affected by the context F0 as well
(Zhang et al., 2013). These findings suggest that while perceiving

speech in context, contextual cues only partially contribute to our
final decision and that another ongoing perceptual mechanism
that utilizes the specific characteristics of each token also affects
our final phonemic categorization. The token-specific effect can
be well explained by the exemplar-based theory which believes
that the exemplars we encounter in our daily life form the
mental representations of each phonological category, and that
speech perception is a match between stored exemplars and the
incoming signal (Johnson, 1997). Based on this account, the
speaker-specific details are also kept with the exemplars and are
helpful cues for speech perception.

The normalization approach emphasizes the computation of
an abstract and speaker-independent mental representation, but
the exemplar-based approach utilizes the speaker-specific details
to match the stored exemplars. Considering that both abstract
phonological categories and fine acoustic details were reported
to affect speech perception, a hybrid model was proposed to
accommodate these two different views (Tuller, 2003; Nguyen
et al., 2009). In the hybrid model, the mental representation of
each phonological category is a multi-layered construct. Listeners
maintain multiple exemplars with speaker-specific details in the
lower layer and these exemplars gradually decay into more
abstract speaker-independent representations in the upper layer.
Correspondingly, speech perception may be a multi-pathway
process as well. The normalization process extracts invariant
elements from speech tokens and matches them to the abstract
phonological categories. Meanwhile, the details of speech tokens
are kept in memory, which constrains speech categorization.

To investigate the mental representation of phonological
units, Kimball et al. (2015) asked listeners to identify whether
two sounds in a trial were the same or different. The different
trial was either the phonological variation (presence or absence
of a pitch accent) or the phonetic variation (different durations
or F0 peaks). They found that listeners could accurately identify
the trials differing either in the phonological level or the
phonetic level. When the interval between two sounds increased,
the accuracy dropped for the phonetic variation but not for
the phonological variation. Their results suggested that both
phonetic details and abstract phonological categories were kept
in our memory, and phonological distinctions were more robust,
supporting the hybrid model of speech perception.

Familiarity and the Speech Normalization
Process
The hybrid model, especially the exemplar layer, challenges the
account that the speech superiority is due to the speech-specific
nature of the normalization process. Although previous research
made spectral complexity and spectral contrast comparable
in speech and non-speech contexts, speech and non-speech
still differ in many aspects. In addition to the speech-
specific information (i.e., phonetic, phonological, and semantic
information) which may favor a speech-specific account, listeners
have different familiarities with speech and non-speech stimuli.
Compared with the non-speech contexts used in previous studies
(e.g., pure tones, harmonic complex tones, triangular waves,
hummed sound modeled on a neutral vocal tract, or iterated
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rippled noise), listeners are much more familiar with speech
contexts. They store more exemplars of speech than non-
speech in their daily exposure to sound, and robust phonemic
representations are established during their long-term language
acquisition and usage. The rich exemplars on the lower layer
and the robust phonemic representation on the higher layer
result in a stronger activation of speech context than non-
speech context. Familiarity also affects the efficiency of speech
perception, which is boosted due to the countless repetition in
daily communication, but the decoding of non-speech is rare and
thus less automatic. The spectral characteristics in the non-speech
context are probably not utilized due to the weak activation
and/or limited process.

Familiarity advantage has been widely reported in speech
perception studies, for example, faster response to speech
spoken in familiar languages (e.g., Hu et al., 2017) and better
identification of familiar talkers’ speech in noise (e.g., Nygaard
and Pisoni, 1998). Familiarity advantage might exist in the
perceptual normalization as well since previous studies found
that listeners’ speech perception is better with contexts spoken
in their native language (e.g., Lee et al., 2009; Kang et al., 2016;
Zhang, 2020). Lee et al. (2009) asked native Mandarin speakers
and native English speakers to identify the digitally processed
Mandarin tones either in isolation or with Mandarin context.
These syllables were produced by either single talker or multiple
talkers. Talker variability affected Mandarin and English listeners
equally. However, Mandarin listeners made better use of context
to compensate for the speech variability and improved the lexical
tone identification, suggesting a language familiarity advantage
in the extrinsic normalization of lexical tones. Similar results
were also reported in the extrinsic normalization of segmental
components. The context composed of vowel /y/ can facilitate
French speakers but not English speakers to perceive ambiguous
/s– ʃ/ sound probably because vowel /y/ exists in French but not in
English (Kang et al., 2016). The context effect of the native context
/ε i/ was more prominent than that of the non-native context
/oe y/ when English speakers perceived ambiguous vowel /u–O/
(Zhang, 2020).

However, different findings were also reported. Sjerps and
Smiljanić (2013) tested how language familiarity affected vowel
normalization. They asked native listeners of American English,
Dutch, Spanish and Spanish-English bilinguals to perceive
the ambiguous /sofo/-/sufu/ with contexts spoken in either
Dutch, Spanish, or English. They found that the perceptual
impact of precursor context was comparable in size across
listeners’ language backgrounds, indicating a weak effect of
the language familiarity on the speech normalization process.
Magnuson et al. (2021) tested how the talker familiarity affected
the accommodation of speech variabilities. They asked native
Japanese speakers to identify morae produced by either familiar
talkers (family members) or strangers in either blocked- or
mixed-talker conditions. Listeners always took a longer time to
recognize morae in the mixed-talker condition even for the voice
of their family members, indicating a constant cost for talker
accommodation regardless of talker familiarity.

Albeit inconclusive, the familiarity difference between speech
and non-speech material is a potential factor that contributes to

the superiority of speech context in the normalization process.
Probably, either familiarity or speech-specific information
contributes to the normalization process, or they work together to
facilitate speech normalization. By teasing familiarity and speech-
specific information apart, we can test if the speech-specific
information is the only or main contributor to the speech-
superiority effect, which may partially clarify the long-standing
dispute between the general-auditory and speech-specific basis of
the extrinsic lexical tone normalization. If normalization effects
are comparable between speech and non-speech contexts when
the familiarity gap is controlled, the speech-specific information
might not play a crucial role in extrinsic normalization and
the normalization process is largely processed by a general-
auditory mechanism. However, if speech context still shows a
significantly better normalization effect than other contexts when
their familiarities are comparable, this could be strong evidence
for the speech-specific basis of extrinsic normalization.

To test the confounding factor familiarity, the present
study compares the native Cantonese speakers’ perception of
ambiguous Cantonese level tones in the context of either speech,
music, or synthesized non-speech. Music is one of the most
meaningful and popular forms of non-verbal sound; like speech,
it has been developed to take advantage of the efficiencies of
the human auditory system (Baldwin, 2012). Music also follows
syntax-like rules, makes use of pitch and rhythm, and has a
ubiquitous presence across human civilizations (Zatorre et al.,
2007; Patel, 2013). The prevalence and the use of pitch as an
importation cue make music an ideal non-speech context for
the present study to test the familiarity effect. For Cantonese
speakers who never received professional musical training, their
familiarities with the three contexts decrease from speech,
music, to synthesized non-speech. Meanwhile, familiarity is
further manipulated by including a group of Cantonese-speaking
musicians who receive professional musical training and thus are
much more familiar with musical materials than non-musicians.
If familiarity is the main factor for the unequal effect of the speech
and non-speech context, musicians are expected to perform
better than non-musicians at least in the musical context, and
meanwhile, both groups are expected to show a performance
improvement when contexts change from synthesized non-
speech, music to speech.

Music Experience and the Lexical Tone
Normalization Process
To our knowledge, no study directly tested how music experience
affects the lexical tone normalization. A few studies about
the congenital amusia, a neurodevelopmental disorder of pitch
processing (Ayotte et al., 2002) may shade light on this question
from a different angle, that is how the music deficit affects
the lexical tone normalization. People with congenital amusia
(amusics) showed severe deficit in the perception of musical
melody. Zhang C. et al. (2018) asked Cantonese-speaking amusics
and controls to perceive the ambiguous Cantonese mid-level
tone in contexts with different pitch heights. The control group
showed noticeable normalization effect in speech context, but
the normalization effect in speech context is much reduced for
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amusics. Shao and Zhang (2018) further tested the perception of
six Cantonese tones with and without context for two groups.
They found that controls performed better with context cues,
but that amusics in most cases failed to benefit from the
context cues. Similar result was also observed in Mandarin
speakers. Liu et al. (2021) reported that Mandarin-speaking
amusics cannot utilize the contextual information to perceive
the ambiguous Mandarin T55–T35 continuum, but control
group without amusia showed typical context effect in the
Mandarin lexical tone perception. The studies about amusia
suggest that the impaired pitch perception ability in music
domain affects the lexical tone normalization. Based on the
findings from amusics, it is natural to hypothesize that people
with music experience probably perform better in the lexical
tone normalization.

This hypothesis is somewhat supported by the studies which
reported that music experience affects lexical tone perception
(for a review, please see Ong et al., 2020). While detecting
the subtle sentence-final pitch variation, French musicians
performed better than non-musicians no matter in their native
language (Schön et al., 2004) or the non-native language
(Marques et al., 2007). French musicians could also detect the
variation of Mandarin lexical tones better than non-musicians
(Marie et al., 2011). English Musicians’ identification and
discrimination of Mandarin lexical tones were faster and more
accurate than non-musicians (Alexander et al., 2005). Even
musicians of tonal language speakers, for example, Mandarin
musicians, showed increased sensitivity to the fine acoustic
difference of mandarin tones (Wu et al., 2015). All these findings
support a positive transfer from music experience to pitch
perception in the language domain. Considering musicians’
improved pitch perception ability, they are expected to extract
the contextual pitch information more accurately and thus
have a more precise pitch range reference to estimate the
relative pitch height of the target tone. Therefore, these tone
perception studies make it more reasonable to hypothesize
that music experience boosts the extrinsic normalization
of lexical tones.

The present study also explicitly tests this hypothesis by
comparing musicians who receive intensive and professional
music training with non-musicians who have rare music
experience in a lexical tone normalization task. If the hypothesis
holds, musicians are expected to show a stronger context effect
than non-musicians at least in the speech context condition.
Considering that musicians are reported to have better pitch
perception ability in both linguistic and non-linguistic domains,
they probably perform better than non-musicians in the non-
speech contexts (music and synthesized non-speech) as well.
If this is true, the extrinsic normalization of lexical tones
is largely determined by the domain-general pitch processing
ability but not the speech-specific processing, which to some
extent is in line with the general auditory mechanism and
the familiarity hypothesis (i.e., the frequent practice in pitch
perception). On the contrary, if musicians fail to show any
advantage over non-musicians in tone normalization in any
kind of context conditions, the results will favor a speech-
specific mechanism.

MATERIALS AND METHODS

Participants
Forty native Cantonese adults participated in this experiment,
among whom 20 were categorized as non-musicians (10 female,
Age = 21.9 ± 2.96) and 20 were categorized as musicians (10
female, Age = 23.6 ± 4.69). Participants were matched in their
age [Welch’s t(32.1) = 1.325, p = 0.194] and gender. Non-
musicians were defined as individuals with less than 3 years of
musical training except the mandatory courses in their primary
or middle schools. Musicians were defined as individuals with
at least 7 years of private musical training and still actively
engaging in music (Wong et al., 2007; Wayland et al., 2010;
Cooper and Wang, 2012), such as practicing music, studying in
music major, or having a music-related occupation (e.g., band
member, private music tutor, and music teacher in schools). The
musicians had a diverse background of music learning experience
and some of them reported having learned several kinds of
instruments. Characteristics of musicians are summarized in
the Supplementary Table S1. One non-musician was identified
as ambidextrous using the Edinburgh handedness inventory
(Oldfield, 1971) and the rest participants were right-handed. All
participants reported no hearing loss, neuropsychiatric disorders,
or brain injuries. Participants were compensated for their time
and signed consent forms before the experiment. The experiment
procedure was approved by the Human Subjects Ethics Sub-
committee of The Hong Kong Polytechnic University.

Stimuli
Preparation of the stimuli and the experimental procedure
followed previous work (Zhang et al., 2013, 2017; Tao and
Peng, 2020). Stimuli consisted of contexts and targets in four
different context conditions: a speech context condition, two
non-linguistic contexts (e.g., synthesized non-speech and music),
and a condition without context (coded as isolated hereafter).
Speech contexts and all targets were produced by four native
Cantonese talkers who were a female talker with a high pitch
range, a female talker with a low pitch range, a male talker with
a high pitch range, and a male talker with a low pitch range
(coded as FH, FL, MH, and ML respectively). Speech context
was a four-syllable meaningful sentence, i.e., (/li55
ko33 tsi22 h5i22/, “This word is meaning”). After recording the
natural production of the sentence from the four talkers, the F0
trajectories of the sentences (see Supplementary Figure S1) were
then lowered and raised three semitones to trigger the contrastive
context effect (Wong and Diehl, 2003). Specifically, more high-
level tone responses were expected in the lowered context
condition and more low-level tone responses in the raised context
condition. In sum, three sets of speech contexts were formed:
a set of F0 lowered contexts, a set of F0 unshifted contexts,
and a set of F0 raised contexts. All targets from four context
conditions were the natural production of the Chinese character

(e.g., /ji33/mid-level tone, “meaning,” also see Supplementary
Figure S1 for F0 trajectories).

The non-speech contexts were produced by applying the F0
trajectory and intensity profile from speech contexts to triangle
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TABLE 1 | Mean fundamental frequency (Hz) of speech contexts, their
counterparts, and targets.

FH FL MH ML

Speech/ non-speech F0 raised 280.5 246.3 174.6 134.5

F0 unshifted 236.8 208.1 148.4 113.8

F0 lowered 198.2 173.9 124.5 96.8

Music F0 raised 294.4 255.6 181.6 139.6

F0 unshifted 247.7 215.4 153.8 117.6

F0 lowered 207.6 181.2 128.7 98.7

Target 233.2 206.8 143.8 114.9

waves. The music contexts were piano notes that had the closest
pitch height to each of the syllables in the speech context,
which were generated using a Kurzweil K2000 synthesizer tuned
to the standard A4 of 440 Hz (Peng et al., 2013). We chose
the closest piano notes rather than synthesizing a piano sound
with the mean F0 of each syllable to ensure that the musicians
would feel as natural as possible when hearing these notes.
The manipulation on speech F0 and selection of piano notes
caused a slight discrepancy between conditions (see Table 1 for
a list of mean F0 of all contexts and Targets), however, the
hierarchy of F0 between raised, unshifted, and lowered conditions
were reliably reserved. Figure 1 lower panel shows a schema
of context stimuli preparation. All speech stimuli, including
speech contexts and targets, were adjusted to 55 dB in intensity.
The non-linguistic contexts, including non-speech and music
contexts, were adjusted to 75 dB in intensity to match the hearing
loudness of speech contexts. The duration of speech contexts was
kept unchanged to reserve the natural production outcome (FH:
1005 ms, FL: 888 ms, MH: 811 ms, ML: 821 ms). The duration of
non-speech contexts was the same as their corresponding speech
contexts. The duration of music contexts was 1000 ms with each
note lasting 250 ms.

Fillers were prepared with the same procedure. In the speech
context condition, the filling context was two four-syllable
sentences, i.e., (/ŋo23 ji21 ka55 tuk2/, “Now I will
read,” recorded from FL and MH) and (/ţhiŋ25 lUu21
s5m55 thiŋ55/, “Please listen carefully to,” recorded from FH and
ML). Target fillers were Chinese characters (recorded from
FL and MH) or (e.g., /ji22/ low-level tone, “two,” recorded
from FH and ML).

Experiment Procedure
All participants attended a word identification task in a sound-
proof booth. Participants were asked to make a judgment on the
target syllable following a preceding context. In each experiment
trial, the target and context corresponded with each other, i.e., the
target always followed the context produced by the same talker
or its non-verbal counterparts. Participants were instructed to
listen to both the context and the target attentively. Specifically,
they first saw a 500 ms fixation in the middle of the screen
followed by the context presented through earplugs, and then
after a jittering silence (range: 300–500 ms), a target syllable
was presented. In the isolated condition, participants heard the
target without a context, i.e., the fixation was followed by the
jittering silence immediately. Participants then made a judgment

on the target syllable from three choices of (/ji55/ high-level
tone, “doctor”), (middle-level tone), or (low-level tone) by
pressing designated keys on the keyboard when they saw a cue
on the screen. The cue was a question mark on the middle of
the screen, delayed 800–1000 ms from the onset of the target
(see Figure 1). In this kind of setting, reaction times were not
meaningful indices of participants’ psycholinguistic processing
and thus were not analyzed in this study. We focused on the
participants’ judgments on the targets.

The four context conditions were grouped into four
experimental blocks which were counterbalanced across
participants to prevent order effect. The isolated condition block
consisted of 16 repetitions of each target. The blocks of three
context conditions each consisted of nine repetitions of three F0
shifts of four talkers.

Analysis
First, we evaluated the effect of a preceding context on the
perception of middle-level tones by comparing the listeners’
response patterns on the targets following various contexts (and
without a context, e.g., isolated condition) with a three-way
ANOVA. Two within-subject factors were Context (isolated,
music, non-speech, speech) and Choice (judging the target
as high-, middle-, and low-level tones), and one between-
subject factor was Group (musicians and non-musicians). In this
analysis, we included the isolated condition and three context
conditions in which the contexts’ F0 were kept unshifted (F0
unshifted context conditions), such that the targets’ F0 fell
in the range of contexts’ F0. This analysis revealed whether
the perception of Cantonese middle-level tone was regulated
by preceding contexts. We were particularly interested in the
comparison between the isolated condition and the other
three context conditions as the isolated condition served as
a benchmark indicating the response bias toward a middle-
level tone when the target presented individually. According
to Wong and Diehl (2003), the response rate of middle-level
tone in the isolated condition could be around 50% across
talkers. The context condition eliciting a different response rate
than the isolated condition should inform us that the context
provided useful information for listeners to adopt in normalizing
the level tone. However, a lack of difference in F0 unshifted
context conditions might not conclude that the context failed to
support listeners’ lexical tone normalization, so a second analysis
including the various F0 manipulations was performed, which
focused on the contrastive context effect.

Following previous research on contrastive context effect
(Wong and Diehl, 2003; Zhang et al., 2012, 2017), perceptual
height (PH) and expected identification rate (IR) were analyzed to
investigate participants’ lexical tone normalization performance.
For the PH analysis, a response of high-level tone was coded as
6, middle-level tone as 3, and low-level tone as 1. This coding
scheme reflected the acoustic difference among the three level
tones and was straightforward when deciphering the results.
The mean PH close to 6 indicated that participants generally
perceived the targets as high-level tones. In an F0 lowered
condition, this could serve as evidence of evoking participants’
tone normalization. The mean PH close to 1 indicated that
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FIGURE 1 | Trial procedure of the word identification task and a schema depicting the context preparation.

participants generally perceived the targets as low-level tone. In
an F0 raised condition, this could serve as evidence of evoking
participants’ tone normalization. The IR was the percentage
of expected responses in each condition according to the
contrastive context effect. The expected responses were the
judgments that participants should make when the lexical tone
normalization process was elicited, e.g., choosing low-level tone
in the F0 raised condition, and choosing high-level tone in the F0
lowered condition. For targets following an F0 unshifted context,
although there is no contrast between the context and target, it is
expected that participants would perceive the target as a middle-
level tone if the context provides sufficient information to reliably
categorize the level tone.

We conducted three-way ANOVAs on PH and IR, where the
isolated condition was excluded as it did not match the design
matrix of other context conditions, e.g., there was no context
and thus no F0 Shift manipulations. Two within-subject factors
were Context (music, non-speech, speech) and Shift (F0 lowered,
unshifted, raised), and one between-subject factor was Group
(musicians, non-musicians). It is expected to see a contrastive
context effect in speech context conditions and a lack of such
an effect in non-speech context conditions. Following a speech-
specific mechanism hypothesis, the music context conditions
would not elicit a contrastive context effect, while the general-
auditory mechanism hypothesis would expect music context to
elicit a contrastive context effect, with higher magnitude seen in
the musician group, e.g., an interaction between the three factors.
The interaction among Context, Shift, and Group factors was
most critical to the current study.

Previous research suggested that speech contexts produced by
talkers with various F0 all elicited very high IR, while the specific
pattern of responses was biased by the talkers’ F0 (Zhang et al.,
2013). For example, both female and male talkers with lower F0
elicited more low-level tone responses, and both female and male
talkers with higher F0 elicited more high-level tone responses.
The present study did not aim to follow up the discussion on

the talker effect, nonetheless, the four talkers were included in
the experiment to prevent response bias to a single talker and
to increase the generalization of the results. Two talker-related
factors, Gender (with two levels, female and male) and Pitch (with
two levels, high pitch and low pitch) were included as control
variables in all analyses for controlling their main effects and
possible interactions with other factors (but see Supplementary
Figures S2, S3 for the illustrations of talker effects on PH and IR).

In all analyses, Greenhouse–Geisser correction was applied
when the data violated the Sphericity hypothesis. Tukey method
for comparing families of multiple estimates was applied for
necessary post hoc analysis. The effect size of each significant
main effect and interaction was reported in the form of general
eta squared (η2). The ANOVA procedure is robust for within-
subject designs and used for analyzing data in this study to
increase the comparability with previous research. However, we
also performed a non-parametric version of ANOVA and found
the results were highly similar (see Supplementary Analysis).
All analysis was performed in R (version 4.0.5, R Core Team,
2021) with packages tidyverse (Wickham et al., 2019), rstatix
(Kassambara, 2021), afex (Singmann et al., 2021), lsmeans
(Lenth, 2016), and ggplot2 (Wickham, 2016) for data processing,
statistics, and visualization.

RESULTS

Context Regulation on Targets’
Response Rates
To evaluate how the context regulated participants’ response
rates on the three possible choices (high, middle, and low-
level tones), ANOVA was performed on target response rates
of F0 unshifted context conditions and isolated condition.
Results revealed a main effect of Choice [F(1.84,70.08) = 54.69,
p < 0.001, η2 = 0.226]. The response rate of middle-level tone
(mean ± SD = 52.5% ± 12.5%) was higher than other responses
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(ps < 0.001), and response rate of low-level tone (30.1% ± 10.7%)
was higher than high-level tone (17.7% ± 13.8%). There was
an interaction between Context and Choice factors [F(4.64,
176.47) = 26.54, p < 0.001, η2 = 0.097]. As in Figure 2,
post hoc analysis revealed that the response rates of all three level
tones following speech contexts were different from the isolated
condition. The speech context yielded a higher response rate of
middle-level tone than isolated condition (72.7% ± 21.2% vs.
47.6% ± 17.1%, p < 0.001), and lower responses rates of high- and
low-level tones (11.6% ± 15.2% vs. 20.9% ± 19.4%, p < 0.01 and
15.7% ± 12.1% vs. 31.5% ± 14.4%, p < 0.001, respectively). The
music and non-speech contexts, however, did not yield different
response rates from isolated conditions (all ps > 0.1). The Group
factor did not interact with other factors (ps > 0.4), suggesting
that the above pattern was consistent across musicians and non-
musicians. The results indicated that a speech context could
regulate listeners’ responses to targets: listeners had a higher rate
of making the correct choice, i.e., choosing middle-level tone.

Extrinsic Normalization in Three Context
Conditions
The lack of response rate differences from isolated conditions
suggested that non-speech and music context could not facilitate
tone categorization when the target F0 fell in the context’s F0
range. However, the results could not conclude that non-speech
and music context fail to facilitate tone categorization in a
contrastive manner. Therefore, ANOVA was also performed on
PH and IR, respectively. The isolated context condition was
excluded from these analyses for not matching the other three
context conditions on the Shift factor and not possible to elicit
contrastive extrinsic normalization, e.g., there are no contexts
and thus no F0 manipulations.

For the analysis on PH, a main effect of Context
[F(1.99,75.49) = 13.32, p < 0.001, η2 = 0.040] was found, with
speech context yielded higher PH than non-speech and music
contexts (ps < 0.01). There was no difference between PH yielded
by non-speech and music contexts (p = 0.341). Additionally, a
main effect of Shift was found [F(1.21,46.13) = 240.46, p < 0.001,
η2 = 0.181]. Post hoc analysis revealed that F0 lowered contexts
yielded a higher PH than F0 unshifted contexts which was
higher than F0 raised contexts (lower > unshifted > raised:
3.62 ± 0.61 > 2.89 ± 0.53 > 2.36 ± 0.58, all ps < 0.001). Not
surprisingly, there was an interaction between the Context and
Shift factors [F(1.44, 54.80) = 216.33, p < 0.001, η2 = 0.307].
However, the decremental pattern of F0 manipulation
(lowered > unshifted > raised) was only significant in speech
contexts (5.28 ± 1.00 > 3.04 ± 0.47 > 1.48 ± 0.69, ps < 0.001),
but not non-speech (2.90 ± 0.78, 2.88 ± 0.75, 2.87 ± 0.812) nor
music (2.69 ± 0.76, 2.77 ± 0.74, 2.72 ± 0.76, all ps > 0.7) context
conditions. The decrement of PH with F0 manipulation in
speech context conditions is evident for the contrastive context
effect, and thus indicate that listeners were elicited lexical tone
normalization in the speech context conditions only but not in
non-speech nor music context conditions.

It is also worth mentioning that the main effect of Group was
not significant [F(1,38) = 1.59, p = 0.214, η2 = 0.009]. Group

factor did not interact with Context (p = 0.928) or Shift factors
(p = 0.879), and there was not a three-way interaction among
these factors (p = 0.572). Such a pattern indicated that musicians
did not outperform non-musicians in any of the contexts with
any kind of F0 manipulations (Figure 3).

The analysis on PH revealed that participants perceived targets
as perceptually different tones only in speech contexts in both
groups. To test whether participants behaved categorically
following expectations of contrastive context effect, we
performed ANOVA on their IR synthesized across each
condition. The ANOVA on IR found a main effect of Context
[F(1.10,41.68) = 198.90, p < 0.001, η2 = 0.365], driven by that the
speech context yielded a higher IR than non-speech and music
contexts (ps < 0.001). The main effect of Shift was also significant
[F(1.67, 63.38) = 13.89, p < 0.001, η2 = 0.058]. The post hoc
analysis revealed that both F0 unshifted (54.1% ± 12.4%) and
raised (52.0% ± 12.8%) conditions yielded higher IR than F0
lower condition (38.7% ± 14.7%) (ps < 0.001), while the F0
unshifted and raised conditions yielded similar IR (p = 0.794).
There was also an interaction between the Context and Shift
factors [F(3.47, 132.00) = 18.75, p < 0.001, η2 = 0.054], which
was driven by the similarly high IRs yielded by F0 manipulations
in the speech context conditions (lowered, unshifted, raised:
79.5% ± 27.1%, 72.7% ± 21.2%, 81.2% ± 22.2%, all ps > 0.1)
and different but low IRs observed in non-speech and music
contexts. In both non-speech and music contexts, the patterns
of IRs yielded by F0 manipulations were similar: the F0 lowered
(in non-speech and music: 20.4% ± 18.2% and 16.1% ± 15.6%)
condition yielded a smaller IR than unshifted (44.6% ± 14.9% and
45.0% ± 13.3%) and raised (35.2% ± 16.3% and 39.7% ± 17.5%)
conditions (all ps < 0.001), and the unshifted and raised
conditions yielded similar IRs (ps > 0.05). The similarly high
IRs observed in speech context with F0 manipulations indicated
that listeners’ performance followed the contrastive context
effect’s expectations: listeners are more likely to make a high-level
tone judgment after hearing an F0 lowered speech context and
a low-level tone judgment after hearing an F0 raised speech
context. However, listeners, irrespective of non-musicians or
musicians, did not show such a pattern in non-speech or music
context conditions (Figure 4).

Regarding to IR, the Group factor did not show a main effect
[F(1,38) = 0.02, p = 0.890, η2 < 0.001] or any interactions with
Context or Shift factors (ps > 0.2), and there was not a three-
way interaction among the between and within-subject factors
(p = 0.211). Echoing the results observed in the analysis of
PH, such a pattern indicated that the musical training induced
familiarity in music contexts did not facilitate listeners to take
advantage of non-speech or music contexts for subsequent lexical
tone normalization.

Explorative Analyses on the Effect of
Piano Learning Experience on Extrinsic
Normalization
A primary aim of this study was to compare musicians with non-
musicians on their tone normalization performance following
contexts with different familiarity. Surprisingly, the Group factor
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FIGURE 2 | The response rates of high, middle, and low-level tones in isolated and three context conditions. Error bars represent standard error.

FIGURE 3 | The perceptual height of the targets following three contexts with F0 manipulations in two groups.

FIGURE 4 | The identification rate of the target following three contexts with F0 manipulations in two groups.
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was not significant in the above analysis, and it did not show
any interaction with other factors. One possible reason for such
a result was that the musician group had a diverse musical
background (Supplementary Table S1) and not all of them were
equally familiar with piano notes used in the music context
conditions. Thus, we sought to explore whether musicians with
piano learning experiences could better facilitate them to adopt
music contexts compared with others who did not learn piano
before. As in Supplementary Table S1, 12 musicians reported
piano learning experience and seven did not learn piano before
the experiment. One participant failed to report her learned
instrument and was excluded from the subsequent analysis.
Within the 19 musicians, a repeated-measures ANOVA was
performed to explore the effects of within-subject factors Context,
Shift, and the between-subject factor piano learning experience
(with two levels, yes and no, and coded as KnowPiano in the
following text) on their PH and IR.

Critical to our interest, KnowPiano factor did not significantly
influence musicians’ PH [F(1,17) = 2.73, p = 0.117, η2 = 0.020]
or IR [F(1,17) = 0.20, p = 0.661, η2 < 0.001]. KnowPiano factor
did not interact with Context or Shift factors, either (all ps > 0.3),
and there was not a three-way interaction (p > 0.1). The Context
and Shift factors revealed similar main effects and interactions
as the previous section, indicating that musicians, regardless of
their piano learning experience, perceived targets following the
expectation of contrastive context effect only in speech context
conditions. This pattern was also consistent with the finding
that musicians as a group did not outperform non-musicians in
extrinsic tone normalization. The ANOVA tables are summarized
in Supplementary Table S2.

DISCUSSION

In this study, we sought to clarify the possible interference
of familiarity factor in listeners’ speech normalization. The
familiarity factor was manipulated on two dimensions with
musical materials and musical training experience, respectively.
Music is a commonly experienced non-verbal stimulus that has
higher familiarity than rarely heard synthesized non-speech.
In addition, a group of musicians with sufficient musical
training was also included in the experiment, as their familiarity
with music context was higher than the non-musician group.
Previous studies conflict with each other on whether only speech
context can provide valid information for listeners to adopt in
mapping ambiguous acoustic signals to determinate linguistic
units, possibly because the speech and non-speech contexts not
only contrast in their linguistic features but also the listeners’
familiarity with these contexts. According to the hybrid model
(Tuller, 2003; Nguyen et al., 2009), the lack of non-speech
exemplars in the lower layer due to unfamiliarity may account
for the speech context superiority in speech normalization.
Here we used a non-linguistic context, music, in addition to
the conventionally used synthesized non-speech and speech
contexts to probe listeners’ lexical tone normalization in a word
identification task. Our result showed that the music context did
not trigger the lexical tone normalization process in either group.

Musicians performed similarly to non-musicians in the music
context. Additionally, musicians with piano training did not
show a normalization advantage in the music context composed
of piano notes compared with musicians without piano training.
Overall, the results indicate that the familiarity factor does not
interfere with listeners’ lexical tone normalization.

Sjerps and Smiljanić (2013) and Magnuson et al. (2021)
reported that the language familiarity and the talker familiarity
did not facilitate the accommodation of speech variabilities (but
see Lee et al., 2009 and Kang et al., 2016 for different results).
By extending their works to the familiarity with different sounds
(i.e., speech, music, triangle waves), the present study also failed
to find the familiarity advantage in the lexical tone normalization
process. Although familiarity advantage has been reported
in several aspects of speech perception, for example, better
speaker and word identification in noise (e.g., Johnsrude et al.,
2013), familiarity might not directly affect the normalization
process. Previous studies came up with different explanations
for the absence of familiarity advantage in speech normalization.
Sjerps and Smiljanić (2013) suggested that the normalization
process occurred at the pre-phonemic level, and the acoustic
cues were enough to normalize speech variability. Therefore,
language familiarities that mainly differed at the phonological
level showed no advantage in their studies. However, this
explanation was not supported by the present study since we
did not observe a reliable normalization effect in the non-speech
and music contexts that provided acoustic cues. Magnuson
et al. (2021) suggested that the talker normalization process
which computes the talker-specific vocal tract characteristics
probably overlaps with the talker recognition process. The talker
familiarity advantage emerges only when the talker-specific
speech characteristics were processed. That is, only when the
listener recognized the identity of the talker, can they retrieve
the stored exemplars or other mental representations of that
talker. Further studies which explore the time course of taker
identification and speech normalization should be conducted to
test this hypothesis. Here we attempted to give another potential
explanation for the absence of familiarity advantage in the
lexical tone normalization process. Apart from more exemplars,
the familiarity advantage could be aroused by the improved
processing proficiency. The empirical studies supported that
familiarity facilitates automatic face recognition and automatic
speech prosody perception (Ylinen et al., 2010; Yan et al., 2017).
Zhang et al. (2017) asked listeners to perform a Cantonese
homophone judgment task while listening to speech or non-
speech context in the normalization task. They found that the
normalization results in both speech and non-speech contexts
were not affected by the simultaneously ongoing secondary task.
Although speech normalization probably is a cognitive-resource-
dependent process (Nusbaum and Morin, 1992), Zhang et al.
(2017) indicated that extracting information from both speech
and non-speech context is automatic. The automatic extraction of
the context pitch was almost not affected by familiarity, resulting
in comparable results in music context and non-speech context,
and between musicians and non-musicians.

The present study compared different contexts (speech,
music notes, vs. triangle waves) and different groups of
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listeners (musicians vs. non-musicians). Neither dimension
showed a familiarity advantage in Cantonese tone normalization,
indicating that the speech superiority in Cantonese tone
normalization is not due to familiarity but much more likely due
to the speech-specific information in speech context. A previous
study suggested that the richness of linguistic information
influences the magnitude of tone normalization. The removal
of semantic, phonological, and phonetic information gradually
fails to elicit the contrastive context effect (Zhang et al., 2015).
Other researchers hypothesized the speech-specific information
enclosed in the talker-specific mapping of acoustic patterns
onto linguistic units, and such a mapping is critical for tuning
speech perception (Joos, 1948). Even the spectrally rotated
non-speech that has more speechlike spectrotemporal dynamics
could generate stronger normalization effects than the non-
speech context without these speechlike properties (Sjerps et al.,
2011). All these studies emphasized the importance of speech-
specific (or at least speechlike) information in accommodating
speech variability. As music notes and triangle waves in the
present study contained no speech-specific information (even no
speechlike spectrotemporal dynamics), the normalization process
did not emerge. The necessity of the speech-specific information
indicates that the successful lexical tone normalization process
is largely operated via a speech-specific mechanism. It is
worth noting that our findings could only conclude that the
familiarity did not contribute to the final decision of the
tone categorization. Future studies with a fine-grained temporal
resolution (e.g., electrophysiological methods) may provide
evidence on whether familiarity influences the early stages of
normalization processing.

Aside from the speech-specific information, the coherence
between context and target is another potential factor that
leads to the speech-superiority in the normalization process.
Speech context is more coherent with speech targets in many
dimensions than music notes and triangle waves. This is partially
supported by the congruency effect reported by Zhang et al.
(2017). They found that the pitch height estimation of the non-
speech target was better with the non-speech than speech context,
and the lexical tone perception of the speech target was better
with the speech than the non-speech context. Although the
experimental design of the present study cannot tease apart the
context-target coherence and the speech-specific information,
the coherence hypothesis to some extent is in line with the
domain-specific sound process, which in turn supports the
speech-specific normalization process. Further studies which
include a music context-music target and triangle wave context
- triangle wave target could be ideal to test the context-target
coherence hypothesis.

Although the studies from our group (e.g., Zhang et al.,
2013, 2017) and other research groups (e.g., Francis et al.,
2006) consistently revealed the necessity of the speech-
specific information in normalizing Cantonese level tones, the
normalization of other linguistic units showed mixed results.
Huang and Holt (2009) compared the normalization of Mandarin
T1 and T2 in the speech context and the non-speech contexts
composed of either sine-wave harmonics or pure tone. They
found the statistically comparable normalization effect between

speech and two non-speech contexts. However, with an almost
similar paradigm, Chen and Peng (2016) found the normalization
effect in the speech context but not in the non-speech context
(triangle waves). The results for the segmental normalization,
for example, vowels, are also complex. Sjerps et al. (2011) found
that the non-speech context could hardly help the normalization
of vowels but once it shared some speech-like spectrotemporal
features, the normalization effect emerged. Zhang K. et al.
(2018) reported that although at the group level there was no
normalization effect for the non-speech context, around half of
the participants did show a contrastive context effect in the non-
speech condition. These results suggest that non-speech contexts
to some extent affect vowel normalization. The discrepancy
between level tones and other speech units might come from the
acoustic cues that contribute to their identification (Sjerps et al.,
2018). The differentiation of level tones mainly depends on the
pitch height and the contextual information is important to tell
the relative pitch height. This special feature makes the Cantonese
level heavily rely on contextual information. However, more than
one cue affects the perception of vowels. The pitch and the
formant pattern within the target syllable also contribute to the
vowel identification (Johnson, 2005). Consequently, the vowel
normalization probably relies less on the context information.
Although the information in non-speech context is not as rich
as that in speech context, it is enough to trigger successful vowel
normalization. It is worth noting that no matter for segments
or suprasegments, the normalization effect is salient in speech
context and does not always appear in non-speech context.
Therefore, although the speech-specific context information
might not be indispensable for the normalization of phonemes
containing rich acoustic cues (e.g., vowels), the superiority of
speech context in the extrinsic normalization largely holds in
speech perception.

To our knowledge, there was no study directly testing whether
music experience facilitates lexical tone normalization. The
present study uniquely and empirically probed into this question
by comparing musicians and non-musicians. Musicians who
are trained intensively in perceiving the fine pitch differences
are expected to form a more precise pitch range reference to
estimate the relative pitch height of the target lexical tone, and
consequently, show a stronger contrastive context effect than
non-musicians. However, musicians in the present study showed
no advantage in the lexical tone normalization in the speech
context, suggesting that there is almost no positive transfer in
the pitch encoding from the music domain to the linguistic
domain. This finding is somewhat in line with previous studies
about musicians of tonal language speakers. Although non-
tonal language speakers showed the music experience benefit in
the lexical tone discrimination and identification (e.g., French
speakers in Marie et al., 2011 and English speakers in Alexander
et al., 2005), this benefit reduced a lot for tonal language
speakers. Wu et al. (2015) and Zhu et al. (2021) reported that
Mandarin musicians only showed the increased sensitivity to
the within-category differences which was not important for
the lexical tone categorization. Cooper and Wang (2012) found
that either tone-language or music experience facilitated the
lexical tone identification, but that the combination of two
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did not lead to better results than either experience alone.
By investigating the extrinsic normalization of lexical tones,
the present study extended these findings and showed that
musicians of tonal language speakers had almost no observable
advantage in identifying the relative pitch height in the linguistic
domain. Zhang (2020) and Zhang and Peng (2021) found
that the normalization process is largely implemented at the
phonetic and phonological processing stages. Wu et al. (2015)
and Zhu et al. (2021) suggested that acoustic processing
was reliably enhanced even with limited musical training (4–
5 years of amateur learning), but the musical training did
not benefit the phonological processing. This might account
for why musicians did not outperform non-musicians in the
normalization task. Besides, musicians showed no normalization
advantage in the non-verbal context (i.e., piano notes and
triangle waves) as well. Although musicians have a more precise
encoding of pitch information, the pitch extracted from non-
speech contexts is still not enough for them to establish
an effective talker-specific reference, indicating that additional
speech-specific information is necessary for the successful
normalization process (Zhang et al., 2015). Shao and Zhang
(2018), Zhang C. et al. (2018), and Liu et al. (2021) consistently
reported that amusics of tonal language speakers who are
impaired in music pitch perception also show impaired lexical
tone normalization, indicating a negative transfer from music
pitch processing to linguistic pitch processing. By investigating
the musicians’ lexical tone normalization, the present study,
however, failed to find a positive transfer from the music
domain to the linguistic domain. It is reported that music
and language share the similar acoustic parameters and the
similar process at the lower level (i.e., the acoustic level),
which leads to the observed positive/negative transfer across two
domains (Patel, 2013). The accurate perception of the acoustic
differences is the basis for the successful processing at the higher
level (i.e., the phonological identification). Amusics who are
impaired at perceiving the fine acoustic differences are less likely
successful at the lexical tone normalization which is largely
implemented at the phonetic and phonological level, especially
when the demand for pitch sensitivity is high (Wang and
Peng, 2014). Meanwhile, successful phonological identification
requires acoustic differentiation ability, but the basic acuity
shared by normal tonal language speakers (non-amusics) is
enough (Cooper and Wang, 2012). This might be the reason
why Cantonese musicians who have higher ability at telling
fine acoustic differences performed equally well as Cantonese
non-musicians in the lexical tone normalization.

CONCLUSION

In this study, to evaluate whether the familiarity factor mediates
the speech superiority in lexical tone normalization, we compared
musicians’ and non-musicians’ perception of Cantonese level
tones in speech, music, and non-speech contexts. We found
that despite two groups of participants showed clear contrastive
context effect in speech context conditions, neither group showed

such an effect in non-speech or music context conditions. The
familiarity of music could not increase its usefulness in listeners’
speech normalization, even it was longitudinally learned and
practiced by listeners. Thus, our findings add more evidence to
support the speech-specific mechanism in explaining the speech
normalization process. The present study also found that even
though musicians have the sophisticated pitch perception ability
in music, their music experience does not boost the pitch height
estimation in the linguistic domain as revealed by the comparable
extrinsic normalization results of musicians and non-musicians.
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Music expertise is known to be beneficial for cognitive function and development. In this
study, we conducted 1-year music training for school children (n = 123; 7–11 years
of age before training) in China. The children were assigned to music or second-
language after-class training groups. A passive control group was included. We aimed to
investigate whether music training could facilitate working memory (WM) development
compared to second-language training and no training. Before and after the training,
auditory WM was measured via a digit span (DS) task, together with the vocabulary
and block tests of the Wechsler Intelligence Scale for Child IV (WISC-IV). The results of
the DS task revealed superior development in the music group compared to the other
groups. However, further analysis of DS forward and backward tasks indicated that the
performance of the three training/non-training groups only differed significantly in DS
backward scores, but not in the DS forward scores. We conclude that music training
may benefit the central executive system of WM, as reflected by the DS backward task.

Keywords: second-language training, music, training effect, transfer, randomized controlled trial, propensity
score method

INTRODUCTION

The effects of music expertise beyond music/sound-related skills have been increasingly
investigated since the 1990s. Studies suggest that individuals with music exposure perform better in
tasks measuring language abilities, such as foreign language pronunciation skills (Milovanov et al.,
2010), phonological awareness (Linnavalli et al., 2018), and verbal intelligence (Moreno et al., 2012)
than those who without music exposure. In addition to these transfer effects on linguistic function,
associations between music exposure and higher-level cognitive abilities, which may indicate far-
transfer effects, have also been reported, for example, in non-verbal intelligence (Schellenberg,
2006) and academic skills (dos Santos-Luiz et al., 2016).
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Despite these findings, the existence and interpretation of
these far-transfer effects remain unclear. One perspective is
that music lessons may enhance general cognitive abilities (e.g.,
WM and executive functions), and these abilities may mediate
the amount of benefit received from music lessons to music-
unrelated performance (Hannon and Trainor, 2007; Moreno and
Bidelman, 2014). In other words, the high demands on listening,
attention, and controlling behavior during the music learning
process may facilitate domain-general executive functions. Prior
studies have provided numerous findings regarding the effects of
music training on cognitive functions (working memory: Roden
et al., 2012; attention: Strait et al., 2015; executive functions:
Degé et al., 2011; Slevc et al., 2016; for review: Talamini et al.,
2017). However, the findings are inconsistent to some extent
across different studies and measurements. Talamini et al. (2017)
summarized thirty-seven studies in their meta-analysis and
revealed a small effect size (g = 0.29) for long-term memory,
a medium effect size (g = 0.57) for short-term memory, and a
medium effect size (g = 0.56) for WM. Sala and Gobet (2017), in
their meta-analysis, also reported a small effect size (d = 0.34) of
music training on memory-related abilities, and the effect size was
even smaller if random allocation of participants was conducted
(Sala and Gobet, 2020). Recently, Bigand and Tillmann (2021)
repeated Sala and Gobet’s (2020) analysis using the same data
file, which resulted in stronger and more significant results.
Here, we focus on music training’s effects on auditory WM,
which has been viewed as predictive of other cognitive functions,
such as general fluid intelligence and cognitive flexibility (Kane
et al., 2004; Blackwell et al., 2009). Some researchers have
proposed that WM may play an essential role in mediating music
training effects (Moreno and Bidelman, 2014). Unlike short-
term memory, WM requires not only temporary storage, but
also the processing and manipulation of information (Baddeley,
1992). According to Baddeley and Hitch’s (1974) model, WM
consists of two slave systems and a central executive system. The
two slave systems—visual-spatial sketchpad and phonological
loop—provide the fundamental basis for storing and maintaining
visual-spatial and verbal-linguistic information, respectively. The
central executive system reflects on domain-general processing
and provides a certain workspace for ongoing information
manipulation and other cognitive activities. WM refers to a wide
range of information processing, including visual-spatial, verbal,
and auditory WM. Consequently, many types of WM tests were
developed based on the different types of WM and the three
processing systems in Baddeley’s (1992) model, which include, for
example, the DS forward task, the DS backward task, the matrix
span test, the Corsi block span test, the complex span test, and so
on (Talamini et al., 2017).

The DS task (Wechsler, 2003) is a valid and commonly
used test for measuring verbal WM from both storage and
executive perspectives. The test consists of two parts: DS forward
and DS backward. The former requires accurate repetition
of a presented number sequence, which may represent the
component phonological loop in the model. In contrast, the
latter requires participants to repeat the numbers in reverse order
and, therefore, requires further manipulation of the numbers
and executive processing while storing them. Previous research

has found evidence of the enhancement of both aspects in adult
musicians and musically trained children when compared to
untrained individuals. However, the literature is inconsistent
regarding which component of the WM is enhanced in musically
active individuals. For example, in Suárez et al. (2016), enhanced
memory performance in musicians was found in the DS back
task, reflecting central executive functions, but not in the DS
forward task, reflecting the phonological loop. Similarly, Guo
et al.’s (2018) training study of 6–8-year-old children found
greater improvement in DS backward scores in the music group
than in the control group. In contrast, Saarikivi et al. (2019)
investigated the development of WM in children and adolescents
aged nine through twenty and reported that musically trained
participants outperformed their non-trained peers only on the
DS forward test. Similar evidence has been found in other studies
(Lee et al., 2007; Hansen et al., 2013). Schellenberg (2011) found
that 9–12-year-old children who had music training obtained
significantly higher DS total scores than children in the control
group, while Virtala et al. (2014) reported that there were only
marginally significant differences in DS total scores between adult
musicians and non-musicians.

However, the limitations and inconsistencies of
implementation were unavoidable in the reported studies.
Some studies implemented interventions that may have been
too short and, therefore, unable to observe the enhancement.
For example, in Guo et al.’s (2018) study, the training sessions
lasted for only 6 weeks; in Shen et al.’s (2019) study, the training
program duration was 12 weeks. Some studies (Lee et al., 2007;
Schellenberg, 2011; Suárez et al., 2016) were cross-sectional and
directly compared musically trained and untrained children
or adults, which may make it difficult to draw conclusions
regarding causation. Furthermore, in some studies, the sample
size was relatively small, so the results may not be generalized
to a larger population (Fujioka et al., 2006; Virtala et al., 2014;
Kumar and Krishna, 2019) or may lead to false-positive results
(Button et al., 2013).

Language and music share similar cognitive demands,
including auditory, somatosensory, visual, and cross-modal
processing. Previous research has suggested that bilingualism also
benefits one’s executive functions, especially inhibitory control
(Bialystok et al., 2004; Carlson and Meltzoff, 2008; Bialystok and
DePape, 2009), as well as WM (Grundy and Timmer, 2017; Antón
et al., 2019), although Alain et al. (2018) found that the effect
of bilingualism on WM may be supported by different neural
activities from those of music expertise. Antón et al. (2019) found
that bilingual children outperformed monolinguals on the DS
backward but not on the DS forward. The effects of bilingualism
reflect a possible role of language processing on more general
cognitive functions.

Addressing the limitations of the previous studies above,
in our study, we used an randomized controlled trial (RCT)
design and investigated the effects of music training on WM
performance during a 1-year longitudinal training program
in Beijing, China. Over 100 elementary school children were
recruited and randomly allocated to music and second-language
training groups. Language training was chosen as an active
control to investigate the possible unique effect of music training
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on WM, apart from language learning. A passive control group
was also included. To further balance the possible bias between
the training groups that may result from dropouts, a propensity
score method that is commonly used in medical experiments was
applied for the data analysis. We aimed to investigate if and how
1 year of extracurricular group-based music training can benefit
school-aged children’s WM compared with language training and
no training. In addition, we aimed to determine whether there
were other more general effects of music training on children’s
cognitive development in terms of verbal and spatial skills.

MATERIALS AND METHODS

Participants
One hundred and nineteen children from 6 to 10 years of age were
recruited at the first stage of the study and randomly assigned
to the language (n = 60) or music (n = 59) groups. Nineteen
children (fourteen boys) in the music group and seven (four
boys) in the language group were unable to attend the courses
due to scheduling conflicts. These twenty-six children, along with
eleven newly recruited children from the same school, formed
the passive control group (n = 37). Three children in the music
group, three in the language group, and one in the passive control
group voluntarily withdrew from the study. This resulted in 123
participants at the baseline stage: fifty in the language group, 37
in the music group, and 36 in the control group. All participants
were native Chinese speakers. Twelve children (three in the music
group, three in the language group, and six in the control group)
failed to attend the training classes and take the post-training
tests. Thus, there were 111 participants in the post-test: language
group (n = 47), music group (n = 34), and control group (n = 30).
In the analysis, outliers were defined as those with baseline scores
for forward or backward DS tasks that were more than three
standard deviations from the mean. Thus, three participants were
identified: two had exceptional scores on the DS forward pre-test,
and one had an exceptional score on the DS backward pre-test.
Since only one had attended the post-test, 110 participants were
included in the analysis: 46 in the language group (23 boys), 44
in the music group (eight boys), and thirty in the control group
(twenty-two boys). Table 1 shows additional descriptive statistics.

Parents provided written informed consent and were
compensated for local transportation and time. - The study was
approved by the Institutional Review Board at the State Key
Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University, and conducted in accordance with the norms
of the Declaration of Helsinki.

Training Procedure
The training program was based on a large longitudinal study
conducted in Beijing (Tervaniemi et al., 2021). The training
sessions lasted for two semesters, during which the children
received 50 1-h sessions of music/language training after their
normal school curriculum. The curriculum of music training
combined the Kodaly method with a well-established curriculum
for basic knowledge of music, music theory, and solfeggio (Zhao,
2008), which includes fundamental rhythm and pitch skills, sight

reading, and singing. Language training taught English as a
second language, focusing on English word decoding, phonics,
and vocabulary. Teaching materials included relevant textbooks:
Letter Land (Wendon, 2009; Holt, 2011), Root Phonics English
(Sun and Lytton, 2010), and Pandeng English (Pandeng English
Project Team of State Key Laboratory of Cognitive Neuroscience
and Learning at Beijing Normal University, 2012). This training
protocol has been used in previous studies (Li et al., 2018; Xu
et al., 2021). Teachers who were professionally trained in music
and English language instruction at the master’s level were hired
for this project. A lead teacher always conducted the lesson
in each class with an assistant teacher to help children with
difficulties and assist with classroom management. During the
last session of each semester, a Harvest Festival was held in
each class to motivate children’s learning in the classes; those
who had studied diligently or performed well received a prize at
the festival. Supplementary Table 1 presents information about
the fidelity check. The results of the fidelity check, in both the
English and music training programs, showed good adherence
to the teaching curriculum and plans (ratings above 4.8 on a 1–
5 Likert scale). No group differences were observed in the most
(first three) categories of fidelity ratings. However, the students’
involvement in music classes was significantly better than in
English classes.

Students’ attendance was recorded; the average attendance was
higher than 80% (Table 1). During the programs, the children
were asked: “Did you generally like the sessions?” They answered
using a 5-point Likert scale (1 = I hate it; 2 = I don’t like it; 3 = I
don’t know; 4 = I like it a bit; 5 = I like it very much). In the
music group, the mean score for this question was 4.3, and in the
language group, it was 4.7, without significant group differences
[t(56.24) = 1.83; p = 0.072; Cohen’s d = 0.488].

Behavioral Measurements
Background Questionnaire
Demographic questions included the children’s gender, age,
parents’ ages, and the family’s socioeconomic status (SES).
Family SES was based on the educational level of both parents,
from none to doctoral level. The family’s annual income was
also reported by the parents. The data were further divided
into two categories according to the respective median: higher
family income (above CNY 100,000 annually; approximately
USD 15,469) vs. lower family income (less than CNY 100,000)
and a higher level of education (above high school) vs. lower
education (up to high school). Table 1 shows additional
descriptive statistics.

Wechsler Intelligence Scale for Child IV
Three subtests were chosen from the Chinese version of the
WISC-IV test (Zhang, 2009): DS, block design, and vocabulary.
They were conducted before and after the training programs.

Digit span measures short-term auditory memory and WM.
The test consisted of the forward DS and backward DS subtests.
In the forward span task, the children were presented with a
series of numbers and asked to repeat all the numbers in the
same order. In the backward span task, the children also heard a
series of numbers, but were asked to recall them in reverse order.
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TABLE 1 | Descriptive statistics of the background variables in three groups at baseline.

Music group Language group Control group df F or t p

(n = 34) (n = 46)* (n = 30)

Age 8.75 ± 0.78 8.48 ± 0.82 8.57 ± 0.80 107 1.102 0.336

Attendance rate (%) 84.00 ± 20.45 86.65 ± 19.25 – 78 0.593 0.555

WISC-block design 10.26 ± 4.60 9.26 ± 4.31 9.97 ± 4.58 107 0.534 0.588

WISC-vocabulary 12.35 ± 3.32 11.61 ± 3.04 11.83 ± 2.94 107 0.571 0.566

N X2 p

Father’s education

Higher level (n) 17 (50%) 19 (42.2%) 17 (56.7%) 109 1.541 0.463

Lower level (n) 17 (50%) 26 (56.5%) 13 (43.3%)

Mother’s education

Higher level (n) 15 (44.1%) 23 (50%) 13 (43.3%) 109 0.579 0.749

Lower level (n) 19 (55.9%) 22 (47.8%) 17 (56.7%)

Family income

Higher income (n) 18 (52.9%) 19 (41.3%) 16 (53.3%) 109 1.258 0.533

Lower income (n) 16 (47.1%) 26 (57.8%) 14 (46.7%)

Gender

Boys (n) 8 (23.5%) 23 (50%) 22 (73.3%) 110 15.938 <0.0001

Girls (n) 26 (76.5%) 23 (50%) 8 (26.7%)

*The SES scores of one participant in English group was missing, n = 45 when the variable is “family income”, “father education” and “mother education”.

The number of correctly remembered trials was recorded as the
original score for each forward span task and backward span
task. The standardized total scores were calculated using Chinese
norms (Zhang, 2009).

Block design measures children’s spatial ability. Within a
limited time, the participants were asked to assemble blocks to
reproduce the given designs, matching the white-and-red design
pictured. Each block has two red sides, two white sides, and two
sides that are half white and half red. The original scores were the
total number of trails in which the children successfully placed all
the blocks within the limited time. The standardized total scores
were calculated using Chinese norms (Zhang, 2009). The designs
were arranged in order of increasing difficulty.

Vocabulary is an untimed verbal core subtest. The test
measures verbal fluency, concept formation, and word knowledge
and is comprised of twenty-five vocabulary words presented in
order of increasing difficulty. The children were asked to explain
the meaning of each word. The tasks stopped when the children
failed to correctly explain the words. The original scores were
obtained from the total number of correctly explained words. The
standardized total scores were calculated using Chinese norms
(Zhang, 2009).

Data Analysis Procedure
In a longitudinal research project with an intervention
design, ideally, the groups of participants have balanced
background variables to achieve the validity of the between-
group comparison. This balance is usually a spontaneous
subsequence when randomization is carried out on a sufficiently
large sample. However, the small sample of 110 participants in
this study (divided into two intervention groups and one control
group), as well as the possibility of dropouts, may have caused the
risk of imbalanced covariates. Thus, we adopted the propensity
score (PS) method (Ho et al., 2007; Hansen and Bowers, 2008)

to control for the participants’ baseline characteristics. By using
PS, this study was able to create balanced groups in which
pairs of participants were similar, except for their experimental
statuses, so that the main effect of the intervention could be
unbiasedly estimated.

To calculate PS, logistic regression is usually used in this
kind of analysis to predict the probability of being in the
case group. Then, participants from one experimental group
were matched with participants from the other groups on
the magnitude of their scores to create groups with balanced
covariates. However, research has shown that this procedure can
be problematic in studies with small sample sizes. Holmes and
Olsen (2010) examined three strategies for smaller sizes (n = 112)
and recommended that using the PS score as a covariate be
the optimal method for analyzing small sample data. Thus, we
followed the recommended steps (Leite, 2016) as follows: (1)
Estimate the scores—a multinomial logistic regression method
was used for estimating the propensity scores. Age, gender as a
dummy variable, WISC-block score, and WISC-vocabulary score
were included as covariates in the model. The baseline measures
were also entered in the model, including either the DS total
score, DS forward score, or DS backward score. (2) Calculate
the propensity weights—following Leite’s (2016) approach, a
propensity weight (PW) for each participant was further obtained
by calculating the inverse of each PS. PWs were then assigned
to the entire dataset. (3) Evaluation of covariate balance—
pre-and post-experiment balancing of confounders between
treatment groups, namely, the music group, language group,
and passive control group, needs to be checked and reported in
PS studies. We made a between-group pairwise comparison for
each covariate and calculated the absolute standardized effect size
and p-value. Effect sizes above 0.25 (Hansen, 2004) or p-values
below 0.05 (Rubin, 2001) are considered a large imbalance
of the covariate.
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Finally, an analysis of covariate (ANCOVA) was conducted to
estimate the group differences on post-test DS measures, with PW
as the covariate (Holmes and Olsen, 2010). Based on previous
research, we hypothesized that the effects of music training may
differ on forward and backward tests (Saarikivi et al., 2019),
so we analyzed the DS data separately for the forward and
backward scores. Further multiple comparisons between groups
were performed using the Bonferroni adjustment.

The data analysis was conducted in R (R Core Team, 2020).
The vglm function in the “VGAM” package (Yee, 2020) and the
bal.stat function in the “twang” package (Cefalu et al., 2021) were
used to conduct multinomial logistic regressions and to assess
the imbalance of the confounding variables, respectively. The
function emmeans in the package “emmeans” (Lenth, 2020) was
used for the post hoc test in the ANCOVA.

RESULTS

Table 1 shows the demographic variables for the three groups in
terms of age at baseline, SES, baseline IQ, and attendance rate.
No other significant differences were found in these variables
among the three groups except for gender distribution—there
were more boys in the control group than in the music group.
This imbalance was caused by the selective participation of boys
in the activities: despite random allocation, of the twenty-six
participants who did not want to join the experimental (music,
language) groups but who went to the passive control group,
nineteen were boys.

We applied PS analysis to balance the bias from gender
and other baseline measures. Table 2 summarizes the pairwise
covariate balance before and after adjusting with the PW
from multinomial logistic regression, as well as the unadjusted
balance in the baseline for DS total, DS forward, and DS
backward, respectively. An effect size of 0.25 or greater is
considered large (Hansen, 2004). As demonstrated in the table,
the weights obtained with the multinomial logistic regression
models provided a good covariate balance and were used in
the final analysis.

Figure 1 shows a comparison of the DS scores among the three
groups. The one-way ANCOVA was conducted to determine
the group differences in the DS score in the post-test, after
controlling for the propensity weights in the pre-test. Thus, the
effects of the intervention can be estimated after controlling for
prior differences. For the standardized DS total score, the results
showed there was a significant group effect after controlling
for the propensity weights in the pre-test [F(2, 106) = 3.598,
p = 0.031]. However, the post hoc test showed that there was
a significant difference between the music and passive control
groups (p = 0.029) but no significant differences between the
music and language groups or between the language and passive
control groups (p > 0.05).

Next, we analyzed the outcome of the forward and backward
subtests separately to reveal whether music training affected
the phonological loop reflected by the forward subtest or the
central executive system reflected by the backward subtest. As
our main finding, we identified a discrepancy between the DS

TABLE 2 | Summary of covariate balance.

Group 1 Group 2 Method Maximum
standardized

effect size

P-value

DS total Music English Unadjusted 0.58 0.12

Music Control Unadjusted 1.36 0.01

English Control Unadjusted 0.98 0.18

Music English MLR 0.12 0.63

Music Control MLR 0.24 0.33

English Control MLR 0.12 0.33

DS forward Music English Unadjusted 0.58 0.01

Music Control Unadjusted 1.45 0.25

English Control Unadjusted 1.3 0.63

Music English MLR 0.26 0.33

Music Control MLR 0.41 0.15

English Control MLR 0.16 0.15

DS backward Music English Unadjusted 0.7 0.02

Music Control Unadjusted 1.23 <0.001

English Control Unadjusted 0.67 0.46

Music English MLR 0.21 0.46

Music Control MLR 0.18 0.45

English Control MLR 0.1 0.45

1. GBM, general boosted model; MLR, multinomial logistic regression; 2. Numbers
in bold indicates the standardized effect size over 0.25 or p-value below 0.05
indicating imbalance on those covariates. Background variables include age,
attendance rate, SES, gender, and general baseline cognitive abilities. For SES,
“higher level” is defined as the reported education level or family income was higher
than the median; “lower level” is defined as the reported education level or family
income was lower than the median.

forward and backward raw scores as follows. For DS forward raw
scores, the one-way ANCOVA showed no difference between the
groups after controlling for the propensity weights in the pre-
test [F(2, 106) = 0.583, p = 0.560]. In contrast, for DS backward
raw scores, the one-way ANCOVA showed a significant group
effect after controlling for propensity weights in the pre-test
[F(2, 106) = 5.038, p = 0.008]. The music group outperformed
the passive control group (p = 0.013) and the language group
(p = 0.039); there were no differences between the language group
and the passive control group (p = 0.14).

The other two measures—block subtest scores and vocabulary
subtest scores—were analyzed with the same procedure as PS
analysis. The one-way ANCOVA with the propensity weights as
covariates showed that there were no significant group differences
on either the block subtest score [F(2, 106) = 0.464, p = 0.630], or
the vocabulary subtest score [F(2, 106) = 0.593, p = 0.554].

DISCUSSION

The aim of our study was to investigate the effects of music
training on auditory WM in school-aged children. The results
revealed different effects of interventions, namely music training,
language training, and no training, on the performance of DS
tasks. On the general performance of the DS task, the musically
trained group showed significant superiority compared to the
control group after controlling for prior bias before the training
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FIGURE 1 | Comparisons of digit span scores between groups (Mean and SE). Music group gained significant improvement compared with Language and Control
group in digit span backward scores. However, no significant interaction between Group and Time was found in the digit span forward scores or digit span
standardized score.

and the baseline level of the DS performance. However, this
superiority was observed only in the DS backward performance.
Regarding the DS forward performance, no such difference was
found between the groups.

This result is in line with previous research indicating that DS
forward and DS backward reflect different cognitive functions.
Reynolds (1997), using factor analysis, found that forward
and backward tasks indicate two distinct memory processes.
Furthermore, in a study investigating attention deficits and DS
performance, only DS backward scores predicted children with
attention deficit hyperactivity disorder, while the DS forward task
did not (Rosenthal et al., 2006). Our results support the view that
DS forward and DS backward are distinct, measuring different
cognitive processes—DS forward involves short-term auditory
memory processes, whereas DS backward involves additional
components of attention and executive functions.

Our results show that music training may be more beneficial
for attention and executive memory processes, which is indicated
by enhanced DS backward scores. This supports previous
findings of positive associations of music expertise with the DS
backward task (Guo et al., 2018) and higher cognitive functions,
such as WM (Roden et al., 2014; D’Souza et al., 2018) and
other executive functions (Degé et al., 2011; Saarikivi et al., 2016;
Jaschke et al., 2018; Shen et al., 2019).

Notably, the negative results of the DS forward test were
discrepant with previous findings. George and Coch (2011) found
that DS forward scores were positively correlated with years
of music training. Accordingly, Saarikivi et al. (2019) found
that musically trained children and adolescents outperformed
their untrained peers in DS forward but not DS backward
tasks. They argued that music training may benefit WM,

specifically in retaining and reproducing auditory sequences
rather than in updating information in the mind. However, in
the current study, music training did not produce a significant
improvement in maintaining information indexed by the DS
forward tasks.

One possible reason may be that this results from having a
language background than in the majority of the literature—
the participants in previous studies were speakers of non-tonal
languages, whereas in the present study the spoken language
is Chinese mandarin regarded as tonal language.1 Bidelman
et al. (2013) found that speakers of Cantonese, a tonal language,
outperformed speakers of non-tonal languages on the tonal
memory task, in which participants were asked to judge whether
the probe tone was present in a four-tone sequence they
had heard before.

In this study, the digit sequences in Mandarin, which is a
tonal language, always have the same tones, and these tones may
sound like melodies to children. The daily experience of listening
and speaking melodic sentences may equip children with better
auditory memory than the non-tonal language speakers, even
without music training. While the performance of the DS forward
task consequently benefited from the tonal melodies created by
the digit sequences, the children might have already possessed
a good level of memory for the DS forward, and music training
may not be beneficial comparatively. The DS forward score in
the music group might have dropped slightly because of the
random fluctuation in the children’s performances. However,

1Here, tonal language (Chinese, Vietnamese, Thai, etc.) is one in which the same
series of sounds can have different semantic meanings depending on the tones
(pitch) of the word. In contrast, in non-tonal languages (English, Spanish, etc.),
the word’s meaning is not influenced by pitch.
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when the task was to list numbers in reverse order for the
DS backward task, this melodic cue of the digit sequences was
no longer helpful.

Another difference between our earlier findings and the
literature can be found in the type of music training. While
the training in this study was group-based and given as
extracurricular lessons to schoolchildren, in previous studies,
the musically trained participants were involved in instrumental
training programs. Consequently, the discrepancy in the
results may be explained by different demands of the given
training; individual lessons emphasized fine-grained auditory
functions, while group-based lessons in our study focused
on acquiring music knowledge—for example, the recognition
and classification of rhythm patterns and melodies, as well
as interactions with teachers and peers. Thus, attention
and executive functions might be practiced more than
in other programs.

Next, we discuss the limitations of our study. Our initial
purpose was to randomly assign the children to groups.
However, there was a high dropout rate before the onset
of the training program—several children dropped out of
classes because of “scheduling conflicts.” This might have
led to an initial group difference before the training in
the DS task but interestingly not in the block design and
vocabulary task. It turns out that motivation and other
environmental “hidden factors,” such as school achievements
and parents’ personalities and parenting styles, may become
critical barriers during random assignments (Schellenberg, 2020).
When there was a weak commitment from the participants,
those less motivated tended to choose other activities instead of
staying in the classes.

However, if this issue were considered, what would happen if
the less-motivated children were forced to stay and participate
in the music group lessons? In addition to being unethical, it
might still lead to an imbalance in motivation across groups,
which could also impact the training effect. Moreover, some
researchers have argued that randomization and the inference
of causality are complicated. The group difference might still be
present because of either gene-influenced individual differences
or environmental factors, even if they were absent before
the training (Schellenberg, 2020). Therefore, while solving the
practical challenges of random assignment in a study, more
factors, such as individual and familial background, should
also be considered during the design, observation, and analysis
processes of a training study in children.

In sum, we found that group-based music training enhanced
children’s auditory WM in terms of the executive system,
as indexed by the DS backward test. In contrast, there
was no evidence of the enhancement of simple storage of
the digit WM, as indexed by the DS forward, resulting
from music training. This could be due to the native tonal
language background of the children, which may help their
phonological storage with or without music training. To
conclude, our results indicate that music training may enhance
children’s ability to manipulate information as a higher-order
cognitive process, but not their simple storage capacity of
auditory information.
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Melodic intonation therapy (MIT) is a melodic musical training method that could be

combined with language rehabilitation. However, some of the existing literature focuses

on theoretical mechanism research, while others only focus on clinical behavioral

evidence. Few clinical experimental studies can combine the two for behavioral and

mechanism analysis. This review aimed at systematizing recent results from studies that

have delved explicitly into the MIT effect on non-fluent aphasia by their study design

properties, summarizing the findings, and identifying knowledge gaps for future work.

MIT clinical trials and case studies were retrieved and teased out the results to explore

the validity and relevance of these results. These studies focused on MIT intervention for

patients with non-fluent aphasia in stroke recovery period. After retrieving 128MIT-related

articles, 39 valid RCT studies and case reports were provided for analysis. Our summary

shows that behavioral measurements at MIT are excessive and provide insufficient

evidence of MRI imaging structure. This proves that MIT still needs many MRI studies to

determine its clinical evidence and intervention targets. The strengthening of large-scale

clinical evidence of imaging observations will result in the clear neural circuit prompts and

prediction models proposed for the MIT treatment and its prognosis.

Keywords: melodic intonation therapy, music therapy, non-fluent aphasia, speech therapy, stroke

INTRODUCTION

Aphasia is a language disorder generally caused by stroke-related damage to the dominant
hemisphere. It describes a multitude of acquired language impairment as a consequence of brain
damage (Go et al., 2014; WHO, 2015; Benjamin et al., 2017; Koleck et al., 2017). In relation to
localization, it is possible to make a division between fluent and non-fluent aphasia. Oral expression
of non-fluent aphasia is characterized by low speech volume, lack of grammar, and pronunciation
dysphonia. According to the AmericanHearing Language Association’s classification of aphasia, the
types of non-fluent aphasia include motor aphasia, complete aphasia, transcortical motor aphasia,
and transcortical mixed aphasia (Kim et al., 2016; Gerstenecker and Lazar, 2019; Hoover, 2019).
According to the survey data from WHO on stroke prevention in 2019, about 2.6 to 4.7 million
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people suffer from stroke-related aphasia yearly, significantly
impacting their quality of life (WHO, 2015; Wang et al.,
2019). Aphasia affects the patient’s linguistic skills and daily
communication. As the course of the disease is prolonged, it will
also impede patients’ quality of life.

Due to the lack of targeted surgery and efficacious treatment
regimens, speech therapy is a general method to train patients
with aphasia. The mechanism of speech therapy is mainly
based on the language function centers located in the dominant
left hemisphere (Kamath et al., 2019). Several studies have
demonstrated that music therapy for non-fluent aphasia is used
to treat patients who have lost their speaking ability after a stroke
or accident. It is reported that the right hemispheric regions are
more active during singing (Jeffries et al., 2003; Callan et al.,
2006; Ozdemir et al., 2006). Music therapy involving melodic
elements is deemed to be a potential treatment for non-fluent
aphasia, as singing potentially activates patients’ right hemisphere
to compensate for their lesioned left hemisphere (Zipse et al.,
2009; Schlaug et al., 2010). Aside from singing, many other
music therapy techniques have also been attempted, and the
effectiveness of some methods has been revealed.

Melodic intonation therapy (MIT) is one of the verified
effective methods of aphasia by the American Academy
of Neurology (AAN) (Helm-Estabrooks and Albert, 2004).
MIT is an intonation-based treatment method for non-fluent
or dysfluent aphasic patients developed in response to the
observation that severely aphasic patients can often produce well-
articulated, linguistically accurate words while singing but not
during a speech (Albert et al., 1973; Sparks et al., 1974). MIT is
a hierarchically structured treatment that utilizes intoned (sung)
patterns that exaggerate the typical melodic content of speech
across three levels of increasing difficulty. At the elementary level,
patients need to complete 1–2 syllables of melodic intonation in
oral expression, such as “hello,” “thank you,” “goodbye,” etc. At
the intermediate level, patients need to complete oral expressions
of melodic intonation of 3–5 syllables, such as “I love you,”
“I am thirsty (hungry),” “I have to rest,” etc. to express daily
needs. At the advanced level, patients need to express sentences
of 6–10 words or more, such as “I am going to train today,”
“It is 10 a.m. in the morning,” etc. The original explanation of
MIT is to utilize the musical and language output region in
the right hemisphere, in which the mechanism differs from the
left hemisphere (Albert et al., 1973; Sparks et al., 1974). An
assumption raised by Albert and Sparks is that music can be
effective by discovering music to language connections between
the right and the left hemisphere in an interactive way or by
using either reserved music/language functional area in the two
hemispheres to speak. MIT combines melodic and rhythmic
aspects of sentence intonation with language (Albert et al., 1973;
Sparks et al., 1974; Sparks and Holland, 1976; Helm-Estabrooks
et al., 1989; Cohen and Masse, 1993; Boucher et al., 2001; Norton
et al., 2009). It can mobilize the auditory musical area on the
right and the language area in the left hemisphere. The goal of
MIT is namely to elicit the sound of the language (or spontaneous
speech) by exaggerating the melody and rhythm of the language.
The implementation process of MIT is musical, activating the

right hemisphere mechanism that is not commonly used in daily
language expression.

However, according to the currently published MIT studies,
there is an excessive number of reviews and mechanism analysis
studies. Still, there is a scarce number of randomized controlled
trials (RCT), cross-over studies, cohort studies, and case studies.
In experimental researches, the evidence is accentuated over
language behavior measurements, and there are very few studies
that use multimodal imaging observation to verify behavioral,
neural mechanisms. In the assessment results of the language
scale, the brain areas observed by MRI imaging are scattered, and
the target areas of symptoms remain unclear. According to the
results of existing mechanism analysis and scale evaluation, there
are many possible narratives for the mechanism of MIT, but its
underlying mechanism remains unclear as of yet (Breier et al.,
2010; van de Sandt-Koenderman et al., 2010; Merrett et al., 2014;
Zumbansen et al., 2014b). Therefore, the purpose of our review
is to (1) retrieve the evidence and effectiveness of MIT for non-
fluent aphasia after strokes, determine the superior performance
of melody intonation therapy-related interventions in behavioral
measurement results, and summarize our findings. (2) From a
meager amount of MRI evidence, determine which areas the
onset mechanism is more focused in, identify more targeted
brain areas and circuits, and find a more feasible mechanism
direction for the treatment of aphasia by MIT, thus providing the
groundwork for future research.

MATERIALS AND METHODS

Selection of Studies
We have planned and analyzed literature from reviews,
systematic reviews, randomized controlled trials (RCT), clinical-
controlled trials (CCT), cross-over studies, cohort studies, self-
control, and case studies, regarding aphasia and music therapy.
A literature search was conducted on four electronic databases:
PubMed, Bing Scholar, Google Scholar, and Medline. The
included articles are in English, French, Italian, Spanish, German,
Korean, and Japanese. The publication timeframe was from
January 1970 to July 2021. The keywords of “stroke,” “aphasia,”
“music,” “melody,” “rhythmic,” “intonation,” “melodic intonation
therapy,” “music therapy,” “music and aphasia,” and “rhythm
and aphasia” were searched. The search was free and followed
PRISMA’s recommendations (Liberati et al., 2009; Higgins and
Green, 2011), with a reference list of articles attached.

Randomized controlled trials (RCT), clinical-controlled
trials (CCT), cross-over design, self-control, and case studies
were subsequently recruited, with the omission of reviews.
In accordance with the PICOS principle in evidence-based
medicine, this review defines the criteria for inclusion.

(1) Participants: In participant’s inclusion, all studies
concerned only human adults (≥18 years) in stroke recovery
period with non-fluent aphasia, including ischemic and
hemorrhagic stroke, and the time since stroke was more than
2 weeks. (2) Intervention: The intervention group followed
musical supported MIT such as melodic intonation therapy
(MIT), modified MIT, rhythmic syllables therapy (RST), spoken
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FIGURE 1 | Flow diagram of article identification and inclusion.

language stimuli, singing therapy (ST), rhythmic therapy (RT),
prosody perception task (PPT), sung-spoken story recall task,
melodic cueing, melodic singing, and rhythmic cueing. (3)
Comparison: The MIT intervention dose ranges from 1 to 4
times per week, and the duration ranges from 1 to 12 weeks. The
control group was followed by speech therapy or blank control
in the same dose and duration. (4) Outcomes: Using behavioral
evaluation scales and fMRI to evaluate the results, the primary
outcomes with a p < 0.5 are meaningful. (5) Study design:
Methods are a randomized controlled study of MIT and speech
therapy, or a self-controlled study of MIT, or a cross-design study
of modified MIT and speech therapy, case reports of MIT, etc.

We compared speech therapy and melodic intonation
therapy, combined with commonly integrated rehabilitation, and
evaluated clinical outcomes.

Data Sources and Search Strategy
After searching for relevant literature in 4 databases, a total
of 128 works of literature about melodic intonation (induced)
therapy were retrieved, and 2 was from another website. It
was found that 90 articles were repeated in each database after

reviewing the titles, indicating high reliability. After a quick
review of the literature, 10MIT literature reviews, 5 abstracts, and
4 qualitative analyses were excluded. The remaining 71 articles
contain complete quantitative analysis and case studies. After
careful examination of these articles, it was found that the data
of 5 brief articles were published as spotlight, and 11 papers were
presented as the original form; without statistical analysis, the
statistical correlation could not be obtained. Thirteen articles did
not belong to melodic intonation therapy and relative therapy.
Three papers were for patients with a cognitive impairment
not relevant to aphasia intervention. Finally, 39 quantitative
experimental types of research and case studies of aphasia
rehabilitation of typical MIT were identified. The risk of bias
assessment was based on the handbook of Cochrane review
methods (Higgins and Green, 2011; Figure 1).

The principle behind selecting these clinical studies as a
systematic review is that these studies have applied MIT
to clinical patients to observe the actual effects. Secondly,
internationally standard measures were performed before and
after the clinical trial to compare the results. Eleven of
the experiments were accompanied by imaging tests. The
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intervention was a melodic musical form, accomplished by the
therapist. Therefore, the above three points align with the therapy
standards and principles proposed at the beginning of standard
melodic intonation therapy.

MAIN RESULTS OF CLINICAL TRIALS OF
MIT TO APHASIA

This review summarizes all MIT studies with non-fluent aphasia
patients since 1970 (Table 1). Since MIT was established in the
1970s as a more effective supplementary treatment for non-
fluency aphasia, clinical trials on MIT have gradually garnered
widespread attention. MIT clinical trials have the following
characteristics: (1) In the research before the Twentieth century,
the behavioral observation records of patients with MIT were
more detailed; (2) Comparative case studies, self-controlled
studies, and small sample experiments were more numerous;
(3) Most of them used subjective language assessment scales
for result evaluation. After the Twentieth century, with the
advancement of imaging medicine, researchers conducted large
sample experiments while focusing on behavioral measurements.
They were more concerned about the evidence yielded by the
brain imaging structure. The assessment tool was taken as a
classification feature. Twenty-two MIT clinical trials evaluated
using language ability scales and 11 clinical trials using imaging
measurements; all the 33 pieces of research are listed in Table 1.

The Effects of MIT on 15–40 Sample Trials:
The Most Assessment Tools Are Subjective
Measurement Scales
In these MIT clinical trials, 13 experiments use various language
assessment scales for evaluation, accounting for the majority.
Melodic interventions are the selected essential factors, but
evaluation criteria are equally important. There are mainly
two evaluation criteria in the quantitative studies, one is
various standard language test scales, which include the Boston
Diagnostic Aphasia Examination (BDAE), the Western Aphasia
Battery (WAB) in different language versions, the Aphasia
Quotient (AQ), the Aachen Aphasia Test (AAT), amongst
others. The other is imaging check, which includes functional
magnetic resonance imaging (fMRI), magnetic resonance (MR),
and diffusion tensor imaging (DTI), which are usually applied in
a one-time assessment.

RCT Studies Evaluated Using Standard Language

Test Scales Showed Consistent Results in Behavioral

Measurement Results (Without Imaging)
Of the more than 15 MIT RCT studies selected in this review,
seven valuable clinical trials used the language assessment scale
to evaluate the results. Conklyn et al. (2012), Lim et al. (2013),
Van der Meulen et al. (2014), Van Der Meulen et al. (2016),
Raglio et al. (2015), Kasdan and Kiran (2018), Haro-Martínez
et al. (2019), Leo et al. (2019), and Zhang et al. (2016, 2021) all
used various language scales to assess two groups of patients with
aphasia. The results demonstrated that whether it was only one
observation of the immediate treatment effect or the cumulative

treatment effect for up to 12 weeks, compared with the speech
therapy group, the MIT group was better in understanding
(Haro-Martínez et al., 2019), retelling (Haro-Martínez et al.,
2019), and oral task response time (Lim et al., 2013), and oral
memory time and retelling phrase length (Kasdan and Kiran,
2018) have been markedly improved. Regarding spontaneous
expression, most of the target languages trained by MIT are short
sentences of varying lengths, while the content of melody training
is fixed. Therefore, in addition to improving the level of training
items, patients receiving MIT can also enhance the spontaneous
speech of untrained items. This is particularly conspicuous in
the test of story retelling (Van der Meulen et al., 2014; Van Der
Meulen et al., 2016). These meaningful behavioral measurement
results are reflected in the scores of different dimensions of
various language test scales.

Among the specific results, Haro-Martínez et al. (2019)
found that after MIT, the MIT group improved communicative
activity log (CAL), but no significant difference was noted in
comprehension and repetition. Leo et al. (2019) found that
after singing melody in the MIT group, the aphasic patients
recalled longer in the singing rather than the speaking task and
also with chunk length in the singing task. Kasdan and Kiran
(2018) compared 1-h immediate effect after MIT and then found
that patients with standard MIT conspicuously improved phrase
length. Zumbansen et al. (2014a) conducted a crossover study
on 3 aphasia patients for 6 weeks to compare MIT. The results
showed that all of the 3 patients in MIT training improved clarity
of syllables significantly. Stahl et al. (2013) did a similar crossover
study of 3 aphasia patients, and it turns out the MT group
improved significantly in repetition. In 2014, Van der Meulen
et al. (2014) and Van Der Meulen et al. (2016), conducted an
MIT crossover study on 27 aphasia patients, among which 16
patients received MIT for 6 weeks, and 11 patients in the control
group received MIT after weeks. It was revealed that compared
to the control group, the MIT group improved the repetition
(AAT) in both trained items and untrained items. He then ran
the same MIT crossover study in 2016 and found MIT group
improved repetition in trained items and spontaneous sentences
in untrained items. Raglio’s et al. RCT study (Conklyn et al.,
2012; Lim et al., 2013; Raglio et al., 2015) also proved that
MIT improved repetition, listening comprehension, spontaneous
speech, naming, and responsive items 2–3 score. Vian (Vines
et al., 2011) turns out that applying anodal-tDCS during MIT
produced a significantly greater improvement in verbal fluency.

Case Studies and Small Sample Studies Have the

Characteristics of Complete Specific Treatment

Interventions
There are 6 clinical trials with sample sizes between 1 and
6 patients. These studies mostly use the patient’s control
or crossover design to observe the effectiveness of MIT
intervention. Due to the small sample size, these studies reflect
the characteristics of a more detailed record of the intervention
process and a more evident division of music elements in
MIT. In the MIT intervention conducted by Van der Meulen
et al. (2012) for 2 patients, a dedicated MIT therapist carried
out the implementation process. Although in the MIT study
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TABLE 1 | The clinical trials of MIT for the aphasia of stroke.

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Sparks et al.

(1974)

Self-control n = 8 8 Patients with severely

impaired verbal output;

good auditory

comprehension; global

aphasics; No improvement

in verbal output for at least 6

months

No No Melodic intonation

therapy (MIT)

Programme

Daily therapy

3 months

Significant

results

Boston

Diagnostic

Aphasia

Examination

(BDAE)

(Goodglass

and Kaplan,

1972)

Responsive naming–F = 25.3, df

1, 5; P = 0.005

Confrontation naming–F = 7.9, df

1, 5; P = 0.038

Phrase length–F = 29.6, df 1, 5;

P = 0.003

Auditory commands–F = 2.2, df

1, 5; P = 0.198

Complex auditory material–F =

0.8, df 1, 5; P = 0.396

Reading comprehension,

sentences-paragraphs–F = 0.3,

df 1, 5; P = 0.50

Marshall and

Holtzapple (1976)

Case study n = 4 Patient 1: male; age:

49-years-time since stroke:

9 months

Patient 2: male; age:

49-years-old time since

injury: 25 months

Patient 3: male; age:

53-years-old time since

injury: 1 months

Patient 4: male; age:

41-years-old time since

injury: 1 months dignosis of

left middle cerebral artery

thrombosis with aphasia

and severe apraxia.

No No Melodic intonation

therapy (MIT)

Modified melodic

intonation

therapy (MMIT)

60 min/day

3 days/week

3 months no

return to

normal speech

Significant

results

Porch Index of

Communication

Ability (PICA)

Overall

Communicative

Ability

(OCA score)

Patient 1 has increased in PICA

scores at 3 and 6 months post-

MIT, and improved articulatory

skills

Patient 2 shows an increase of 8

scores (34–42) on the PICA

Patient 3 and Patient 4 showed

an improvement in verbal

modality after MMIT

Goldfarb and

Bader (1979)

Case study n = 1 1 patient, male, 50-year-old

with severe global aphasia

after C for 10 years (left

frontal thrombosis)

No No Melodic intonation

therapy (MIT)

1 h/session

6

sessions/week

1 time in

hospital

5 times

at home

Significant

results

Boston

diagnostic

aphasia

examination

(BDAE)

78% correct in speech mode;

84% correct in intonation without

tapping mode; 92% correct in

tonation plus tapping mode; and

88% correct without any hints

Popovic and

Boniver (1992)

Self-control n = 80 80 patient diagnosis with

Broca aphasics and

bucco-lingual apraxi

No No Melodic intonation

therapy (MIT) in

Romanian

60–120

min/session

7

sessions/week

2–4 weeks

Significant

results

Romania

aphasia test

(RST)

MIT was considered an efficient

method in the early stages of

Broca aphasia with bucco-lingual

apraxia

(Continued)

F
ro
n
tie
rs

in
N
e
u
ro
sc
ie
n
c
e
|
w
w
w
.fro

n
tie
rsin

.o
rg

5
Ja

n
u
a
ry

2
0
2
2
|
V
o
lu
m
e
1
5
|A

rtic
le
7
5
3
3
5
6

95

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Z
h
a
n
g
e
t
a
l.

S
yste

m
a
tic

R
e
vie

w
o
n
M
IT

R
C
T

TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Springer et al.

(1993)

Cross-over n = 12 Group 1 (L/S Group) n =

age: 46.17 ± 12.84 years

time since stroke: 14.17 ±

14.11 months

Group 2 (S/L Group) n = 6

age: 41.83 ± 9.72 years

time since stroke: 26.5 ±

22.75 months

No No Melodic intonation

therapy (MIT):

MIT’s facilitation

technique used in

a different

therapeutic

program

MIT: linguistically

oriented approach

(L)

MIT: stimulation

approach (S)

60 min/day

3–4

days/week

2 weeks

Significant

results

Aachen

aphasia test

(AAT)

Token test

(TT)

Communicative

abilities in

daily living

(CADL)

Amsterdam-

Nijmegen

everyday

language

test (ANELT)

There’s significantly improvement

for tasks with temporal items with

spatial items (p = 0.042) and wh-

words (p = 0.071); there’s no

significant differences in written

multiple-choice task (p = 0.583)

Non-parametric tests had

significantly larger direct effects

for the linguistically oriented

learning approach (L), but

significantly larger post-effect for

the stimulation approach (S)

Baker (2000) Case study n = 2 Patient 1: female

32-year-old, trauma brain

injury in left hemisphere time

since injury: 9 months

Patient 2: male, 30-years

old, trauma brain injury in

left hemisphere time since

injury: 4 months

Yes No Modified melodic

intonation therapy

(MMIT): Specific

musical line and

accompaniment

for each trained

sentence

30

min/session

3–8

sessions/week

4–27 months

Significant

results

Functional

language of

180

words/phrases

Functional

language of

45 words

Patient 1 had acquired a

functional language of 148

words/phrases

Patient 2 was able to

independently generate the

30 words

Bonakdarpour

et al. (2003)

Self-control n = 7 7 patients with non-fluent

aphasia

Mean age: 52.4 years

(45–61 years) time since

stroke: 35.43 months

(14–58 months)

No No Melodic intonation

therapy in Persian

(MIT-P):

Exaggeration of

normal prosody

3–4

days/week

1 month

Significant

results

Wilcoxon

signed-rank

test

Farsi aphasia

test (FAT)

Brain CT scan

for diagnosis

Wilcoxon signed rank test

showed statistically significant

improvement in phrase length (p

= 0.0125); number of correct

content units (p = 0.0107);

confrontational naming (p =

0.0312); responsive naming (p =

0.0107); repetition (p = 0.0084);

word discrimination (p = 0.238);

commands (p = 0.238)

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Wilson et al. (2006) Case study n = 1 1 patient, male,

48-years-old with a left

middle cerebral artery

tertiary stroke for 4 years

Yes No 3 methods of

trained items

Method 1: Melodic

intonation therapy

(MIT)

Method 2:

Repetition training

Method 3:

Unrehearsed training

2 days/week

1 month

Significant

results

Magnetic

resonance

imaging (MRI)

for diagnosis

Boston

diagnostic

aphasic

examination

(BDAE)

Australian

music

examinations

board (AMEB)

Compared to Method 2 and

Method 3, Method 1 showed a

significant main immediate effect

of time, F (1,56) = 6.47, p < 0.05,

and phrase group, F (2,56) = 13.9,

p < 0.001, and a significant

interaction between time and

group, F (2,56) = 9.95, p < 0.001.

The results showed a significant

long time effect of phrase group,

F (1,37) = 5.08, p < 0.05, and a

significant interaction effect

between time and group, F (1,37)

= 5.4, p < 0.05

Racette (2006) Self-control n = 8 4 Severe Broca’s aphasia

4 Moderate to severe mixed

aphasia age: 36–67 years

(mean 51.63 years) (mean 8

years) time since stroke:

5–19 years

No No Experiment 1:

Aphasic patients

repeated and

recalled familiar

songs

Experiment 2:

Aphasic patients

repeated and

recalled lyrics from

novel songs

Experiment 3: With

an auditory model

while learning

novel songs,

aphasics repeated

and recalled more

words when

singing than

when speaking

Once

experimental

time, three

times

Neuro-

psychological

battery of

tests

Standard

non-colored

Raven’s

matrices

Tower of

London

Montrea

battery for

evaluation of

amusia (MBEA)

Singing perse does not help

aphasics to improve their speech,

whether the songs were familiar

(Experiment 1) or unfamiliar

(Experiment 2)

But in Experiment 3, with an

auditory model while learning

novel songs, aphasics is better

than speaking and singing in

experiment 1 and 2

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Kim and Tomaino

(2008)

Self-control n = 7 5 Severe Non-fluent aphasia

2 Moderate aphasia time

since stroke: 14.28 years

Yes No Music therapist

supported music

therapy

Familiar songs

singing

Breathing into

single-syllable

sounds

Musically assisted

speech

Rhythmic speech

cueing, Vocal

intonation

Dynamically cued

singing

Oral

motor exercises

30

min/session

3

times/weeks

4 weeks

Neuro-

psychological

battery of

tests

Video

measurement

Speech and singing carefully

enhance each patient’s

expectancy in achieving

improved performance of word

retrieval, prosody and articulation

Hough (2010) Case study n = 1 1 patient, male,

69-years-old with chronic

Broca’s aphasia after left

cerebro-vascular accident

of 4 years’ duration

No No Modified melodic

intonation therapy

(MMIT)

3h

sessions/week

8 weeks

Follow-up at

2–4 weeks

Significant

results

Western

aphasia

battery-

revised

(WAB-R);

Aphasia

quotient (AQ);

Cortical

quotient (CQ);

American

speech-

language

hearing

Association

functional

assessment

of

communication

skills (ASHA

FACS)

After MIT, the patient reached

75% accuracy on automatic

phrases at 4 weeks; self-

generated phrases was 55% at 8

weeks

The results revealed a significant

difference in the automatic phrase

data between baseline and post-

treatment data (t= 18.7314; df=

6.456; p < 0.00001)

The results revealed a significant

difference in the self-generated

phrase data between baseline

and post-treatment data (t =

33.3729; df = 10; p < 0.00001)

AQ increased 13 scores and CQ

increased 13.6 after MIT

Vines et al. (2011) Self-control n = 6 Median age: 30–81 years

time since stroke: at least

1 year

No No Melodic intonation

therapy (MIT)

transcranial direct

current stimulation

(tDCS)

EG: 20

min/day

CG: 20

min/day

3 days

Significant

results

Boston

diagnostic

aphasia

Examination

(BDAE)

Applying anodal-tDCS during

MIT produced a significantly

greater improvement in verbal

fluency

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Van der Meulen

et al. (2012)

Clinical trial

no. NTR 1961

n = 2 Patient 1 age: 29 years time

since stroke: 8 months

Patient 2 age: 25 years time

since stroke: 2 weeks

No No EG: melodic

intonation therapy

(MIT)

CG: No

language therapy

3–5 h/week

6 weeks

Significant

results

Aachen

aphasia test

(AAT)

Amsterdam

nijmegen

everyday

Language

test (ANELT)

Sabadell story

retell task

Patient 1 improved 5 scores

in repetition and 5 scores in

comprehension (AAT)

Patient 2 improved 35 scores in

repetition trained phrases; 50’ in

repetition; 7’ in action naming

and 9’ in comprehension (AAT). 7

scores was improved in ANELT;

22.5 scores was improved

in Sabadell

Conklyn et al.

(2012)

RCT pilot n = 30 EG n = 10, age: 56.8 ±

17.11 years time since

stroke: 32.2 ± 93.42 days

CG n = 14, age: 66.9 ±

11.77 years time since

stroke: 28.4 ± 67.84 days

Yes Single EG: modified

melodic intonation

therapy (MMIT)

CG: Music

therapist

discussed with

the patient

15

min/session

3 sessions

Significant

results

Western

aphasia

battery (WAB)

Compared to the control, MIT

group adjusted total items 1–3

score (p = 0.02); 2–3 score (p =

0.02) and responsive items 2–3

score (p = 0.02)

Stahl et al. (2013) Self-control

Cross-over

Cross-over

n = 3 Median age: 56.2 years time

since stroke: 23.47 months

No No Formulaic singing

therapy (MT)

Rhythmic therapy

(RT)

Standard

therapy (ST)

1 h/session

3sessions/week

6 weeks

Significant

results

Aachen

aphasia test

(AAT)

Sabadell story

retell task

Compare to RT and ST, MT

group improved significantly (p =

0.001) in repetition; MT group

improved in spontaneous words

and is stable after 3 months.

Lim et al. (2013) CCT n = 21 EG n = 12, age: 56.5 years

time since stroke: 187 days

CG n = 9, age: 62.7 years

time since stroke:

2,473 days

No No EG: melodic

intonation therapy

(MIT)

CG: speech

language

therapy (SLT)

2 × 60

min/week

4 weeks

Significant

results

Western

Aphasia

Battery in

Korean

version

(K-WAB)

Aphasia

quotient (AQ)

In chronic group, MIT

improved AQ (p = 0.126);

spontaneous speech (p =

0.126); comprehension (p =

0.429) and repetition (p = 0.177)

In subacute group, MIT improved

AQ (p = 0.476); comprehension

(p = 0.067) and naming (p

= 0.352)

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Zumbansen et al.

(2014a)

Self-control

Cross-over

n = 3 Median age: 51.67 years

time since stroke: 21.67

months

No No Melodic intonation

therapy (MT)

Rhythmic syllables

therapy (RT)

Spoken syllables

therapy (ST)

Patient 1:

MT-RT-ST

Patient 2:

RT-ST-MT

Patient

3: ST-MT-RT

1 h/session

3

sessions/week

6 weeks

Significant

results in MIT

MT-86

aphasia

battery

Verbal fluency

test

Montreal

battery of

evaluation of

musical

abilities

(MBEMA)

Wechsler

Adult

intelligence

scale–III

(WAIS-III);

Wechsler

memory

scale-III

(WMS-III);

Computer

syllables tests

(cordial

analyseur)

Compare to RT and ST, patient 1

improved significantly (Z =

−2.101, p = 0.036) in MIT;

patient 2 improved in MIT (Z =

−2.017, p = 0.044); patient 3

improved in MIT (Z = −2.329, p

= 0.024)

Van der Meulen

et al. (2014)

RCT

Cross-over

n = 27 EG n = 16, age: 53.1 ±

12.0 years time since

stroke: 9.3 ± 2.0 weeks

CG n = 11, age: 52.0 ± 6.6

years time since stroke:

11.9 ± 5.9 weeks

No No EG: melodic

intonation therapy

(MIT)

CG: followed by

delayed MIT

5 h/week

6 weeks

Significant

results

Aachen

aphasia test

(AAT)

Amsterdam

Nijmegen

everyday

language test

(ANELT)

Semantic

association

task (SAT)

Sabadell story

retell task

MIT repetition

Compared to the control group,

MIT improved

Repetition (AAT) (p = 0.05); MIT-

repetition (p< 0.01); trained items

(p < 0.01); untrained items (p =

0.25)

There is no significant difference

in Sabadell (p = 0.82); ANELT (p

= 0.07) and Naming (AAT) (p

= 0.10)

Cortese et al.

(2015)

Self-control n = 6 Median age: 59.8 ± 9.3

years

Range: 53–71 years time

since stroke: 9 months

No No Melodic-rhythmic

therapy in Italian

30–40

min/day

4 days/week

16 weeks

Significant

results

Aachen

aphasia test

(AAT)

In Italian MRT, phonemic

structure, speech automatism,

prosody, communication, correct

repetition, naming and

comprehension improved (p =

0.031)

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Raglio et al. (2015) RCT n = 30 EG n = 10, CG n = 10

chronic aphasia

No No EG: singing active

music therapy

CG: speech

language therapy

30 min/day

15 weeks

Significant

results

Aachen

aphasia test

(AAT)

Short form

health survey

The study shows a significant

improvement in spontaneous

speech in the experimental

group (Aachener Aphasie

subtest: p = 0.020; Cohen’s d =

0.35); the 50% of the

experimental group showed also

an improvement in vitality scores

of short form health survey (chi

squared 4.114; p = 0.043)

Van Der Meulen

et al. (2016)

RCT

Cross-over

n = 17 EG n = 10, age: 58.1 ±

15.2 years time since

stroke: 33.1 ± 19.4 months

No No EG: melodic

intonation therapy

(MIT)

CG: no

language therapy

EG: 5 h/week

1–6 weeks

Significant

results

Aachen

aphasia test

(AAT)

Amsterdam-

Nijmegen

everyday

1–6 weeks: compare to CG, EG

(MIT) group improved in trained

items (p = 0.02); untrained items

(p = 0.40)

CG n = 10, age: 63.6 ±

12.7 years time since

stroke: 42.6 ± 23.7 months

CG: 5 h/week

7–12 weeks

Language

test (ANELT)

Correct

information

units (CIU)

Semantic

association

test (SAT)

7–12 weeks: compare to CG,

EG (MIT) group improved in

trained items (p < 0.01);

untrained items (p < 0.01)

Slavin and Fabus

(2018)

Case study n = 1 Age: 63 years old

Time since stroke: 10 years

Yes No Melodic intonation

therapy (MIT)

50

min/session

2

sessions/week

12 weeks

Significant

results

Boston

diagnostic

aphasi

Examination

(BDAE),

Apraxia

battery for

adults

II edition

MIT improved auditory

comprehension skills, answering

questions, and repetition of

BDAE after listening to

paragraphs

Martínez et al.

(2018), Trial no.

NCT3433495

Randomized

cross-over

pilot trial

n=20 EG n = 10, age: 66.05 ±

14.9 years time since

stroke: 18.9 ± 13.43

months

EG n = 10, age: 61.4 ±

13.7 years time since

stroke: 24.1 ±

16.35 months

No No EG: Spanish

adaptation of

melodic intonation

therapy (S-MIT)

CG: delayed MIT

30

min/session

12 sessions

6 weeks

Significant

results in CAL

Boston

diagnostic

aphasia

examination

(BDAE)

Communicative

activity

log (CAL)

Compared to the control group,

S-MIT improved communicative

activity log (CAL) (p = 0.048)

There is no significant difference

in comprehension (p = 0.925)

and repetition (p = 0.727) of

BDAE between two groups

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by scales (26)

Kasdan and Kiran

(2018)

Self-control n = 40 EG n = 16, age: 61.25 ±

10.19 years

CG n = 16, age: 63.0 ±

10.26 years time since

stroke: not specified

No No Songs

Melodic intonation

therapy (MIT)

1 h/session Significant

results

Western

aphasia

battery (WAB

Aphasia

quotient (AQ)

MIT improved a three-factor

repeated measures, phrase

length (p < 0.001); a

between-subjects effect of group

(p < 0.001)

Leo et al. (2019) RCT n=31 EG n = 17, age: 54.4 ±

11.3 years time since

stroke: 3 weeks−6 months

CG n = 14, age: 51.4 ±

17.7 years time since

stroke: 3 weeks−6 months

No No Music perception

task

Prosody

perception task

Sung-spoken

story recall task

1–1.5 h/day

3 weeks

Significant

results

NIHSS score

BDAE

aphasia

severity rating

scale

MBEA scale

and rhythm

RBMT story

recall

immediate

In the two tasks, the aphasic

patients recalling longer in the

sung than spoken task (p =

0.013); emotional prosody

perception correlated

significantly with the recall in the

sung task (p < 0.001); and also

with chunk length in the

Zhang et al. (2021) RCT n = 40 EG n = 20; age: 52.90 ±

9.08 years

CG n = 20; age: 54.05 ±

10.81 years

Yes No EG: melodic

intonation therapy

in Chinese

CG: Speech

therapy in Chinese

0.5 h/day

5 times/week

8 weeks

Significant

results

Boston

diagnostic

aphasia

examination

(BDAE)

Hamilton

anxiety scale

(HAMA)

Hamilton

depression

scale (HAMD)

In the spontaneous speech

(information, p = 0.0002), the

listening comprehension (true or

false, p = 0.0019; word

recognition„ p = 0.0001; and

sequential order, p = 0.0001),

fluency (p = 0.0019), repetitions

(p = 0.0019), and naming (p =

0.0001) of the intervention group

were significantly higher than the

control group in terms of the

cumulative effect of time and the

difference between groups after

8 weeks

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

Naeser and

Helm-Estabrooks

(1985)

Original n = 8 Good response group (GR)

n = 4 age: 49.5 ±

10.69 years Poor response

group (PR) n = 4 age: 41.75

± 14.91 years

No No Melodic intonation

therapy (MIT)

Over

1–8weeks

Significant

results

Boston

diagnostic

aphasia

examination

(BDAE) CT

scan

GR cases improved in speech

characteristics ratings for phrase

length and grammatical form on

the BDAE; the PR cases showed

no improvement

GR cases had lesions which

involved Broca’s area and white

matter deep to it plus large

superior lesion extension into peri

ventricular white matter deep to

the lower motor cortex area for

face, and had no large lesion in

Wernicke’s area and no lesion in

the temporal isthmus or the right

hemisphere

PR cases had bi-lateral lesions

or lesion including Wernicke’s

area or the temporal isthmus

Laine et al. (1994) Self-control

pilot study

n = 3 Patient 1: Chronic global

aphasia male, 58-years-old,

5 months after stroke

Patient 2: chronic mixed

non-fluent aphasia; male;

58-years-old; 16 months

after stroke

Patient 3: chronic

Wernicke’s aphasia;

62-years-old; male; 4

months after stroke

No No Repetition of

words and

sentences either

with normal

prosody or intoned

(intoned vs.

normal speech)

45

min/session

3

sessions/week

3.5 months

Significant

results

Boston

diagnostic

aphasia

examination

(BDAE); CT

Scan single

photon

emission

computed

tomography

(SPECT)

Patient 1 showed a totally uniform

pattern in the relative perfusion

changes. His pattern indicated

increased left hemisphere, not

right hemisphere activation during

MIT

Patient 2 and 3 did not find

evidence for increased right

hemisphere activation during MIT

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

Belin et al. (1996) Self-control

pilot study

n = 7 2 Chronic Broca’s aphasia;

5 chronic global aphasia

age: 40–58 years (mean,

49.7 years) time since

stroke: 4 to 41 months;

(mean ± SD, 19 ± 15

months)

No No Repetition of

sentences either

with normal

prosody or intoned

(normal speech vs.

silence; intoned

vs. normal speech)

the duration

of MIT in

French

therapy

ranged from

37–42

months

Significant

results

Boston

diagnostic

aphasia

examination

(BDAE);

Wilcoxon

signed-rank

test positron

emission

tomography

(PET)

Significantly more words (p <

0.03, Wilcoxon’s rank sum test)

were correctly repeated with MIT

(16.3± 8 words) than without MIT

(12.4 ± 8 words)

Two findings: 1st, simple passive

(word hearing) and active (word

repetition) verbal tasks

performed without MIT resulted

in abnormal activation of right

hemisphere structures,

homotopic to those normally

activated in the intact left

hemisphere. 2nd, word repetition

performed with MIT reactivated

Broca’s area and the adjacent

left prefrontal cortex

Schlaug et al.

(2008)

Case study

randomly

assigned

n = 2 2 patients with severe

non-fluent aphasia as the

result of a left hemisphere

ischemic stroke

Patient 1: male; age 47; time

since stroke: 13 months

Patient 2: male; age 58; time

since stroke: 12 months

No No Melodic intonation

therapy (MIT)

Speech repetition

therapy (SRT)

Patient 1 MIT vs.

Patient 2 SRT

90 min/day

5 days/week

Over 8 weeks

totally

70 sessions

Significant

results

Correct

information

units (CIUs)

Activities of

daily living

(ADL)

Boston

diagnostic

aphasia

examination

(BDAE);

Functional

magnetic

resonance

imaging (fMRI)

MIT-treated patient had greater

improvement on all outcomes

than the SRT treated patient

Patient 1 showed significant fMRI

changes in a right-hemisphere

network involving the premotor,

inferior frontal, and temporal

lobes

Patient 2 had changes in a left

hemisphere network consisting

of the inferior pre- and

post-central gyrus and the

superior temporal gyrus

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

Schlaug et al.

(2009)

Self-control

pilot study

n = 6 Median age: not specified

chronic aphasia patients

time since stroke: at least 1

year

No No Melodic intonation

therapy (MIT)

75 sessions Significant

results

Magnetic

resonance

imaging

(MRI);

Diffusion

tensor

imaging

(DTI)

All six patients showed a

significant increase in the

absolute number of fibers in the

right AF comparing post- vs.

pre-treatment DTI studies (paired

t-test, p = 0.04) and also an

increase in the fiber length

Breier et al. (2010) Case study n = 2 Patient 1 age: 55 years old

time since stroke: 5 years

Patient 2 age: 49 years old

time since stroke: 2 years

No No

Single

Melodic intonation

therapy (MIT)

30

min/session

2 session/day

2 days/week

3 weeks

Controversial

results

Action

naming test

Magneto-

encephalo-

graphy

(MEG)

Patient 1 exhibited a significant

increase in CIUs (>35%) after

the first block of treatment. This

improvement was maintained

after the break

Patient 1, who was improved

in language function to MIT,

exhibited a steady reduction

in activation within the right

hemisphere across the two

therapy blocks, resulting

in a strong left hemisphere

lateralization of MEG activity

Patient 2, who did not respond

positively to MIT, exhibited

increased right hemisphere

activation after both blocks of

therapy compared to baseline,

resulting in a right hemisphere

lateralization of MEG activity

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

van de Sandt-

Koenderman et al.

(2010)

Case study n = 1 1 patient with Broca’s

aphasia in the subacute

stage post-stroke

Age: 25 years old; female

time since stroke: 2 weeks

Not No Melodic intonation

therapy (MIT)

1 h/session 5

sessions/week

2–8 weeks

Significant

results

Aachen

aphasia test

(AAT):

CIUs/minute

Story retelling;

functional

magnetic

resonance

imaging (fMRI)

AAT: spontaneous speech 1/5–

3/5; repetition T = 39–>T =

47; naming T = 39–>T = 46;

CIUs/min 22.5–>55

fMRI: left more than right IFG, left

superior and middle temporal

gyrus and perilesional region in

the angular/ supermariginal gyus,

left caudate nucleus, bilateral

supplementary, cingulate and

premotor areas, left prefrontal

cortex.

Zipse et al. (2012) Case study n = 1 1 patient with stroke

resulted in very large

left-hemisphere lesion age:

11-year-old

No No Melodic intonation

therapy (MIT)

1.5 h/session

5

sessions/week

16 weeks

80 sessions

120 h totally

Significant

results

Functional

magnetic

resonance

imaging

(fMRI)

Diffusion

tensor

imaging

(DTI)

fMRI: There was an increase in

activation in right supplementary

motor areas after 40 sessions and

higher levels of activation in the

right posterior middle temporal

gyrus (MTG), occipital cortex, and

possibly cerebellum. It showed a

strong increase in activation of

right posterior middle frontal and

inferior frontal areas

DTI: Both the arcuate fasciculus

(AF) and uncinate fasciculus (UF)

increased in volume at the

beginning, midpoint and

the conclusion

Al-Janabi et al.

(2014)

Case study n = 2 Patient 1 age: 65 years old

time since stroke: 18

months

Patient 2 age: 49 years old

time since stroke:

20 months

No No Melodic intonation

therapy (MIT)

Excitatory

repetitive

transcranial

magnetic

stimulation (rTMS)

20 min/day

6 days

Significant

results

Western

aphasia

battery (WAB)

Functional

magnetic

resonance

imaging

(fMRI); 3T

MR system

Patient 1 revealed significant

activity increase in left BA44, t =

1.79, p < 0.05 and decrease in

right BA44, t = 2.92, p < 0.01

Patient 2 revealed significant

activity increase in left BA44, t =

1.77, p < 0.05, right BA44, t =

1.77, p < 0.05, left BA45, t =

3.51, p < 0.001

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

Jungblut et al.

(2014)

Case study n = 3 Patient 1 age: 53 years old

time since stroke: 18

months

Patient 2 age: 44 years old

time since stroke: 18

months

Patient 3 age: 44 years old

time since stroke:

18 months

No No Melodic intonation

therapy (MIT)

Once

experimental

time

Significant

results

Hierarchical

word list

(HWL)

Functional

magnetic

resonance

imaging (fMRI)

pre and posttreatment

assessments of patients’ vocal

rhythm production, language,

and speech motor performance

yielded significant improvements

for all patients

In the left superior temporal

gyrus, whereas the reverse

subtraction revealed either

significant activation or right

hemisphere activation

Orellana et al.

(2014)

Same group

self-control

n = 20 Median age: 43 years

Range: 21–51 years time

since stroke: not specific

No No Melodically

intoned stimuli

Spoken

language stimuli

2 conditions

were

completed in

1 experiment

30min totally

Significant

results

Functional

Magnetic

resonance

imaging

(fMRI); 3T

MR system

Compared to spoken items,

melodic > spoken. For melodic

intoned items, increased

activation was seen

left-lateralized in the SMG, IPL,

middle and superior temporal

gyrus, middle and superior

frontal gyrus, Right-lateralized

activation was seen in the insula,

rolandic operculum, and pars

opercularis of the inferior frontal

gyrus

(Continued)
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TABLE 1 | Continued

Trial Design Sample Participants Music

therapist

involved

Blinding Intervention Duration

and dose

Primary

outcome

Measures Main results

Researches measured by imaging (13)

Akanuma et al.

(2015)

Self-control n = 10 Median age: 63.7 years

Months from onset: 111.5

No No singing melodically

therapy

30

min/session

1

session/week

10 weeks

Significant

results

Positron

emission

tomography

(PET)

5 patients exhibited

improvements after singing

intervention; all exhibited intact

right basal ganglia and left

temporal lobes

Tabei et al. (2016) Case study n = 1 1 Patient, age: 48 years old

time since stroke: 3 years

Yes No Japanese version

of melodic

intonation

therapy (MIT-J)

45 min/day

9 days

Significant

results

Japanese

version of

western

aphasia

battery

(J-WAB)

Naming of 90

words

aphasia

quotient (AQ)

Japanese

version of

Raven’s

Colored

Progressive

matrices

(J-RCPM)

Benton visual

retention test

(BVRT)

Functional

MRI 3.0-T

MR scanner

After MIT, the patient improved

4 points in spontaneous speech;

0.9 in auditory comprehension;

0.8 in repetition; 1.3 in naming

of J-WEB; 14 in AQ; 6 in correct

naming words and 1.78 seconds

in response time

fMRI showed a significant

activation of medial frontal gyrus,

inferior frontal gyrus, superior

temporal gyrus, lentiform

nucleus, and lingual gyrus of the

right hemisphere

The experimental researches on MIT from 1970 to present. It is divided into two parts. The first part is the experimental researches that used scales to measure the results. The second part is the experimental researches that

used imaging for verification. EG, experimentalgroup; CG, ControlGroup; RCT, randomisedcontrolled trial; DTI, diffusion tensor imaging; MR, magnetoencephalography; SMG, supramarginal gyrus; IPL, inferior parietal lobule; MEG,

magnetoencephalogram; tDCS, transcranial direct-current stimulation; BA, brodmann area.
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conducted by Racette (2006), Kim and Tomaino (2008), Stahl
et al. (2013), Zumbansen et al. (2014b), and Cortese et al.
(2015), the implementer of the intervention process was realized
by a speech therapist. Still, because the case study can record
the detailed procedure, they compared the difference between
melody and rhythm and found that the melody is dominant.
The prognostic score will display more positive results. In the
case report by Slavin and Fabus (2018), the therapist trained
in NMT who performed MIT treatment also showed positive
results. Although the samples in the above studies are generally
small, the results are similar to the RCT study of more than 15
people, and the intervention process tends to be more musical.

The Advantages and Disadvantages of RCT Studies

of Using Medical Imaging or Computers for

Evaluation
In the clinical trials reviewed, most of the studies using MRI
have the following characteristics: (i) case studies are dominant;
(ii) the number of subjects is inferior or equal to 6; (iii) in
case of large sample size, MRI observation should only be used
before and once after MIT intervention to provide an immediate
comparison. The above three characteristics are in an either-
or relationship and will not appear simultaneously in the same
study. In addition, we also found that the number ofMITmusical
interventions directly leads to different imaging results.

Among the RCT studies searched for, eight types of research
used MRI to compare the effect before and after treatment.
Orellana et al. (2014) compared an immediate impact on
20 aphasia patients before and after once MIT. After the
intervention, fMRI and 3T MR scans showed that MIT increased
activation in the left-lateralized in the SMG, IPL, STG, and
SFG. Right-lateralized activation was seen in the insula, rolandic
operculum, and pars opercularis of the inferior frontal gyrus.
Akanuma et al. (2015) used positron emission tomography (PET)
to conduct a self-control study in 10 chronic aphasia patients.
The results demonstrated that 5 patients exhibited improvements
after singing intervention; all indicated intact right basal ganglia
and left temporal lobes. Norton et al. (2009), Schlaug et al. (2009),
and Zipse et al. (2012) performed DTI to analyze structural
changes in both hemispheres in 7 patients before and after MIT
intervention. It turns out that all 7 patients showed a substantial
increase in the absolute number of fibers in the right arcuate
fasciculus (AF) comparing post-vs. pre-treatment DTI studies
(paired t-test, p = 0.04) and also an increase in the fiber length,
although omitting to mention the professional music therapists.
It is worth noting that their melodic intervention time all
exceeded 8 weeks, 75 courses of treatment. Al-Janabi et al. (2014)
observed patients with functional magnetic resonance imaging
after 6 days of MIT intervention and found that the left BA44 and
right BA44 of the patients who received MIT had a significant
increase in the activity. But Breier et al. (2010) compared two
patients with chronic aphasia and came up with contradictory
results. He showed a steady decrease in activation in the right
hemisphere of both treatment areas, resulting in strong left
hemisphere lateralization of MEG activity. However, Jungblut
used his case studies through fMRI to argue that the limitation of
this study is that activation changes were not measured by image

acquisition before and after treatment (Jungblut et al., 2014).
Cortese et al. (2015) found that in Italian MIT, all phonemic
structure, speech automatism, prosody, communication, correct
repetition, naming, and comprehension improved, while the
adaptation of the MIT in the French language was developed by
Belin et al. (1991).

Case Studies
Because the case study method is more meticulous and
concentrated, the examination and evaluation method of MRI
plus scale is more common.

Van der Meulen et al. (2012) compared MIT interventions
with those of two patients. After 6 weeks, patients with
MIT improved 35 scores in repetition trained phrases, 50
scores in repetition, 7 scores in action naming, and 9 scores
in comprehension (AAT). Seven scores were improved in
Amsterdam Nijmegen Everyday Language Test (ANELT); 22.5
scores were improved in Sabadel Story Retell Task. Slavin and
Fabus (2018) conducted a before-after MIT intervention in a 63-
year-old man with chronic aphasia for 10 years. Unlike other
studies, Slavin teamed up with a professional music therapist
to intervene. The results found that MIT improved auditory
comprehension skills, question answering, and repetition of
BDAE after listening to the paragraphs. Breier et al. (2010)
compared two patients with chronic aphasia with an average age
of 53 and an average duration of 3.5 years. Using MR to observe
hemisphere structural changes, patient 1 with MIT exhibited
a significant increase in CIUs (>35%) after the first block of
treatment. Patient 1 showed lateralization in the right hemisphere
of MEG activity. Al-Janabi et al. (2014) used transcranial
magnetic stimulation (rTMS) and MIT to intervene two aphasia
patients with an average duration of 15 months and using MR
to the before-and-after comparison. The results revealed that
patients with MIT revealed significant activity increase in left
BA44 and a decrease in right BA44. Patient 2 revealed significant
activity increase in left BA44, right BA44, and left BA45. Tabei
et al. (2016) used fMRI to observe a 48-year-old patient with
a 3-year history of chronic aphasia before and after 9 days of
intensive MIT. The results showed in fMRI that the patient had a
significant activation of the medial frontal gyrus, inferior frontal
gyrus, superior temporal gyrus, lentiform nucleus, and lingual
gyrus of the right hemisphere.

In the Research Using fMRI Measurement,
the Main Concentrated Region of Interest
in Brain
Through summarizing the studies in Table 1 which used fMRI
to support MIT, we used the software BrainNet Viewer to locate
the brain ROI (regions of interest). BrainNet Viewer is a brain
network visualization tool for imaging connect omics. It can
help researchers to visualize topological patterns of structural
and to find functional brain networks derived from different
imaging modalities (Xia et al., 2013). Using the BrainNet Viewer
to locate the occurrence sites, it was found that all MIT-supported
patients had more activation ROI in the right hemisphere than
in the left hemisphere. The concentrated areas of ROI are the

Frontiers in Neuroscience | www.frontiersin.org 19 January 2022 | Volume 15 | Article 753356109

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Zhang et al. Systematic Review on MIT RCT

precentral gyrus, precentral sulcus, postcentral gyrus, middle
frontal gyrus, superior temporal gyrus, superior temporal sulcus,
middle temporal gyrus, inferior temporal sulcus, lingual gyrus,
angular gyrus, etc. (Figure 2).

DISCUSSIONS

Our review selected 39 typical effective MIT experimental
studies from 127 studies. Their common feature is the use
of musical melody to intervene in aphasia, accompanied by
effective evaluation. This analysis and discussion are based on the
analysis of the intervention methods, evaluations, and effects of
these studies.

Feasibility Differences in Measurement
Methods Between Clinical Trials With More
Subjects and Case Studies
In these RCT studies with relatively more subjects, we found
that objective imaging observation was not used as a primary
means of effective monitoring. There may be some correlations
to the therapeutic way of MIT. The one-to-one treatment
and evaluation method will increase the working load of
clinicians. If every participant is involved in the medical imaging
test, the clinical workload, patient compliance, and financial
support will all influence factors. Therefore, in more than 6
subjects of RCT studies in the past 10 years, only two articles
with imaging observations were found. However, all of the
RCT findings, including the two objective tests, confirmed
the effectiveness of the subjective measurement scale of MIT.
Because MIT requires individualized intervention and a long
course of treatment, language assessment scales are the most
convenient way of assessment. Compared with the high-cost
evaluation of functional MRI, the scale evaluation of more
than 15 patients with aphasia is easy to operate on and easy
to compare before and after. In these MIT studies using
MRI detection, the changes in cortical white matter and fiber
bundles are apparent, which provide substantial evidence for the
therapeutic effect of MIT and lay a foundation for the study of
neural mechanisms.

However, due to the time-consuming, labor-intensive, and
cost-intensive MRI examinations, most of these MIT’s RCT
studies have the following shortcomings: (i) there are some
studies (Orellana et al., 2014) that could perform long-term
MIT intervention experiments, and the imaging examinations
are meticulous. Still, the number of samples is too small. Most
of the samples comprised 6 participants; (ii) although there are
4 studies (Schlaug et al., 2009; Stahl et al., 2013; Zumbansen
et al., 2014a; Cortese et al., 2015) that can match the minimum
number of statistical subjects, there is no long-term intervention
for comparison; therefore, the cumulative effect cannot be
observed. The only one-time immediate effect is not enough
to explain the mechanism. Therefore, in the future, how to
ensure that both the demand for sample size and the long-
term intervention of MRI detection can be achieved is matter of
pressing academic concern.

The Number of Musical Factors in the MIT
Intervention Is Directly Linked to the
Imaging Results
Previous literature has demonstrated several effective clinical
results related to the recovery of musical melody-induced speech
in the treatment of post-stroke aphasia. MIT (Albert et al., 1973),
formally proposed by the American Academy of Neurology in
1973, is used to treat aphasia. In the early clinical treatment of
non-fluency aphasia, Sparks et al. (1974) recorded the use of
spectrum examples when training patients, with “Sprechgesang”
as the core, requiring patients to follow the written melody.
Zipse et al. (2012), Orellana et al. (2014), and Tabei et al. (2016),
and others tend to use MIT treatment under more musical
intervention, so their imaging results all show more features of
active right hemisphere area. Moreover, although Zipse et al.
(2012), Schlaug et al. (2014), Akanuma et al. (2015), and others
used MIT recordings or provided MIT by general therapists,
their intervention processes were all over 8 weeks. The natural
melody factor in MIT makes the imaging results they obtained
also reflected the active characteristics of the right hemisphere.
Therefore, in the existing MIT experimental research, it is found
that musical factors and the cumulative effect of time will
directly affect the evidence that the right hemisphere of the brain
participates in activities. Although rhythm is part of the music,
as the rhythm is unpitched, we did not find a clear trend of
activating the right hemisphere in the MIT intervention under
the guidance of rhythm or language.

It is reported that the effects of the musical rhythm are
observed in the left brain areas (Chen et al., 2008) and listening
to musical rhythms recruits motor regions of the brain (Limb
Charles et al., 2006; Limb et al., 2006; Thaut et al., 2014).
However, these studies only focus on the music listening of
healthy individuals or the rhythm perception of musicians. They
are not the observation of MIT on patients with aphasia caused
by stroke in the left hemisphere. Therefore, in the case of damage
to the language center of the left hemisphere, patients treated
with MIT can have correct oral speech output. This phenomenon
confirms the mechanism of musical pitch from one side. But its
brain mechanism still needs further study.

The Neural Mechanism of MIT Based on
Music
In the evidence summarized in previous MIT experimental
studies, we found that the ROIs activated byMIT were the central
anterior gyrus, central anterior sulcus, central posterior gyrus,
middle frontal gyrus, superior temporal gyrus, superior temporal
sulcus, middle temporal gyrus, inferior temporal gyrus, lingual
gyrus, and angular gyrus of the right hemisphere. These areas
include the frontal motor cortex (including Broca’s area and
ventral anterior motor cortex), which connects speech sensation
and output, auditory cortex (including superior temporal gyrus
and middle temporal gyrus), and parietal cortex (including
angular gyrus and gyrus). MIT based on music activities, that
is, MIT provided by professional music therapists, whether
extracting lyrics from familiar songs or learning new fixed-pitch
short melody for patients, affects the white matter structure of
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FIGURE 2 | ROI in MIT-supported studies. The site colors were randomly generated to distinguish different ROI regions at the same site to prevent color overlap. L,

left hemisphere; R, right hemisphere; Lateral, lateral cerebral hemisphere; Medial, medial cerebral hemisphere; SMT, superior and middle temporal gyrus; SMA,

supplementary motor area; SMF, superior and middle frontal gyrus; PrG, pre-central gyrus; PoG, post-central gyrus; IPL, inferior parietal lobule; IFG, inferior frontal

gyrus; INS, insula; MFG, middle frontal gyrus; RoIns, rolandic operculum insula; Tha, thalamus; LG, lingual gyrus; AG, angular gyrus; LN, lentiform nucleus; IFG_Tr,

inferior frontal gyrus pars triangularis; IFG_Op, inferior frontal gyrus pars opercularis.

the auditory-motor neural circuit compensation to promote the
ability to encode and integrate verbal information. This trans-
hemisphere “mirror effect” has an important mechanism for the
language recovery of patients with aphasia.

Valuable Findings in Case Studies
It is found in literature retrieval that the evaluation methods of
case studies are generally comprehensive and meticulous. Such
qualitative studies reflecting the therapeutic effects of satisfactory
MIT have more profound clinical implications for the brain
regions it may activate. In the case reports retrieved in this
paper, the evaluation criteria of early studies were generally
international scales, mostly subjective scoring methods, and
language recovery competence was based on scoring in different
dimensions. In the recent 10 years of research, some medical
imaging evidence of changes in brain structure at MIT to aphasia
patients is easier to find in case reports (Schlaug et al., 2009; Al-
Janabi et al., 2014; Tabei et al., 2016; Martzoukou et al., 2021).

Besides, in the case study, whether the language assessment scale
or fMRI was used, the subjective measurement and objective
monitoring of patients have received sufficient concertation.
Evidence of structural changes in patients’ brain regions before
and after also provides a factual neurological basis for MIT. It
provides a realistic basis for the treatment of clinical aphasia.

The Importance of Music Therapist at MIT
In the literature we reviewed, only 5 studies mentioned the
participation of music therapists. Although MIT originated in
speech therapy, MIT’s guidance is melodic. It should be necessary
for a correct rehabilitative approach by MIT to have specific
training. For instance, the accuracy of melodic language needs
a musical or music therapy formation. The rest of the literature
does not mention the credentials of speech therapists and
whether they have music learning experience. In fact, in MIT,
treatment performed by music therapists includes instrumental
accompaniment, melodic guidance, and songs inducement.
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Therefore, in the process of activating the vocabulary encoding
of patients with aphasia, the instrument accompaniment, the
professional, accurate melodic pitch, and the guidance from
music therapists to play and sing are all combined to activate the
melodic “lyrics” of the episodic memory network and promote
the output of spoken language.

Expectations for Future MIT Development
Through MIT’s RCT studies, the left and right brains were
found to have different processing advantages. The functional
areas responsible for music melody processing and memory
retrieval are more concentrated in the auditory cortex of the
right brain temporal lobe. Therefore, it is speculated that the left
brain is more responsible for language functions. After damage
sustained by the dominant hemisphere, MIT may activate
the auditory cortex corresponding to music processing in the
right brain and activate the right brain language motor area
corresponding to the Broca’s area of the left brain through the
conduction of the right arcuate track to achieve compensation
and guide the patient’s language output, to achieve the purpose
of language communication (Merrett et al., 2014). However,
90% of the literature we reviewed so far was RCT studies on
Western language aphasia; only 10% of the literature comes
from East Asian language aphasia (Japanese and Korean), while
the MIT intervention in Chinese Mandarin aphasia trials has
not been found in internationally registered clinical trials.
Compared with Western languages, East Asian languages, as a
tonal language (including four or more tones), have a more
bilateral distribution of brain nerve circuits than Western
languages represented by English (Liang andDu, 2018). However,
despite this, the neural mechanism of the effect of MIT on
East Asian languages has not been verified by a large sample
of experiments.

It should be noted that, according to the high incidence
of aphasia. However, relatively effective treatment methods
were developed. A large amount of imaging evidence has not

supported MIT, nor has it been endorsed by large cohort studies.
This may be due to factors such as MIT’s over-reliance on
therapists, its unitary approach, lack of computerization, and
individual patient differences. From existing evidence, MIT is
effective and has positive results of scale testing. In the future,
researchers should try the use of technology to develop music
artificial intelligence evaluation and training tools, streamline
and step the operation of MIT, reduce the human cost, and, on
this basis, cooperate with imaging detection, and then conduct
large sample experiments, so that the clinical and scientific value
of MIT will be maximized in the future.
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Perception of music and speech is based on similar auditory skills, and it is often suggested 
that those with enhanced music perception skills may perceive and learn novel words 
more easily. The current study tested whether music perception abilities are associated 
with novel word learning in an ambiguous learning scenario. Using a cross-situational 
word learning (CSWL) task, nonmusician adults were exposed to word-object pairings 
between eight novel words and visual referents. Novel words were either non-minimal 
pairs differing in all sounds or minimal pairs differing in their initial consonant or vowel. In 
order to be successful in this task, learners need to be able to correctly encode the 
phonological details of the novel words and have sufficient auditory working memory to 
remember the correct word-object pairings. Using the Mistuning Perception Test (MPT) 
and the Melodic Discrimination Test (MDT), we measured learners’ pitch perception and 
auditory working memory. We predicted that those with higher MPT and MDT values 
would perform better in the CSWL task and in particular for novel words with high 
phonological overlap (i.e., minimal pairs). We found that higher musical perception skills 
led to higher accuracy for non-minimal pairs and minimal pairs differing in their initial 
consonant. Interestingly, this was not the case for vowel minimal pairs. We discuss the 
results in relation to theories of second language word learning such as the Second 
Language Perception model (L2LP).

Keywords: music perception, pitch, phonological processing, cross-situational word learning, auditory perception

INTRODUCTION

Music and language are universal to humans (Patel, 2003) and the connection between the 
two has been an object of research for centuries, with early ideas even suggesting that music 
is a spin-off of language in evolution (Pinker, 1997). While the precise origins of music and 
language remain unclear, there are many parallels that can be  drawn between the two. Both 
use a rule-based hierarchical structure organized into discrete elements and sequences (Tervaniemi 
et  al., 1999; Tervaniemi, 2001; Patel, 2003; Degé and Schwarzer, 2011; Burnham et  al., 2015), 
such as syllables, words, and sentences for language and single notes, intervals, chords, and 
musical phrases for music (Ong et  al., 2016). When focusing on the acoustic characteristics 
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of music and speech sounds, similarities can be  found in the 
reliance on segments of rhythm and harmony alternated with 
silence, pitch, acoustic envelope, duration, and fundamental 
frequency (Varnet et  al., 2015). In order to understand music 
and speech, a listener needs to categorize sounds into meaningful 
units. For speech, perceptual skills are needed to distinguish 
sounds into separate vowels or consonants and for music into 
pitches (Hallam, 2017). The auditory skills needed to process 
language are similar to those needed to discriminate between 
rhythms (Lamb and Gregory, 1993), harmonies, and melodies 
(Barwick et  al., 1989; Lamb and Gregory, 1993; Anvari et  al., 
2002). Numerous studies support the overlap of auditory 
processes involved in music and speech perception (Overy, 
2003; Tallal and Gaab, 2006; Patel and Iversen, 2007; Sammler 
et  al., 2007; Wong and Perrachione, 2007; Chandrasekaran 
et  al., 2009; Kraus and Chandrasekaran, 2010; Besson et  al., 
2011; Rogalsky et  al., 2011; Schulze et  al., 2011; Bidelman 
et  al., 2013; Gordon et  al., 2015; Kraus and White-Schwoch, 
2017) and individuals with musical training appear to 
be advantaged in these shared processes (Krishnan et al., 2005; 
Bigand and Poulin-Charronnat, 2006; Krizman et  al., 2012; 
White-Schwoch et  al., 2013; Elmer et  al., 2014).

Those that are expert listeners in either music or language 
have been found to show cross-domain transfer (Ong et  al., 
2016), where an advantage is found for perception in the other 
domain; for example, in word segmentation (François et  al., 
2013), syllabic perception (Musacchia et  al., 2007; Ott et  al., 
2011; Elmer et  al., 2012; Kühnis et  al., 2013; Chobert et  al., 
2014; Bidelman and Alain, 2015), receptive and productive 
phonological skills at the word, sentence and passage level 
(Slevc and Miyake, 2006), and word dictation (Talamini et  al., 
2018). It is suggested that long-term expertise in music, which 
is gained by years of practice, has led to a fine-tuning of the 
auditory system (Strait and Kraus, 2011a,b), as evidenced by 
enhanced neural responses to changes in acoustic elements, 
such as pitch, intensity, and voice onset time (Schön et  al., 
2004; Magne et  al., 2006; Jentschke and Koelsch, 2009; Marie 
et  al., 2011a,b). Musicians indeed show enhanced cortical 
processing of pitch in speech compared to nonmusicians (Magne 
et  al., 2006; Besson et  al., 2007; Musacchia et  al., 2007; Kraus 
and Chandrasekaran, 2010). These and numerous other studies 
support the idea of cross-domain transfer between music and 
speech perception (see Hallam, 2017 for an extensive list). 
The present study focuses on the potential auditory processing 
advantages in pitch perception and auditory working memory 
(Ott et  al., 2011; Kühnis et  al., 2013; Pinheiro et  al., 2015; 
Dittinger et  al., 2016, 2017, 2019) associated with music 
perception skills. Many examples of the effect of music training 
on speech processing have been reported. For instance, training 
in music has been associated with phonological perception in 
the native language (L1; Zuk et  al., 2013) and with fluency 
in a second language (L2; Swaminathan and Gopinath, 2013; 
Yang et  al., 2014). As well, longitudinal studies in children’s 
speech perception found positive effects of music training 
(Moreno et al., 2009; Degé and Schwarzer, 2011; François et al., 
2013; Thomson et  al., 2013). Regarding the transfer of music 
experience to word learning, Dittinger et al. (2016, 2017, 2019) 

presented listeners with unfamiliar Thai monosyllabic words 
and familiar visual referents during a learning phase and tested 
them on their ability to match the words with their corresponding 
visual objects. Overall, they found that both music training 
led to higher accuracy in both young adults and children. 
Additionally, a longitudinal effect of music training was shown, 
as musicians had the same advantage when tested 5 months 
later (Dittinger et  al., 2016).

However, counter-examples to a positive association between 
music training and speech perception also exist (Ruggles et al., 
2014; Boebinger et  al., 2015; Swaminathan and Schellenberg, 
2017; Stewart and Pittman, 2021). For instance, Swaminathan 
and Schellenberg (2017) found that rhythm perception skills 
predicted English listeners’ discrimination of Zulu phonemic 
contrasts, but only for contrasts that closely resembled English 
phonemic contrasts. The authors found no association between 
other music perception skills, such as melody perception or 
general music training and non-native speech perception, 
suggesting that an effect of rhythm rather than pitch is related 
to participants’ native language background rather than their 
music skills. Specifically, unlike for tonal languages, English 
does not contrast pitch for signaling lexical meaning; hence, 
it is likely that listeners focus on other cues, such as temporal 
cues, to distinguish one word from another.

Apart from the ability to perceive novel or familiar 
phonological contrasts, another important component involved 
in speech processing, including novel word learning, is working 
memory. Working memory, which is a short-term memory 
involved in immediate conscious perceptual and linguistic 
processing, plays an important role in novel word learning 
(Gathercole et al., 1997; Warmington et al., 2019). Mixed results 
have been found regarding a musician’s advantage in working 
memory, with some studies finding no difference between 
musicians and nonmusicians (Hansen et  al., 2012), whereas 
others find improved auditory and verbal working memory 
for musicians compared to nonmusicians (Parbery-Clark et al., 
2011; Bergman Nutley et al., 2014). A meta-analysis conducted 
by Talamini et  al. (2017) on different types of memory found 
a medium effect size for short-term and working memory 
with musicians performing better than nonmusicians, depending 
on the type of stimulus used.

Most studies examining the link between speech processing 
and musical abilities have compared professional musicians 
to nonmusicians (see Zhu et  al., 2021), with a large focus 
on explicit tasks when comparing linguistic and musical 
abilities (e.g., Dittinger et  al., 2016, 2017, 2019). In such 
tasks, there is no ambiguity during learning, but the link 
between words and meaning in daily life is much more 
ambiguous without immediate clear connections, with studies 
showing that pairing between words and their referent objects 
are learned by tracking co-occurrences through repeated 
exposure (e.g., Smith and Yu, 2008; Escudero et  al., 2016b; 
Mulak et  al., 2019). Very little is known about the role of 
musical abilities for ambiguous word learning scenarios, which 
are most common in everyday life of word learning (Tuninetti 
et  al., 2020). In the realm of music perception, recent studies 
have shown that musical elements, such as musical grammar 
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(Loui et  al., 2010), harmony (Jonaitis and Saffran, 2009), 
musical expectation (Pearce et  al., 2010), and novel pitch 
distributions from unfamiliar musical scales (Ong et al., 2017a; 
Leung and Dean, 2018), can be  learned through statistical 
learning. Statistical learning is a domain-general learning 
mechanism leading to the acquisition of statistical regularities 
in (in this case auditory) input. This type of learning may 
lead to cross-domain transfer between music and language 
due to learners showing sensitivity toward particular acoustic 
cues (e.g., pitch; Ong et al., 2016) which may result in improved 
ambiguous word learning. Despite the potential effect of music 
abilities on ambiguous word learning and the many types of 
learners considered in statistical word learning studies (such 
as young infants, children and adults, and L2 learners Yu 
and Smith, 2007; Smith and Yu, 2008; Suanda et  al., 2014; 
Escudero et  al., 2016b,c; Mulak et  al., 2019), participants’ 
musical experience or expertise have yet to investigated. In 
sum, it has been established that music and language rely 
on similar general auditory processing skills and, although 
results are mixed, the majority of studies finds an advantage 
for music training on auditory and speech perception. By 
testing whether music abilities in a nonmusician population 
can help ambiguous word learning, we  can further unravel 
more influences of music on language learning than 
previously shown.

The current study tests the effect of specific music perception 
abilities on statistical learning of novel words in a nonmusician 
adult population. We  tested musical abilities through two 
adaptive psychometric tests targeting specific music perception 
skills, namely, the ability to perceive fine-pitch mistuning, 
through the Mistuning Perception Test (MPT; Larrouy-Maestri 
et  al., 2018, 2019), and the ability to discriminate between 
pitch sequences, through the Melodic Discrimination Test 
(MDT; Harrison et  al., 2017; Harrison and Müllensiefen, 
2018). The MPT is an adaptive psychometric test measuring 
sensitivity to intonation accuracy in vocal musical performance 
(Larrouy-Maestri et  al., 2018, 2019). Perception of vocal 
mistuning is a core musical ability, as evidenced by its high 
correlation with other musical traits (Law and Zentner, 2012; 
Kunert et  al., 2016; Larrouy-Maestri et  al., 2019), and its 
importance when judging the quality of a musical performance 
(Larrouy-Maestri et al., 2019). The MDT aims to test melodic 
working memory, as it requires melodies to be held in auditory 
working memory in order for participants to compare and 
discriminate them correctly (Dowling, 1978; Harrison et  al., 
2017; Harrison and Müllensiefen, 2018). To do well in these 
tasks, specific auditory processing skills, in particular pitch 
perception and auditory working memory, are required. A 
recent large-scale study across thousands of speakers of tonal, 
pitch-accented, and non-tonal languages using these two tasks 
(and a beat alignment task) has shown that language experience 
shapes music perception ability (Liu et al., 2021). Here, we test 
the opposite, namely, whether the same music perception 
skills help with language learning, and specifically when 
learning novel words with different degrees of phonological 
overlap. Our specific focus is on pitch processing abilities 
but acknowledge that rhythm processing is also an important 

component in music and language processing (see Swaminathan 
and Schellenberg, 2017).

To test whether pitch perception and auditory working 
memory are helpful when learning words in ambiguous scenarios, 
we  used a cross-situational word learning (CSWL) paradigm 
in which meanings of new words are learned through multiple 
exposures over time without explicit instruction, where learning 
of word-object pairings can only take place through their 
statistical co-occurrences (e.g., Escudero et  al., under review; 
Yu and Smith, 2007; Kachergis et  al., 2010; Smith and Smith, 
2012; Escudero et al., 2016a,b, 2021; Mulak et al., 2019; Tuninetti 
et  al., 2020). Early CSWL experiments focused on words with 
very little phonological overlap (e.g., Smith and Yu, 2008; Vlach 
and Johnson, 2013), where a listener can rely on other cues 
to learn the novel words and does not have to focus on the 
fine phonological details of each word (Escudero et al., 2016b). 
Therefore, (Escudero et  al., 2016a,b) and Mulak et  al. (2019) 
studied CSWL of monosyllabic non-minimal and minimal pairs, 
differing only in one vowel or consonant, to test whether 
listeners can encode sufficient phonological detail in a short 
time to learn these difficult phonological contrasts. It was found 
that accurate phonological encoding of vowel and consonant 
contrasts predicts high performance in CSWL tasks (Escudero 
et  al., 2016a; Mulak et  al., 2019).

In the present study, we  thus tested whether musical 
ability impacts word learning of phonologically overlapping 
words using Escudero et al. (2016b) and Mulak et al. (2019)’s 
CSWL paradigm. Overall, we  hypothesize that those with 
stronger musical abilities are better at perceiving speech 
sounds due to enhanced pitch perception and working 
memory, and that will be reflected in higher accuracy overall 
in the CSWL task. We  may also see differences in how well 
vowels and consonants are learned, due to higher acoustic 
variability in vowels compared to consonants (Ong et  al., 
2015), which may favor learners with stronger pitch 
perception skills.

MATERIALS AND METHODS

Participants
Fifty-four participants took part in the study and were tested 
online, which is our common practice since the start of the 
COVID-19 pandemic, using our validated online testing protocols 
(Escudero et al., 2021). In Escudero et al. (2021), we compared 
online and face-to-face testing using the same CSWL design 
and online testing results were found to be  very similar to 
results from the laboratory. Ten participants were excluded 
from the analysis due to technical difficulties, mostly internet 
dropouts during the experiment or excessive environmental 
noise, leading to a total participant sample of 44 (Mage = 26.79, 
SDage = 11.12, 33 females). Participants were recruited through 
the Western Sydney University’s online research participation 
system (SONA) or via word-of-mouth and participation was 
rewarded with course credit for the former and voluntary for 
the latter. Written informed consent was obtained online from 
all participants prior to the start of the experiment, and the 
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study was approved by the Western Sydney University Human 
Research Ethics Committee (H11022).

Materials
Questionnaires
The questionnaires conducted at the beginning of the experiment 
consisted of two parts: a language and a musical background 
questionnaire. The language background questionnaire consisted 
of questions aimed to get detailed information regarding 
participants native (and other) language, as well as the language 
background of their parents/caretakers. The musical background 
questionnaire is the Goldsmiths Musical Sophistication Index 
(GMSI; Müllensiefen et  al., 2014), which aims to collect wide-
range data related to one’s engagement with music (e.g., music 
listening and music performance behavior). Both questionnaires 
were administered through Qualtrics (Qualtrics, Provo, UT). 
From the GMSI, 23 participants indicated having zero years 
of experience with playing an instrument, and seven had 10 
or more years of experience. From the language questionnaire, 
we  found that 17 were Australian English monolinguals and 
27 were bi- or multilinguals.

Cross-Situational Word Learning
All words and visual referents have been used in prior CSWL 
studies (Vlach and Sandhofer, 2014; Escudero et  al., 2016a,b; 
Mulak et al., 2019; Escudero et al., under review). Novel words 
consisted of eight monosyllabic nonsense words recorded by 
a female native speaker of Australian English and followed a 
consonant-vowel-consonant (CVC) structure while adhering to 
English phonotactics. The stimuli were produced in infant-
directed speech (IDS) as we  are replicating previous studies 
that used IDS to compare adult and infant listeners and included 
two tokens for each word to match prosodic contours across 
all stimuli (Escudero et  al., 2016a,b).

The eight words were combined into minimal pair sets to 
form specific consonant or vowel minimal pairs or non-minimal 
pairs. The two types of minimal pairs featured words that 
either differed in their initial consonant (consMPs; e.g., 
BON-TON) or in their vowel (vowelMPs; e.g., DIT-DUT). 
Non-minimal pairs were formed by pairing two words from 
each of the two minimal pair types in random order (nonMPs; 
e.g., BON-DIT).

Every novel word was randomly paired with a color picture 
of a novel item, which is not readily identifiable as a real-
world object. These word-referent pairings were the same for 
all participants. An overview of the novel words and visual 
referents is presented in Figure  1.

Mistuning Perception Test
The MPT, which is an adaptive psychometric test, uses short 
excerpts (6–12 s) of musical stimuli from pop music performances 
which are representative of real-life music and are therefore 
ecologically valid (from MedleyDB; Bittner et  al., 2014). The test 
highly correlates with low- and high-level pitch perception abilities, 
such as pitch discrimination and melody discrimination, and 
thus provides an assessment of important pitch processing abilities 

(Larrouy-Maestri et  al., 2019). In a two-alternative forced-choice 
task, participants were presented with a pitch-shifted version 
(out-of-tune) and the normal version (in-tune) of a stimulus 
and were asked to indicate which version was out-of-tune. Pitch 
shifting varied from 10 cents to 100 cents, sharp, and flat (for 
more details about the construction of the MPT, see Larrouy-
Maestri et al., 2019). Before starting the task, participants received 
an example of an out-of-tune and an in-tune version. A demo 
of the experiment can be  found on https://shiny.gold-msi.org/
longgold_demo/?test=MPT.

Melodic Discrimination Test
Similar to the MPT, the MDT is also an adaptive psychometric 
test. The MDT is developed to test one’s ability to discriminate 
between two melodies (Harrison et  al., 2017; Harrison and 
Müllensiefen, 2018). Participants are presented with a three-
alternative forced-choice (3-AFC) paradigm where they listen 
to three different versions of the same melody, each with a 
different pitch height (musical transposition), and with one 
containing an altered note produced by changing its relative 
pitch compared to the base melody (Harrison et  al., 2017), 
resulting in a pitch height change for one note compared to 
the other melodies. Each melody can be  altered using four 
pre-determined constraints: (1) melodies with five notes or 
fewer cannot have the first nor last note altered, (2) melodies 
with six notes or longer cannot have the first two nor last 
two notes altered, (3) the note cannot be  altered by more 
than six semitones, and (4) the altered not must be  between 
an eight note and a dotted half note in length (see Harrison 
et  al., 2017). Participants are asked to indicate which of the 
three melodies are the odd one out. Participants heard an 
implementation of the MDT with 20 items (see doi:10.5281/
zenodo.1300951) using the shiny package in R (Chang et  al., 
2020) which uses an adaptive item selection procedure with 
each participant’s performance level determining the level of 
difficulty of item presentation. Performance level is estimated 

FIGURE 1 | The eight novel words and their visual referents. The four words 
in the top row are minimally different in their initial consonant, whereas the 
words on the bottom are minimally different in their vowel. The vowel used for 
the consonant minimal pairs is/O/as in POT. Vowels used for the vowel 
minimal pairs are/i/as in BEAT, /I/as in BIT, /u/as in BOOT, and/U/as in PUT.
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using Item Response Theory (de Ayala, 2009). A demo of the 
experiment can be found on https://shiny.gold-msi.org/longgold_
demo/?test=MDT. Tests scores for both the MDT as the MPT 
are computed as intermediate and final abilities with weighted-
likelihood estimation (Warm, 1989) and using Urry’s rule for 
item selection (Magis and Raîche, 2012).

Procedure
We followed our adult online testing protocol, which was validated 
in Escudero et  al. (2021), for details please see on https://osf.io/
nwr5d/. In short, participants signed up for a timeslot on SONA 
after which they received an email with specific instructions for 
the experiment (e.g., wearing headphones and participating from 
a silent study space with no background noise was required) 
and an invitation for a Zoom call. Participants unable to meet 
the participation requirements were excluded from the analysis 
(see Section “Participants”). During the Zoom call, participants 
were first familiarized with the procedure and then sent links to 
the consent forms, background questionnaires, and the experiment. 
During the experiment, they were asked to share their screen 
and computer audio throughout the entire video call, apart from 
when filling out the questionnaire to ensure privacy. Participants’ 
screen and audio sharing enabled experimenter’s verification of 
appropriate auditory stimuli presentation and participants’ attention. 
The experimenter was on mute and with their video off during 
the experiment to avoid experimenter bias.

Participants first completed the language and musical 
background questionnaires and were then instructed to start 
the CSWL task. The CSWL task consisted of a learning and 
a test phase set up in PsychoPy 3 (Peirce, 2007; Peirce et  al., 
2019) hosted on Pavlovia.org. Following previous CSWL studies, 
minimal instruction was provided (i.e., “Please listen to the 
sounds and look at the images”) prior to the learning phase. 
During the learning phase, participants saw 24 trials each 
consisting of two images accompanied by auditory representations 
of two words without indication of which word corresponded 
to which image. The visual referents were presented first for 
0.5 s before the onset of the first word. Both words lasted for 
1 s and were followed by a 0.5 s inter-stimuli interval (ISI). 
After this, a 2 s inter-trial interval (IT) consisting of a blank 
screen was then presented, leading to a total trial time of 5 s. 
The learning phase was directly followed by a test phase of 24 
trials, for which participants were told that they would be tested 
on what they have learned and to indicate their answers by 
pressing specific keys on the keyboard. Every test trial presented 
two possible visual referents simultaneously on the screen for 
3 s. During this, participants heard one spoken target word 
four times (with alternating tokens of the words) and were 
then asked to indicate which visual referent (the left or the 
right one) corresponded with the target word by pressing a 
key on the keyboard any time after the onset of the target 
word. Trial order was randomized across all participants. The 
presentation of left and right of the visual referents was 
counterbalanced and resulted in two between-subject learning 
conditions. A blank screen of 2 s was presented in between 
trials. Directly after the CSWL task, participants completed the 
MDT and the MPT task to measure their music perception abilities.

STATISTICAL ANALYSIS

We used a Bayesian Item Response Theory (IRT) model to 
analyze accuracy. IRT models are particularly useful for predicting 
the probability of an accurate answer depending on an item’s 
difficulty, its discriminability, a participant’s latent ability, and 
a specified guessing parameter (Bürkner, 2020), which provides 
a lower bound for the model’s predictions. The statistical analyses 
were run in the statistical program R (R Core Team, 2020) 
with the brms package using Stan (Bürkner, 2017, 2018; R 
Core Team, 2020).

We used approximate leave-one-out (LOO) cross-validation 
to find the model that generalizes best to out-of-sample data. 
Additionally including GMSI or participant’s language 
background did not improve the out-of-sample predictions of 
the model.

The best model included only the interaction between Pair 
type and MPT. However, as we  are interested in both MPT 
and MDT as main factors, we  will report the next best model. 
The difference in the LOOIC values for these two models is 
negligible. Prior to fitting the models, we  tested for correlation 
between MPT, MDT, and GMSI. MPT and MDT were moderately 
positively correlated, r(1054) = 0.39, p < 0.005; MPT and GMSI 
were moderately positively correlated, r(1054) = 0.30; and MDT 
and GMSI were weakly positively correlated, r(1054) = 0.11.

Accuracy was modeled as a binary response variable, with 
0 for inaccurate and 1 for accurate. We  used a 4-parameter 
non-linear logistic model (4PL, Agresti, 2010) on the Bernoulli 
distribution with an item, a person and a guessing parameter. 
The discriminability parameter is removed. The item parameter 
models the difficulty of the tested items (in this case the pair 
types); the person parameter models the individual ability of 
each participant. The guessing parameter represents the 
probability of being accurate if participants were only guessing 
(Bürkner, 2020). All of our trials are binary forced choice; 
hence, we  use a fixed guessing parameter of 0.5. An advantage 
of using IRT for modeling binary accuracy responses is that 
this probability can be  taken into account as a type of baseline 
in the model, meaning that the model’s estimates of the 
underlying probability of being correct will not fall below the 
0.5 threshold. We  did not include a discrimination parameter, 
as all tested items are very similar.

The categorical variable Pair type was turned into a factor 
and modeled using dummy coding, which is the default in 
R. For MPT and MDT, we  are using the raw data scores, as 
recommended by the experiment designers (MPT: Larrouy-
Maestri et al., 2018, 2019; MDT: Harrison et al., 2017; Harrison 
and Müllensiefen, 2018), which were computed from the 
underlying item response models. These scores range from −4 
to +4. GMSI was scaled and centered to a previously determined 
population mean from Harrison and Müllensiefen (2018).

For the 3-PL IRT accuracy model, we  included separate 
priors for the item, person and guessing parameters. As detailed 
below, all such priors were weakly informative in that they 
weakly favor an effect of zero size and disfavor unfeasibly 
large effects. The following model formula (including priors) 
was run in R:
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Accuracy  ~0.5  +  0.5  *  inv_logit(eta),
 Eta  ~1  +  Pair type  *  (MDT  ability  +  MPT 
ability) + (1|item) + (1|participant),
nl = TRUE)
�family��<−��brmsfamily(“bernoulli,”�
link��=��“identitiy”).
priors<−
prior(“normal��(0,5),”��class��=��“b,”��nlpar���=��“eta”)��+
�prior(“constant(1),”��class��=��“sd,”�
group��=��“participant,”� nlpar��=��“eta”)��+
�prior(“normal(0,3),”��class��=��“sd,”��group��=��“item,”�
nlpar��=��“eta”).

An important aspect of Bayesian regression is that it 
calculates the whole posterior distribution of each effect, 
which allows for the calculation of credibility intervals. In 
contrast with frequentist confidence intervals, credibility 
intervals indicate the 95% certainty that reported effect falls 
within the range of the interval (Smit et  al., 2019). Evidence 
for a hypothesized effect will be  assessed through evidence 
ratios, which quantify the likelihood of a tested hypothesis 
against its alternative (Bürkner, 2017, 2018). We  consider 
evidence ratios of >10 to be  strong evidence and above >30 
to be  very strong evidence [see Jeffreys (1998), as cited by 
Kruschke (2018)]. For directional hypotheses, where the 
predicted direction of an effect is given, effects with evidence 
ratios of >19 are roughly similar to an alpha of 0.05  in 
null-hypothesis significance testing (NHST; Makowski et  al., 
2019; Milne and Herff, 2020).

We expect that high musical perception abilities transfer 
to stronger phonological processing which subsequently translates 
to higher performance in the CSWL task (as evidenced by 
higher accuracy), compared to those with less musical perception 
abilities. With regards to the three tested pair types, we  expect 
them to follow the same pattern as in previous CSWL studies, 
namely, a higher performance for nonMPs and consMPs and 
lower performance for vowelMPs (Escudero et  al., 2016a). 
Additionally, we  were interested in the differences between 
the moderations of MPT and MDT per pair type. As the 
MPT tests for perception of fine-pitch changes, one might 
expect participants with higher MPT scores to learn vowel 
contrasts more easily due to the acoustic similarities between 
musical pitch and vowels. As MDT measures auditory short-
term memory, we expect high MDT scores to positively correlate 
with accuracy in general.

RESULTS

Figure  2 shows the overall percentage of accurate responses 
per pair type. Performance across pair types appears to be very 
similar and participants were able to learn all pair types during 
the task, as evidence by performance being significantly above 
chance (see Figure  2). Accuracy for these learners is similar, 
albeit a little lower, to that found in a previous study (between 
0.60 and 0.70 for all pair types) using the exact same design 
and online testing methodology (Escudero et  al., 2021).

Hypothesis tests run on the results from the multilevel Bayesian 
model show strong evidence that for participants with average 
MDT and MPT, accuracy for consMPs is lower than for nonMPs 
(see Table  1, hypothesis 1). We  did not find sufficient evidence 
to support a difference between the other pair types (hypotheses 
2 and 3). We  then tested whether performance per pair type is 
moderated by MPT and MDT ability. As shown in Figure  3, 
mean accuracy for nonMPs does not appear to be  moderated 
by MPT ability, whereas for consMPs, higher MPT ability leads 
to higher accuracy, which was not expected. Also unexpectedly, 
the opposite occurs for vowelMPs, where higher MPT ability 
negatively impacts performance. As per our predictions, for MDT 
ability (see Figure  4), we  see that higher scores generally lead 
to improved accuracy, especially for nonMPs and vowelMPs. 
However, important to note is that, as visualized by the colored 
ribbons in Figures 3, 4, the slopes’ credibility intervals are highly 
overlapping, which indicates that the evidence for these differences 
might not be decisive. Therefore, we conducted hypothesis testing 
to confirm this (see hypotheses 4–6 for MPT ability and 10–12 
for MDT ability in Table  1). As can be  seen in Table  1, MDT 
ability influences accuracy in the expected direction (i.e., higher 
MDT leads to higher accuracy) for all pair types, but unexpectedly, 
MPT has a negative effect on accuracy for vowelMPs.

Regarding the extent to which the effect of MPT and MDT 
differs by pair type, unexpectedly, we  find very strong evidence 
that MPT ability has a stronger impact on accuracy for consMPs 
than for nonMPs and vowelMPs (see Table  1; hypotheses 7 and 
9) and strong evidence for nonMPs compared to vowelMPs (see 
Table  1; hypothesis 8). Thus, not only does MPT negatively 
influence the learning of vowelMPs as shown in hypothesis 4, 
but it also impacts the learning of vowelMPs less strongly than 
the learning of nonMPs and consMPs. Our finding of strong 
evidence suggesting that MDT ability has a stronger impact on 
accuracy for nonMPs and vowelMPs compared to consMPs (see 
Table 1; hypotheses 13 and 15) was also unexpected, as we thought 
MDT would influence the learning of all pair types equally.

DISCUSSION

In this study, we  tested whether music perception abilities 
impact the learning of novel word pairs in a CSWL paradigm 
that provides no explicit instruction during the learning phase. 
Overall, we  found that participants were able to learn all 
novel word-object pairings regardless of the phonological 
overlap between the novel words, mostly replicating (albeit 
a little lower) previous reported results using the same online 
protocol (Escudero et  al., 2021). That is, overall accuracy 
was comparable for novel words that had large phonological 
differences, forming non-minimal pairs (nonMPs), and for 
words that differed in a single consonant (consMPs) or a 
single vowel (vowelMPs). Regarding the relation between 
accuracy and music perception abilities, participants with 
average MPT and MDT had similar word learning scores 
across pair types, with performance for consMP probably 
being slightly lower than for the other pair types. Crucially, 
we found unexpected results for how MPT and MDT influenced 

120

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Smit et al. Music Perception and Word Learning

Frontiers in Psychology | www.frontiersin.org 7 February 2022 | Volume 13 | Article 801263

word learning performance in nonMPs versus consonant and 
vowelMPs, which we  discuss below.

As mentioned above, although we  expected higher MPT 
participants to learn vowel contrasts more easily due to the 
acoustic similarities between pitched musical sounds and vowels 
(consonants do not have a clear pitch), we  found the opposite 
effect. It appears that stimuli containing variable pitch information 
(such as vowels) pose extra difficulty for listeners who are 
more attuned to such information. A plausible explanation for 
these results is proposed by Ong et  al. (2017b) who suggest 
that listeners’ experience is important for their ability to learn 
new acoustic cues, whether this experience is linguistic (through 
a native language that distinguishes lexical tone contrasts, such 
as Cantonese, Mandarin, or Thai) or musical. In a distributional 
learning (a form of statistical learning) experiment of nonnative 
lexical tones, they found that listeners without music or tonal 
language experience were able to discriminate lexical tones 
from ambiguous versions of the target tones after a short 
exposure (Ong et  al., 2015). In a follow-up study, they found 
mixed results for pitch experts, who they define as listeners 
with extensive experience with pitch either through a tonal 

language or through musical training. Those with a tonal 
language background were able to learn non-native lexical tones 
distributionally but those with a musical background were not. 
This was unexpected as musical training has been found to 
have a positive effect on statistical learning (e.g., François et al., 
2013; Chobert et  al., 2014), and musicians were expected to 
perform better due to an improved ability to extract regularities 
from the input. These results led Ong and colleagues to conclude 
that domain-specific experience with pitch influences the ability 
to learn non-native lexical tones distributionally (Ong et  al., 
2017b), indicating no cross-domain transfer of music and 
linguistic abilities in distributional learning.

Ong and colleagues discussed their results in relation to 
the Second Language Perception (L2LP) model (Escudero, 2005; 
van Leussen and Escudero, 2015; Elvin and Escudero, 2019; 
Elvin et  al., 2020, 2021; Yazawa et  al., 2020), suggesting that 
the tonal language speakers only had to shift their category 
boundaries to the novel tonal categories, whereas the musicians 
had to create new categories, which is more difficult (Ong 
et  al., 2017b). Another possible explanation is that musicians 
did not consider the stimuli as speech tones and thus may 

FIGURE 2 | Mean accuracy (in percentage) per pair type. Error bars represent the standard error over the mean accuracy responses per pair type. The dotted line 
represents accuracy by chance.
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FIGURE 3 | Conditional effects of MPT ability and pair type on mean accuracy with 95% credibility intervals.

have processed them as musical stimuli resulting in them not 
learning the tonal categories (Ong et  al., 2017b), but this 
argument assumes that musical pitch cannot be  learned 
distributionally. In a different study, Ong et  al. (2017a) tested 

distributional learning of musical pitch with nonmusicians and 
showed that they were able to acquire pitch from a novel 
musical system in this manner. This may be  different for 
musicians, who were found to outperform nonmusicians in 
the discrimination and identification of Cantonese lexical tones 
(Ong et  al., 2020).

From studies on distributional learning of pitch and lexical 
tones, it can be  concluded that cross-domain transfer between 
speech and music largely depends on the listener’s musical or 
linguistic experience (Ong et  al., 2015, 2016, 2017a,b, 2020). 
Nonmusicians without tonal language experience can learn 
novel pitch contrasts in both the speech and the music domain, 
but the situation is more complex for pitch experts, suggesting 
that those with extensive music experience may struggle more 
than those with tonal experience. However, an important 
difference between Ong et  al.’s studies and the current study 
is that they tested listeners at both ends of the experience 
spectrum, while we  tested listeners ranging from the lower to 
middle end of the music experience spectrum based on their 
music perception skills. By using music perception tasks, we were 
able to classify participants using a continuous predictor rather 
than splitting them into groups, which allowed us to uncover 
more detailed information about what happens with speech 
learning as music perception skills increase. A further difference 
is in the stimuli used, as the lexical and musical tones used 
in Ong et  al. (2015, 2016, 2017a,b, 2020) contained many 
variable pitches along a continuum, while our stimuli had 
limited and uncontrolled pitch variation. Specifically, we focused 

TABLE 1 | Hypothesis testing—accuracy model.

Hypothesis tests Estimate Est. 
Error

[90% CI] Evid. 
Ratio

Post. 
Prob

For average MDT and MPT ability:

1. nonMP–consMP > 0 −1.83 1.67 [−4.88, 0.25] 11.11 0.92
2. nonMP–vowelMP > 0 −0.63 1.80 [−3.90, 1.21] 0.64 0.39
3. vowelMP–consMP > 0 1.20 2.47 [−2.63, 4.87] 3.27 3.27
MPT ability > 0 in the following conditions and contrasts:

4. nonMP 0.41 0.70 [−0.50, 1.76] 2.47 0.71
5. consMP 2.97 1.48 [0.80, 5.55] 91.78 0.99
6. vowelMP −0.88 0.85 [−2.08, 0.17] 12.10 0.92
7. consMP–nonMP 2.55 1.53 [0.28, 5.20] 30.61 0.97
8. nonMP–vowelMP 1.30 1.05 [−0.07, 3.04] 16.37 0.94
9. consMP–vowelMP 3.85 1.69 [1.38, 6.68] 92.75 0.99
MDT ability > 0 in the following conditions and contrasts:

10. nonMP 0.95 0.42 [0.28, 1.63] 78.30 0.99
11. consMP −0.08 0.84 [−1.45, 1.11] 0.92 0.48
12. vowelMP 1.16 0.93 [−0.07, 2.65] 16.33 0.94
13. nonMP–consMP 1.04 0.89 [−0.24, 2.52] 10.06 0.91
14. vowelMP–nonMP 0.21 0.98 [−1.78, 1.14] 1.44 0.59
15. vowelMP–consMP 1.24 1.23 [−0.54, 3.29] 7.63 0.88

Estimate = mean of the effect’s posterior distribution. Estimate error = standard deviation 
of the posterior distribution. 90% CI = 90% credibility intervals. Evidence ratio = the 
posterior probability under the hypothesis against its alternative.
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on word learning of naturally produced novel words, where 
pitch variability was not consistent among the different words 
and pair types. Thus, listeners in the present study may have 
used other acoustic cues that are not pitch-related to discriminate 
and learn the novel words.

Given that listeners with strong pitch perception abilities 
are more likely to use pitch as a cue to discriminate between 
stimuli (Perfors and Ong, 2012; Ong et  al., 2017b, 2020), our 
vowelMP stimuli may have been particularly challenging for 
them due to the use of infant-directed speech (IDS). IDS is 
the speech style or register typically used by mothers and 
caregivers when speaking to babies and is characterized by 
the use of larger pitch variations. Many studies have shown 
that IDS can facilitate word learning in infants (Ma et  al., 
2011; Graf Estes and Hurley, 2013) and adults (Golinkoff and 
Alioto, 1995) due to higher salience leading to enhanced 
attentional processing (Golinkoff and Alioto, 1995; Kuhl et  al., 
1997; Houston-Price and Law, 2013; Ellis, 2016). Despite it 
facilitating infant and adult speech learning, IDS may have a 
negative effect for those with strong musical perception abilities 
as they might think they are hearing different words due to 
varying pitch contours when only one word is presented. 
Unexpectedly, MPT ability affected learning of cMPS and 
nonMPs more than vMPs. As vMPs naturally contain more 
pitch variation, those were expected to be  the most difficult 
to learn, hence the influence of IDS is likely stronger on cMPS 
and nonMPs than on vMPs. A similar result of hearing multiple 
words instead of one due to the use of IDS has been found 
in a prior CSWL study (Escudero et  al., under review), where 

the target population consisted of native Mandarin speakers 
who were L2 English learners. Specifically, word pairs containing 
non-native vowel contrasts with IDS pitch fluctuations were 
difficult to learn for L1 Mandarin L2 English learners.

Thus, in populations where pitch variations indicate different 
lexical meanings, such as native speakers of Mandarin (Han, 
2018), IDS can be  problematic and impair word learning as 
participants might perceive multiple categories where only one 
is presented (Escudero and Boersma, 2002; Elvin et  al., 2014; 
van Leussen and Escudero, 2015). The impact of a learner’s 
native language on novel language learning has been explained 
by L2 speech theories (e.g., Flege, 1995; Escudero, 2005; Best 
and Tyler, 2007; van Leussen and Escudero, 2015). In particular, 
the L2LP model (Escudero, 2005; van Leussen and Escudero, 
2015; Elvin and Escudero, 2019; Elvin et al., 2020, 2021; Yazawa 
et  al., 2020) proposes three learning problems when L1 and 
L2 categories differ in number or in phonetic realization. This 
model is the only one that handles lexical development and 
word learning with consideration of hearing more differences 
than produced in the target language as a learning problem 
(van Leussen and Escudero, 2015; Escudero and Hayes-Harb, 
2021). Specifically, listeners can categorize binary L2 contrasts 
into more than two L1 categories, which is referred to as 
Multiple Category Assimilation (MCA, L2LP; Escudero and 
Boersma, 2002) and can lead to a subset problem (Escudero 
and Boersma, 2002; Escudero, 2005; Elvin and Escudero, 2014, 
2019). A subset problem occurs when an L2 category does 
not exist in a listener’s L1 but is acoustically similar to two 
or more separate L1 categories and thus is perceived as more 

FIGURE 4 | Conditional effects of MDT ability and pair type on mean accuracy with 95% credibility intervals.
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than one L1 sound, with no overt information from the target 
language that will allow the learner to stop hearing the extra 
category or stop activating irrelevant or spurious lexical items 
(Escudero and Boersma, 2002; Escudero, 2005; Elvin and 
Escudero, 2014, 2019).

With regard to our CSWL task, we  expect that using adult-
directed speech (ADS) without these additional pitch fluctuations 
would improve learning for the nonMPs and consMPs for 
tonal language speakers, but not for vowelMPs. When using 
IDS, nonmusicians and non-tonal speakers show a pattern 
where performance is lowest for pair types with the highest 
pitch variability (i.e., vowelMPs). The use of IDS, which adds 
even more pitch variability than naturally present in the 
vowelMPs, seems to pose problems for learners who are not 
music experts but have some music perception skills. For tonal 
language speakers, the use of IDS poses problems in general 
as they consistently use pitch information to discriminate 
between all pair types. If pitch variability is the main predictor 
for performance in this CSWL task, then music experts (i.e., 
musicians) should struggle more with the vowelMPs than the 
nonmusicians tested here but should perform better for the 
nonMPs and consMPs than the tonal language speakers discussed 
earlier in Escudero et  al. (under review).

Regarding the results for MDT, although not decisive, the 
evidence suggests that MDT ability more strongly influences 
accuracy for nonMPs and vowelMPs compared to consMPs. The 
MDT ability test focuses heavily on auditory short-term memory 
(Dowling, 1978; Harrison et al., 2017; Harrison and Müllensiefen, 
2018). It has been suggested that auditory short-term memory 
for consonants is distinct from that for vowels (Pisoni, 1975), 
as explained by the cue-duration hypothesis (Pisoni, 1973), which 
suggests that the acoustic features needed to discriminate between 
two different consonants are shorter and thus less well represented 
in auditory short-term memory than those of vowels (Chen et al., 
2020). As well, seminal studies on speech sounds have suggested 
that consonants may be  stored differently in short-term memory 
compared to vowels (Crowder, 1971, 1973a,b), with the idea that 
vowels are processed at an earlier stage compared to consonants 
(Crowder and Morton, 1969). It is possible that a different type 
of auditory memory is activated for nonMPs, which does not 
rely as strongly on the discrimination of the acoustic features 
of the stimuli than what is needed to distinguish between 
phonologically overlapping stimuli. As similarly suggested in 
Escudero et  al. (2021), this could be  tested using time-sensitive 
neurophysiological methods, such as electroencephalography (EEG).

Some limitations of this study must be noted. Even though 
we  tested for perceptual skills, it is possible that accuracy 
also depends on other skills, such as how well a listener is 
able to do crossmodal associations. Likewise, it is possible 
that general cognitive abilities may impact the learning of 
novel words in an ambiguous word learning paradigm. As 
we  find some differences between accuracy for the different 
pair types in the current study and prior CSWL studies 
using the same paradigm (Escudero et al., 2016; Mulak et al., 
2019), it might seem that individual differences, such as the 
ability to do crossmodal associations or general cognitive 
abilities, may be  the cause of these differences. However, 

there are other possible sources between the current study 
and prior CSWL results that might have led to the differences 
between studies, such as the number of trials and the number 
of responses used in the learning and test phases. We  are 
currently replicating learning and testing phases from those 
previous studies using online testing to see if the number 
of trials is the source of the difference. If this is not the 
case, future studies can then look further into other possible 
sources, such as general cognitive abilities. Regarding the 
use of IDS, it is an empirical question whether adults in 
general will perform better with stimuli characterized by 
shorter durations, and non-enhanced differences between 
vowels and neutral prosodic contours (such as ADS). On 
the contrary, we  found that enhanced vowel differences that 
are similar to those typical of IDS facilitate phonetic 
discrimination for adults listeners (Escudero et  al., 2011; 
Escudero and Williams, 2014). Additionally, there is a possibility 
that the degree of novelty of the auditory and visual stimuli 
impacts accuracy responses. Even though language background 
did not have an influence on accuracy, future studies could 
consider implementing measuring participants’ familiarity 
with the stimuli. Another possible limitation is that we  did 
not collect information regarding participants’ headphones. 
However, we  did check whether participants were able to 
hear the stimuli and were wearing headphones, as part of 
our pre-registered protocol.

Overall, the results show that the tested music perception 
abilities impact the learning of words that differ in a single 
consonant or vowel differently and in complex ways. Pitch 
perception is an important factor for novel word learning, to 
the extent that those with stronger pitch perception skills are 
better at distinguishing consonant contrasts, and apparently 
too good at distinguishing vowel contrasts. Using stimuli 
produced in adult-directed-speech, our follow-up research will 
establish whether the negative correlation between pitch 
perception and accuracy in words distinguished by a single 
vowel is due to our use of IDS and its concomitant large 
pitch variations. We  also find that consonants and vowels are 
learned differently for those with melodic discrimination skills, 
reflected in improved auditory short-term memory. In contrast 
to MPT, an increase in MDT leads to better learning of words 
distinguished by a single vowel than those distinguished by a 
single consonant, which may be  connected to better auditory 
short-term memory for vowels. The contrasting results for the 
two tested music perception skills may reflect different stages 
of processing. Our results have one clear implication for theories 
of cross-domain transfer between music and language: considering 
populations along the entire spectrum of musicality and linguistic 
pitch experiences is the only way to uncover exactly where 
and when problems with word learning occur.

CONCLUSION

We tested whether specific music perception abilities impact 
learning of minimal pair types in adults that have not been 
selected for their musical abilities. Using a CSWL paradigm, 
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we  have shown that pitch perception and auditory working 
memory affect the learning of vowel and consonant minimal 
word pairs, but vowels and consonants are impacted differently. 
We  suggest this may be  due to the pitch fluctuations of the 
specific characteristic of stimuli, namely, words produced in 
infant-directed speech (IDS). Similar to the patterns observed 
in native speakers of tonal languages, this type of speech register 
may lead to the listeners’ perception of more distinctions than 
intended. In future studies, we  aim to test the role of IDS 
compared to adult-directed speech, how specific levels of training 
in music impact performance in CSWL, and the differential 
storage of vowels versus consonants.
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Music and spoken language share certain characteristics: both consist of sequences of 
acoustic elements that are combinatorically combined, and these elements partition the 
same continuous acoustic dimensions (frequency, formant space and duration). However, 
the resulting categories differ sharply: scale tones and note durations of small integer 
ratios appear in music, while speech uses phonemes, lexical tone, and non-isochronous 
durations. Why did music and language diverge into the two systems we have today, 
differing in these specific features? We propose a framework based on information theory 
and a reverse-engineering perspective, suggesting that design features of music and 
language are a response to their differential deployment along three different continuous 
dimensions. These include the familiar propositional-aesthetic (‘goal’) and repetitive-novel 
(‘novelty’) dimensions, and a dialogic-choric (‘interactivity’) dimension that is our focus 
here. Specifically, we hypothesize that music exhibits specializations enhancing coherent 
production by several individuals concurrently—the ‘choric’ context. In contrast, language 
is specialized for exchange in tightly coordinated turn-taking—‘dialogic’ contexts. 
We examine the evidence for our framework, both from humans and non-human animals, 
and conclude that many proposed design features of music and language follow naturally 
from their use in distinct dialogic and choric communicative contexts. Furthermore, the 
hybrid nature of intermediate systems like poetry, chant, or solo lament follows from their 
deployment in the less typical interactive context.

Keywords: language, music, information theory, choric, dialogic, animal communication

INTRODUCTION

Music and language are two human cognitive and communicative systems that are similar in 
a variety of ways: the vocal-auditory domain is typically the primary modality, but it is not 
the only one (writing, sign, or dance are others). Both utilise the same vocal apparatus, and 
similar motor systems and perceptual physiology. Their respective neural underpinnings have 
major shared portions. Both consist of elements combined in a hierarchical manner by certain, 
culture-specific rules. Both systems are learned, but have biological components shared with 
other species. Despite these many similarities, this paper is concerned with the differences 
between the two systems. Why should two universal human systems, that share so much, 
nonetheless exhibit consistent differences?
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It is clear that there is a great variety of music and language 
within and across cultures, and what is termed ‘music’ varies 
within a culture (see Trehub et  al., 2015; Thompson et  al., 
2019), fulfilling a broad range of psychological purposes that 
influence their acoustic features. For example, while dance 
music will engage motor systems, lullabies are used for soothing 
infants, and this translates into consistent acoustic differences 
cross-culturally (Mehr et al., 2018). Similarly, language changes 
when playing with young infants, reciting a mantra in a 
ritual, or engaging in political discussions. However, despite 
this variety, certain features seem to differentiate many instances 
of music and language (which we  will term ‘typical’ in this 
paper). Hockett (1960) and Fitch (2006) termed these 
prototypical properties ‘design features’ of language and music, 
respectively (see Table  1). Nonetheless, borders between 
language and music are not clear cut (as in the case of 

poetry or religious chanting), and particular instantiations 
of music and language can be ‘more musical’ or ‘more linguistic’ 
than prototypical instances.

In this paper, we  propose a framework that aims to explain 
design features differentiating music and language as responses 
along three continuous dimensions. (1) the goal of the linguistic 
or musical act, with a more propositional or more aesthetic 
focus; (2) the repetitiveness or novelty of the events within 
a linguistic or musical sequence and (3) crucially, the interaction 
and temporal coordination between individuals participating 
in linguistic or musical acts, the poles of which we term ‘choric’ 
and ‘dialogic’. While the first two dimensions are widely 
recognised and discussed in comparisons of music and language, 
the last one has more often been neglected. We  think that 
the interaction dimension is a crucial addition for understanding 
design feature differences between language and music, because 

TABLE 1 | Design features differing between language and music, updated from Fitch (2006).

Design Feature Language Music Definition

V S V I

Vocal auditory channel + − + − Signal sequences are patterns of sounds produced by the vocal tract and 
articulators

Broadcast transmission + +? + + Signal sequences are detectable by anyone within given distance/line of 
sight

Rapid fading + + + + Signal sequences dissipate when signalling stops
Interchangeability + + + − Individuals can be both sender and receiver
Total feedback + +1 + +?1 Senders themselves perceive what they signal
Specialisation + + + + A signal sequence does not directly trigger a specific behaviour in the 

receiver
Productivity + + + + Ability to produce novel signal sequences
Discreteness + + + + Signalling units are functionally distinct
Cultural transmission + + + + The signalling system is transmitted between individuals via learning and 

teaching
Movement2 + + + + Movements of body (−parts) accompany movements that create the signal 

itself
Transposability + + + + The relationships between signal units rather than absolute features 

identify a signal sequence (a sentence is considered the same regardless 
of who spoke/signed it, a melody regardless of instrument, voice or 
absolute pitch)

Duality of Patterning + + − − Signal sequences can be analysed both as units of signalling (cenemes) and 
meaning-bearing units (pleremes)

Generativity + + + + Signal units are recombined according to rules
Semanticity + + − − Fixed associations exist between meaning-bearing units and states or 

properties of the world/environment
Arbitrariness + + − − The content of most meaning-bearing units is unrelated to features of 

signalling units
Displacement + + − − Meaning-bearing units refer to entities outside their spatial and temporal 

context
Discrete pitches − − + + Allowed pitches are based on a scale of tones related by intervals
Isochronic − − + + Regular periodic pulse providing a reference framework for other temporal 

features of the signal sequence
Performative context − − + + Classes of signal sequences (e.g. songs or styles) recur in specific social 

contexts
Repeatable (repertoire) − − + + Signal sequences are distinguishable (pieces), exactly repeatable and 

repeated in certain contexts
A-referentially expressive − +? + + Higher order relations of a signal sequence are cognitively mapped to 

movement and affective responses

These design features concern speech (including sign) or musical acts that we label as ‘typical’, e.g., spoken conversations or musical ensemble playing. V = vocal, S = signed, I = instrumental.  
1Sensorimotor.
2Added by the authors.
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major acoustic differences between spoken language and music 
are rooted in social cognition and interaction.

We derive these dimensions by applying a ‘reverse-engineering’ 
approach, based on information theory, starting from the 
observed design features. This framework supports predictions 
about the changes in design features expected for ‘nontypical’ 
instances of music and language, thus laying the foundations 
for a more fine-grained and continuous analysis of music and 
language when used for different psychological and 
social purposes.

Our comparison of music and language focusses on social 
interactions and starts from the auditory domain, based on the 
premise that written communication is a derived form. However, 
both systems go beyond the purely acoustic domain (Cross et al., 
2013; Levinson and Holler, 2014; Honing, 2018). For example, 
both music and language incorporate body movement in the 
form of dance and co-speech gestures, or mime and sign languages 
(which are typically silent). Although our framework takes the 
auditory domain as a starting point, we  expect that it can also 
be  applied more generally to movement-based communication, 
predicting changes in movement-based communication and 
incorporating movement into speech or song. We  thus think 
our framework might also be  useful for analysing animal 
communication, both acoustic and multimodal.

Our framework is in principle compatible with various 
hypotheses about the evolutionary relation of language and 
music (see Cross et  al., 2013). We  assume only that variation 
in acoustics occurs based on social and perceptual goals, 
pointing at fundamental relevant traits, but remain agnostic 
with regards to the evolutionary processes involved (biological 
and/or cultural) and/or the origin states of language and music 
(e.g., from a common audio-vocal precursor system, as Darwin, 
1871 proposed). However, our framework does assume a pivotal 
role for audio-vocal communication at some point in evolution, 
thus incorporating the phylogenetically unusual trait of vocal 
learning (Fitch, 2006; Jarvis, 2019), which is shared by both 
systems. Crucially, our framework avoids dichotomous 
conceptions of music and language as either fully distinct or 
fully indissociable faculties. This notion of the differences along 
a continuum follows naturally both from neural evidence and 
from the existence of styles intermediate between music and 
language (poetry, rap, lament and others).

The paper is structured as follows: the first section presents 
the conceptual and theoretical foundations for our framework: 
a reverse engineering approach allows us to derive three 
dimensions from design features differing between language 
and music. The three dimensions described—goal, novelty, and 
interactivity—create a space within which both prototypical 
and non-canonical forms of both music and language can 
be  situated. Information theory makes these design features 
predictable. The three sections that follow discuss the three 
dimensions in more detail, arguing that the characteristic design 
features of music and language can be understood as a function 
of their deployment within this three-dimensional space. The 
last section opens the door to comparative cognition, arguing 
that some vocal communication in non-human animals can 
also be  fruitfully understood using our framework, and ends 

with predictions and suggestions for questions to be  addressed 
in future empirical research.

CONCEPTUAL AND THEORETICAL 
FRAMEWORK

Design Stance and Reverse Engineering
In addition to investigations of neural and cognitive processes, 
individual development and cultural specifics, a deeper 
understanding of both language and music and how they differ 
requires inquiry into their evolutionary origin(s). Various 
hypotheses have been proposed regarding the origin of music, 
often concerned with finding an adaptive value (see Mehr 
et al., 2021; Savage et al., 2021 for recent reviews of the debate). 
We  will not focus on possible adaptive values in this paper, 
nor will we  investigate the causal roles of the many possible 
evolutionary, cultural or developmental processes involved. 
Rather, we will take a design stance and a ‘reverse engineering’ 
approach, using the design features proposed by Hockett (1960) 
and Fitch (2006; see Table  1) as a starting point for 
our framework.

The ‘design’ stance has a long tradition in biology and relies 
on the idea that under certain constraints evolutionary processes 
act to refine and optimize traits as would an engineer (Hockett, 
1960; Krebs and Davies, 1997; Maynard Smith, 2000; Csete 
and Doyle, 2002; Richardson, 2003; Tooby and Cosmides, 2005); 
the use of ‘design’ in this context implies natural selection 
and has no association with unscientific notions of ‘intelligent 
design’. This allows us to ask what constraints on concrete 
linguistic or musical acts could plausibly yield the observed 
design features differentiating music and language. We  will 
conceptualise these constraints as poles of continuous dimensions, 
creating a multidimensional conceptual space. Crucially, this 
continuous space allows us to predict how design features of 
non-typical instances of language and music, such as poetry 
or rap, should vary as a response of their deployment along 
the dimensions proposed.

First, note that the kind of elements that make up language 
and music differ. Language consists of phonemes that are 
the building blocks for meaning-bearing units like morphemes 
and words, which in turn are combined to yield sentences. 
This organisation rests on the need to convey propositional 
meaning, which is a key characteristic of prototypical language 
use, but not of prototypical music. Accordingly, the design 
feature of semanticity and those derived from it (arbitrariness, 
displacement and duality of patterning) discriminate 
prototypical language from prototypical music. Although 
sung music that uses lyrics is common, there is no requirement 
to perceive lyrics in order to recognise a sound sequence 
as music, and much music is purely instrumental. Music 
instead has stronger links to movement, and to emotional 
and aesthetic appraisal (Huron, 2006; see also Thompson 
et  al., 2019 for cross-cultural perspectives). Fitch (2006) 
subsumes the expressive mappings of musical form to 
movement and emotions under the design feature 
‘a-referentially expressive’.
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These contrasting design feature differences between 
prototypical language and music suggest a trade-off between 
a primary goal of conveying semantic meaning for language 
(which we term ‘propositional’) and a goal of aesthetic appraisal 
(in a broad sense, see Huron, 2016) for music. We  suggest 
that many observed design feature differences can be explained 
by interlocutors following either aesthetic or propositional goals. 
Notably, both aesthetic and propositional goals require predictive 
cognitive processes, but in different ways, as reviewed below. 
But simply categorizing music as aesthetic and language as 
propositional is also incomplete—some ways of speaking also 
pursue aesthetic goals, as in poetry, while some music has 
propositionality, like humming ‘Happy Birthday’, to indicate 
gift-giving, or songs mimicking birdsong. It is thus useful to 
conceive of music and language as lying on a propositional-
aesthetic continuum, where language typically tends towards 
the propositional side while music tends towards the aesthetic 
side, but with some instances between these poles. We  will 
term this continuous axis the ‘goal’ dimension.

A second dimension further partially differentiates language 
and music. Conversational language typically conveys a large 
amount of novel semantic information (Grice, 1975) and exact 
repetition is unusual. Music in contrast is typically characterised 
by repetition at multiple levels, from single tones or chords, 
motifs, and melodies, up to repeated performances of entire 
musical pieces. This is supported by two further contrasting 
design features: while language has gliding intonation, flexible 
lexical tone and continuously variable syllable durations, music 
typically consists of tones of fixed pitches organised in scales, 
and is prototypically characterised by rigorous timing based 
on isochronous meter (for exceptions see Savage et  al., 2015). 
Thus, in music, both the temporal and the spectral acoustic 
dimensions relate their elements by small integer ratios. 
Repeatability is further related to the design feature of 
performative context, where certain kinds of music are repeated 
in specific cultural situations (e.g., lullabies to soothing babies). 
Repeating the same phrases does occur in language, but mostly 
in specific cultural situations like religious or artistic acts (e.g., 
prayers or poems). Typically, however, repetition is 
uncharacteristic of everyday conversations but abundant in 
music making (Savage et  al., 2015). This repetitive-novel 
continuum is thus another dimension where music and language 
have a different focus, although again certain instances occupy 
the middle ground along the continuum. We  will call this the 
‘novelty’ dimension.

Both the goal and the novelty dimensions are widely known 
and discussed, and both involve predictive cognitive processes. 
However, although language and music can be  deployed at 
several points along these dimensions, the predictive cues they 
provide differ (e.g., music has a much smaller set of possible 
temporal and frequency constituents than speech). We  will 
argue that these differences make sense only when a third 
dimension is added, involving the timing of individual 
performances in a dyad or group. As Brown (2007) has argued, 
an important difference between music and language is their 
temporal coordination. Language prototypically exhibits 
sequential turn-taking, where speakers typically have little 

overlap in their utterances. In music, simultaneity is both 
possible and typical: music is often performed by several people 
simultaneously. We  will adapt the term ‘concurrent’ to refer 
to individuals simultaneously performing (vocalising, playing), 
specifically when these signals are coupled (causally related) 
and coordinated (thus excluding two unconnected conversations 
at the same party). Concurrence does not necessarily imply 
the same events happening at precisely the same time (which 
we term ‘synchronous’, following Ravignani et al., 2014). We dub 
the end of this dimension that involves turn-taking and alternation 
‘dialogic’, and the pole featuring concurrent performance ‘choric’ 
(from the Greek choros meaning ‘chorus’). We  choose these 
novel terms to specifically imply joint action: deliberate 
coordination within a common representational framework (see 
Sebanz and Knoblich, 2009, 2021; for music, e.g., Keller et  al., 
2014; for language, e.g., Tomasello, 2010). While turn-taking 
requires cues to predict the end of the current speaker’s phrase, 
concurrence requires much more fine-grained ongoing predictions 
about subsequent events in a vocal sequence. Again, this choric/
dialogic axis defines a continuum, and there are intermediate 
cases of dialogic form in music, for example exchanging solos 
in jazz or call-and-response songs, and concurrence in language, 
such as group chanting or recitation. We call this axis the 
‘interactivity’ dimension.

The purpose of these three dimensions (see Table  2) is to 
conceptualise a continuous space that can account for both 
prototypical instances of language and music and instances 
that are not considered typical, and to explain their design 
features as a consequence of the deployment along 
these dimensions.

Hockett’s design stance as applied to language has been 
criticised for neglecting cognition, being biased concerning 
the modality of transmission (auditory-vocal) and focussing 
on surface aspects of the linguistic code rather than its content 
(Wacewicz and Żywiczyński, 2015). However, these criticisms 
are less telling regarding music, and our approach attempts 
to overcome any such limitations. For example, we  start our 
comparison of language and music assuming an auditory-vocal 
modality, but emphasize that it can also be  applied to signed 
languages or mime, and incorporate facial expressions, gestures 
and body language, as long as information trajectories can 
be  measured in the target domain (see Table  3). Crucially, 
cognition plays a central role in our framework, via the mutually 
predictive role of the participants in temporally unfolding 
musical and linguistic acts, which require complex multi-time 
scale cognitive processes.

Information Theory
All three of our dimensions centrally involve predictive processes. 
In language (goal dimension), inferring propositional meanings 
involves prediction at the level of semantics, while aesthetic 
experiences exploit the interplay between fulfilment of 
expectations and deviation from predictions. Repetition entails 
high predictability, while novelty implies low predictability. 
Finally, for the interactivity dimension, coordinating events in 
time between several individuals requires either prediction or 
reaction, with prediction being faster and more flexible.
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Prediction involves estimates of probability: at any given point 
during the musical or linguistic act, possible subsequent events 
are assigned a probability given the current context, influencing 
the perceiver’s expectations about what happens next. Predictions 
always have a degree of uncertainty, allowing some possibility 
of other events to occur instead (even a highly familiar event 
may be corrupted by noise or mistakes). Thus, in order to support 
successful prediction, a signaller should decrease the uncertainty 
about subsequent events. Signals can in this way be  analysed in 
terms of the change in their information over time.

The scientific field dealing with reduction in uncertainty 
is information theory, originally formulated by Shannon (1948), 
and we will use information theory as our theoretical foundation 
when analysing the deployment of language and music along 
the goal, novelty, and interactivity dimensions. The common 
currency is information, which is simply reduction in 
uncertainty, quantified in bits. If an event in a sequence is 
highly predictable, that event’s information content—should 
it occur—is low. Unexpected events are surprising and have 
a high information content, hence information content is 
also termed ‘surprisal’. Information theory has developed 
considerably since Shannon’s fundamental insights, and now 
provides a rich toolbox for analysing a variety of phenomena 
(see Table  3; Crupi et  al., 2018). In a crucial addition, the 
uncertainty of predictions themselves, i.e., the confidence in 

or precision of one’s own predictions (Koelsch et  al., 2019), 
can also be quantified as the expected value of the information, 
or entropy (see, e.g., Hansen and Pearce, 2014). For concision, 
Table  3 lists some of the central assumptions we  will adopt, 
and provides references to the methods and measures used 
to implement information theory in our framework.

Computational models have been successfully used to 
manipulate and analyse the information dynamics of sequences 
(e.g., Hansen et  al., 2021). Most such models are probabilistic: 
they can capture multiple streams of musical features (see 
Table 3), and relying on the Markov assumption (see Rohrmeier 
and Koelsch, 2012), they predict local dependencies. However, 
predictions for musical and linguistic sequences can span more 
than just the next event, especially when syntax or harmonic 
schemas are considered (Rohrmeier and Koelsch, 2012), 
indicating the need for hierarchical processing across multiple 
related time scales (see Zuidema et  al., 2018). As long as 
predictions for events with given probabilities are generated 
these can in principle be  used for measuring information and 
entropy. Our framework will be discussed based on the prediction 
of the next, discrete event in a sequence, acknowledging that 
specific models and measures will need to take long-distance 
dependencies into account.

With these preliminaries in hand, we  now turn to a more 
detailed consideration of the three axes of our framework, 

TABLE 2 | Overview of the three proposed dimensions of our framework, with examples from music, language, and animal communication.

Dimension
Pole 1 Pole 2

Name Example Name Example

Goal Propositional Discussing the week’s events with a friend 
Singing ‘Happy Birthday’

Aesthetic Shakespeare sonnets
Listening to your favourite Beatles album

Novelty Novelty Listening to a conference talk
Variation and recombination of melodic modules 
in BaAka music (Lewis, 2021)

Repetition Word repetition for emphasis (‘I did not break 
the dish. I did not break the dish. I repeat, I did 
not break the dish’)
Choruses in songs

Interactivity Choric Religious ensemble chanting
Ensemble music
Plain-tailed wren mating display (within sex)

Dialogic Conversational speech
Call-and-response song
Animal antiphonal calling

TABLE 3 | Assumptions and measures of information theory.

Assumption Measure/method References

Information is an adequate model of prediction, 
plausible to happen in the brain

Predictive coding and similar accounts Friston, 2010; McDonnell et al., 2011; Pearce and 
Wiggins, 2012; Crupi et al., 2018; Koelsch et al., 2019

Entropy and information can be measured at 
multiple levels of the signal sequence concurrently, 
and their interaction can be modelled

Models based on statistical learning and using a multiple 
viewpoint approach

Pearce and Wiggins, 2012; Forth et al., 2016; see also 
Rohrmeier and Koelsch, 2012

The information/entropy trajectories of the different 
levels can be compared

Mutual information measures for multivariate time series 
(transfer entropy, partial information decomposition, etc.)

Hlavácǩová-Schindler et al., 2007; Williams and Beer, 
2010 (preprint); Williams and Beer, 2011 (preprint)

Context (e.g., discourse context, conceptual 
knowledge, etc.) can be modelled using 
information theory

Conditional entropy (e.g., with n-gram models) Piantadosi et al., 2012; Mahowald et al., 2013; see 
also Kuperberg and Jaeger, 2016; see also Venhuizen 
et al., 2019 

Information theory can be applied to both discrete 
or continuous (or discretisable) sequences, e.g., for 
body movement and gesturing

Discretisation of continuous signals

Sample entropy, multiscale entropy

Glowinski et al., 2013; Zbili and Rama, 2021

Glowinski et al., 2010; Glowinski and Mancini,  
2011
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applying them to both prototypical song or speech, but also 
considering atypical or intermediate cases like poetry.

THE ‘GOAL’ DIMENSION: 
PROPOSITIONAL-AESTHETIC 
DIFFERENCES

The goal dimension concerns the broader purpose of linguistic 
or musical sequence productions, whether to convey semantic 
messages, or to elicit and modulate aesthetic responses in a 
broad sense (including emotional appraisal, pleasure, movement 
expressiveness, etc., see Huron, 2016). Both poles of this 
continuum involve predictions at multiple levels, but the poles 
differ in how the levels interact.

Propositionality in Language
The main goal of linguistic acts is arguably to convey 
propositional meaning: they enable a comprehender to infer 
the message the speaker intends to convey (Seifert et  al., 
2013; Kuperberg and Jaeger, 2016). Although speech acts 
can often convey social relationship, status, sex, origin, 
etc., paralinguistically (Ladd, 2014), propositionality is 
nonetheless at the core of language. From an information 
theoretical perspective this entails reduction of uncertainty 
about the propositional content transmitted using the 
current context.

Applying a framework of reverse-engineering and information 
theory to language, Mahowald et  al. (2020) argue that word 
length, word frequencies, and sequences of phonemes are all 
designed to optimise the lexicon in order to efficiently 
communicate, by optimally balancing complexity and 
informativity. This holds true over a wide variety of languages, 
and involves tight interactions between multiple linguistic levels. 
Using a comprehension model that implements both linguistic 
experience and world knowledge, Venhuizen et al. (2019) showed 
that entropy reduction is high in propositional words (reducing 
uncertainty in meaning), and surprisal (information) decreases 
towards the end of sentences, when the intended message 
becomes incrementally clearer. However, linguistic sequences 
involve multiple levels of representation (semantic, syntactic, 
phonological, etc.), and prediction takes place at all levels 
(Levinson and Torreira, 2015; Kuperberg and Jaeger, 2016 for 
a multimodal perspective see Holler and Levinson, 2019; for 
a critical review see Huettig and Mani, 2016). These levels 
have also been shown to interact. The hypothesis of uniform 
information density of a communicative act suggests a constant 
information rate per unit time (see, e.g., Aylett and Turk, 
2004; Piantadosi et  al., 2011), and studies show that speakers 
can actively manipulate information rate at different levels by 
altering for example phonetic cues, syntactic cues or word 
length (Mahowald et al., 2013). Specifically, enhanced prosodic 
prominence or longer durations are used when syllables cannot 
be  predicted well (that is when entropy is high) based on 
syntactic, semantic or pragmatic contexts (Aylett and Turk, 
2004). Comprehenders also use the current context for 

disambiguation to infer the conveyed message, and higher 
predictability given current contextual information yields shorter 
word lengths (Piantadosi et  al., 2012; Gibson et  al., 2019). 
This body of language research shows the direct interaction 
of information and acoustic features given a propositional goal, 
but also illustrates how conversational situations can be naturally 
implemented in an information-theoretic framework.

Thus, it appears that propositionality, specifically prediction 
and inference of encoded messages, profoundly affects the 
design of languages. The meaning-bearing level is of primary 
importance, and variations in predictability at the propositional 
level are balanced by changes in elements within 
non-propositional supporting levels, like phonology and word 
choice. These elements vary to enhance predictability (e.g., 
from context) or to alter the information rate (e.g., by changing 
in duration), supporting successful decoding of the propositional 
message. Thus, part of the attested prosodic variability of speech, 
e.g., in syllable duration or voice pitch, is an effective response 
that allows variable rates of information and predictability at 
lower levels, in support of the propositional goal.

Aesthetics and Reward in Music
Key components of the human reward system relate to 
prediction (expectancy) and surprise (expectancy violation; 
Schultz et al., 1997). When an outcome is better than expected, 
dopamine release is increased, resulting in positive emotions 
and supporting positive reinforcement learning. Worse than 
expected outcomes lead to decreased dopaminergic firing, 
negative emotions and learned avoidance. Dopaminergic firing 
also predicts the timing of rewarding events (Hollerman and 
Schultz, 1998). The difference between expected and actual 
outcomes is termed reward prediction error (Schultz, 2017), 
and involves predictions about how rewarding a future event 
will be, as distinguished from sensory predictions about which 
event will occur (de Fleurian et  al., 2019; Koelsch et  al., 
2019). The extent to which these two predictive contexts—
reward prediction error and sensory prediction error—provide 
appropriate explanatory frameworks for musical pleasure is 
debated (Colombo and Wright, 2017; Hansen et  al., 2017; 
de Fleurian et  al., 2019), but fundamental to either account 
is the ability to make predictions regarding sequences of 
sonic events. This ongoing or ‘on-line’ predictive processing 
is reflected in many theories of musical meaning based on 
tension-relaxation dynamics (e.g., Meyer, 1956; Narmour, 1990; 
Huron, 2006; Lerdahl and Krumhansl, 2007; see also Rohrmeier 
and Koelsch, 2012). However, we  note that not all kinds of 
music rely on expectancy dynamics in order to fulfil their 
purposes (e.g., Musique concrète).

What design features allow a sequence of sounds to generate 
expectations, hence to be  predictable, but also allow pleasant 
surprises and (reward) prediction errors? To generate 
expectations, there must be stable probabilistic relations between 
elements of a sound sequence, so the probability of particular 
events occurring concurrently or adjacent to another sound 
should be  higher than random chance levels. Thus, regularity 
extraction is the foundation of statistical learning in music 
(Temperley, 2007), and if these relations span multiple time 
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scales, a hierarchical structure of relations can occur (Rohrmeier 
and Koelsch, 2012; Rohrmeier et  al., 2015).

Learned regularities regarding the temporal and spectral 
relations between events enable probabilistic expectations about 
which events are likely to occur when (Temperley, 2007). 
Musical pleasure has been shown to be  highest when either 
prospective uncertainty is low and retrospective surprise is 
high, or vice versa (Cheung et  al., 2019). Since, in music, no 
one level of the signal is primary per se (no single meaning-
bearing level of the signal must be  unambiguously inferred 
by a receiver), elements at different levels (e.g., tone frequencies, 
durational patterns, motifs, etc.) are not constrained to support 
any one primary level. Thus, both uncertainty and surprise 
can vary independently of each other at multiple levels, and 
fulfilment of predictions and surprise can occur concurrently 
(Rohrmeier and Koelsch, 2012)—think of a certain melodic 
motif where the expected last tone occurs at the expected 
time, but within a different harmonic context. This less 
constrained design allows music to exploit the human reward 
system very effectively, supporting predictability at some levels 
and pleasant surprises at others (Zatorre, 2018).

How then can pleasure be gained from repetitive encounters 
with the same musical piece? Salimpoor et  al. (2011) found 
that for familiar, liked musical pieces, dopamine is released 
in the striatum both in response to expectations of peak-
pleasure events, and to the peak-pleasure events themselves, 
but in different striatal subregions. This partly explains why, 
even under low surprise conditions, pleasure can be  gained 
from musical expectations being fulfilled. Representations of 
musical features might be  sparse and decline over time, such 
that upon repeated listenings new predictions and prediction 
errors can be generated (Salimpoor et al., 2015). Furthermore, 
familiar music may remain rewarding upon repeated hearings 
if its structure is surprising in relation to other pieces of 
the same genre, that is when it deviates from schema-like 
representations (Zatorre, personal communication; Salimpoor 
et  al., 2015). Similarly, liking familiar music can even go as 
far as disliking variant versions of the same song. Repeated 
listening to a musical piece can also allow listeners to redirect 
attention to levels not previously attended to and thus to 
discover new relations between events, again supporting 
novelty and surprise even in a highly familiar context (Margulis, 
2014). Such attentional shifts allow music to occupy a highly 
rewarding sweet spot between fulfilling the prediction entirely 
and a total mismatch (i.e., too much information/surprise, 
see Zatorre, 2018).

In summary, music prototypically enables fulfilment of 
aesthetic goals while maintaining predictability by preserving 
the independence of multiple levels of the sound sequence, 
allowing concurrent surprise and fulfilment of predictions, as 
well as independent variation of prospective uncertainty and 
retrospective surprise. Thus, musical design solutions effectively 
exploit the basic mammalian dopaminergic reward system 
(Blood and Zatorre, 2001; Ferreri et  al., 2019). Hierarchical 
relations between sounds in a sequence generate expectations 
in both music and language, but the aesthetic goal alone does 
not fully explain why particular design features of music arise. 

This becomes clearer when looking at atypical examples of 
language and music.

Aesthetics in Language and 
Propositionality in Music
Unless lyrics are present (implying a meaning-bearing linguistic 
layer), music rarely conveys propositional meaning. Exceptions 
include melodies that themselves stand for messages (e.g., 
whistling ‘Happy Birthday’ could convey the message of pleasant 
birthday wishes), ‘songlines’ that encode pathways across 
landscapes, connected to mythological stories (e.g., by Australian 
native peoples, Chatwin, 1987), or music that imitates natural 
sounds (e.g., birdsong). Whistled speech or ‘drum languages’ 
(cf. Busnel and Classe, 1976) encode propositional meaning 
in a superficial form, for example using pitch as a replacement 
of formants or phonemic tone from spoken language.

In such cases, propositional content is woven into the 
musical structure, and we would expect that exact repeatability 
plays a crucial role, because surprises would increase the 
uncertainty of the conveyed meaning. Altering the rhythm 
of ‘Happy Birthday’ substantially will make it unrecognisable, 
and keeping the melodic contour but changing the intervals 
will make it disconcerting or irritating. Imagine someone 
playing ‘Happy Birthday’ to you  in a minor key—would 
you  perceive this as sarcastic or ironic? It seems that in 
cases of propositionality in music, the acceptable variability 
of the musical structures is reduced, even more than in 
speech acts, because here the propositional message is encoded 
in several levels of the whole musical structure (e.g., pitch 
and rhythm), not primarily at a single semantic level. Such 
propositional musical pieces are thus more similar to words 
than sentences. On the other hand, adding a surprising 
context could make the piece aesthetically more interesting, 
thus shifting the goal toward the aesthetic pole.

What is predicted when language is deployed in a mainly 
aesthetic context? Language can also exploit the human reward 
system via generation of expectations, via its hierarchical 
structure of elements. When the goal is propositional, variations 
in semantic predictability are balanced by changes of elements 
within non-propositional levels to maintain a roughly uniform 
information density (see above). Thus, prospective prediction 
and retrospective information are tightly linked. But with an 
aesthetic goal, this constraint can be  released, with levels of 
the signal becoming more independent. Enhancing the 
predictability of content words is no longer necessary, more 
variability in predictive uncertainty and surprise become possible, 
and attention can be  focussed on other levels of the sequence. 
For example, in poetry intonation, phonology (rhyme), durations, 
stress patterns, etc., appear to vary more independently of 
propositional content. Propositional content is often not 
straightforward in poetry, and ambiguity and multiple possible 
interpretations are frequent. Indeed, some poetry in art 
movements like Dada, such as Kurt Schwitters ‘Ur-Sonata’ (see 
Schwitters, 1973), focusses on sound quality rather than 
propositional content (despite, in historical context, ‘conveying 
the message’ of ignoring artistic bourgeois conventions). 
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Re-reading or re-hearing a poem can also yield new ways of 
interpretation similar to re-listening to a musical piece (but 
see Margulis, 2014). Increased independence of hierarchical 
levels might allow greater embodiment and/or a more musical 
perception, for example in a Shakespearean sonnet versus rap.

Infant-directed speech is another example of speech moving 
toward the aesthetic pole (e.g., Thiessen et  al., 2005), although 
distress in young children is reduced more in response to infant-
directed song than infant-directed speech (Corbeil et  al., 2016), 
even for unfamiliar songs (Cirelli and Trehub, 2020). This might 
be  related to the discreteness (high predictability) of pitch and 
especially duration in music. Our conception of flexibility along 
the propositional-aesthetic dimension could readily be  applied 
to theatre and opera, both of which have to fulfil both propositional 
and aesthetic goals concurrently. We  predict that predictability 
is traded off such that passages perceived as highly aesthetic are 
lower in information content, and vice versa.

To sum up, both language and music can be  deployed in 
atypical propositional and aesthetic contexts, and similar 
responses follow: with more propositional goals, the multiple 
levels of the speech or musical sequence are more interdependent, 
and vary their information density to support successful inference 
of propositional content. For aesthetic goals, independent 
variation across levels enables more unconstrained variation 
in uncertainty and surprise, effectively exploiting the human 
reward system. However, given that music and speech can 
both be  deployed in the nontypical context, aesthetic versus 
propositional goals alone cannot explain why certain design 
features characterize most music (e.g., discrete pitches or 
isochronous meter) but not speech (e.g., gliding intonation 
and variable syllable durations). This implies that further 
dimensions are necessary to explain these design differences.

THE NOVELTY AND REPETITION 
DIMENSION

The novelty-repetition dimension is closely linked to the 
propositional-aesthetic dimension. This dimension involves the 
repeatability of elements and their relations at different scales 
(from single elements to entire pieces) and at multiple levels 
of musical or linguistic sequences, and their balance in use 
with novel elements and relations. Generally, repetition enhances 
predictability, whereas novelty is unpredictable and thus high 
in information.

Repetition in Music
One of the design features distinguishing prototypical music 
from language cross-culturally is that music is characterised 
by repetition at multiple levels (Fitch, 2006; Savage et al., 2015). 
Repetition can involve single notes, melodic motifs, chord 
progressions, rhythmic patterns, and the entire musical piece. 
Repetitiveness in music seems to be also a foundational perceptual 
principle: the speech-to-song illusion is a striking phenomenon 
in psychological research on music and language, whereby 
repetition of speech phrases leads to them being perceived as 
sung speech (Deutsch et  al., 2011). Certain speech phrases, 

especially when characterised by relatively flat within-syllable 
pitch contours and less variability in tempo, are more prone 
to be  judged as musical by Western listeners (Tierney et  al., 
2018). The repetition effect has recently been generalised to 
repetitions of random tone sequences (Margulis and Simchy-
Gross, 2016) and of environmental sounds. These were judged 
as more musical by Western listeners (Rowland et  al., 2019), 
suggesting that repetition leads to the inference of structural 
relationships between repeated sounds (cf. Winkler et al., 2009), 
which are then cognitively interpreted as ‘musical’.

What specific features of music allow or select for repeatability? 
Prior to recording technology, repetition entailed that a sound 
sequence be  remembered and reproduced. To be  remembered a 
sequence must be  distinguishable from other, similar sequences 
(e.g., related melodies or rhythmic patterns), and learnable by 
establishing relationships between the constituent events. The 
existence of sound categories and hierarchical rules to combine 
them (Herff et al., 2021; see also Rohrmeier and Pearce, 2018a,b) 
enables this. The musical design solutions in this respect are 
discrete tones in scales (in a hierarchical relation), and durations 
related in a simple fashion. From an information theoretical 
perspective, this means that the possible uncertainty about 
forthcoming musical events is reduced from the outset by adopting 
a smaller ‘alphabet’. This allows a lower number of plausible 
continuations of a sound sequence than if frequency and temporal 
dimensions were unconstrained. Because hierarchical relations 
exist between tones this factor also constrains plausible continuations 
among distant elements. Reduced alphabet size also supports 
statistical learning and the application of Gestalt principles, both 
relevant for prediction in music (Snyder, 2000; Morgan et al., 2019).

Repeatability in music seems to be  particularly related to 
the fact that the temporal dimension in music is also hierarchically 
structured—durational patterns are related to an underlying 
meter. First, meter supports embodiment via beat extraction 
and entrainment (Kotz et  al., 2018), adding a strong motoric 
component that may increase the memorability of musical 
sequences (Brown and Palmer, 2012). Second, meter can also 
function as a kind of glue between multiple levels of a musical 
sequence by enforcing relations among them, including higher-
order levels like chord progressions, motifs etc. The auditory 
system is able to make predictions and track deviations at 
multiple levels at the same time (Vuust et  al., 2011). High 
uncertainty in memory at one level of the musical signal (e.g., 
in melodic arrangement of pitches) can be  countered by low 
uncertainty in another (e.g., rhythm), reducing the joint 
uncertainty of both levels and enhancing the confidence in 
the prediction of the ongoing musical sequence (‘I remember 
that this particular pitch followed with this rhythm’).

Is repeatability sufficient to explain the occurrence of discrete 
pitches on scales and meter in music? Rapid learning of auditory 
events is even possible for arbitrary sounds that are repeated 
within a stream of random sounds (Agus et al., 2010), suggesting 
that the auditory system is capable of finding repetition in 
the auditory stream irrespective of discreteness. This observation 
is consistent with our claim that specific design solutions for 
repeatability in music are not strictly necessary for perception, 
but relate to (re-)production. However, humans are easily capable 
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of reproducing sound sequences that are not characterised by 
a reduced alphabet in the frequency and/or temporal domain. 
This suggests that repeatability is not a sufficient explanation 
for these design solutions of music. What seems to be  crucial, 
we  will argue below, is the interactivity between individuals 
in a group, when making music together in a choric context.

To summarise, repeatability in musical performances involves 
a reduction in the alphabet in multiple dimensions. This 
enables higher predictability and structural relations in a 
hierarchical manner between elements. In music, meter allows 
strong temporal predictions, enforcing predictive relations in 
higher-order levels and enabling a strong link to motoric 
processing. Scales in melody allow equally strong frequency 
predictions, since the pitch of possible following notes is 
strictly circumscribed.

Novelty in Language
As emphasised above, language is mainly concerned with the 
primary goal of transmitting propositional meaning. These 
messages conveyed should be  relevant and informative, and 
thus (typically) novel (Grice, 1975; Sperber and Wilson, 1986). 
The novelty typifying language acts is therefore closely linked 
to propositionality. What design features enable novelty in 
language? Crucially, language is characterised by duality of 
patterning (Hockett, 1960), and can be  analysed both as an 
arrangement of meaning-bearing units (morphemes and words) 
supported by a lower-level arrangement of meaningless phonemes. 
Meaning-bearing units can be  rearranged to convey new 
messages, which is termed productivity (Ladd, 2014). This 
productive layer is the main one that realises novelty (although 
neologisms can also enable novelty at the phonological level). 
Even repetition of propositional content is typically realised 
by a different arrangement of words or morphemes.

In language, repetition as a structural relationship of (relatively) 
categorical sound elements does occur at the phonemic level, 
where learned structural relationships between phonemes hold 
within a particular language. This is comparable to reduction 
of sound categories in music: a finite set of phonemes and 
specific restrictions on their combinations reduces the uncertainty 
of which phoneme could follow in a sequence. Words are also 
repeated (although the size of the lexicon is vast). Indeed, 
long-term memory for melodies has been proposed to 
be comparable to the word lexicon (Peretz et al., 2009). Language 
therefore can be interpreted as balancing novelty and repetition, 
prototypically by differentially deploying them at different levels 
of the linguistic stream—phonological repeatability enables 
morphosyntactic and semantic novelty. Thus, in prototypical 
conversational language, novelty is realized at the morphosyntactic 
and semantic levels, with phonology and the rote-memory 
lexicon playing a supporting role.

Repetition in Language and Novelty in 
Music
What happens when repetition in language occurs at the productive 
level, that is with morphemes, words, and sentences? Some 
instances of repetition are relevant in a propositional sense: 

repetition of the same word or morpheme (reduplication) can 
be  used for emphasis, or serve grammatical functions like plural 
marking (Hurch and Mattes, 2005). Repetition might also encourage 
the receiver to seek different interpretations of the phrase that 
are not apparent at the first glance, to resolve ambiguity (Knox, 1994).

Some situations however require the repetition of entire 
speech phrases, for example in ritualised contexts. When 
memorability needs to be enhanced, this is achieved by emphasising 
structural relationships in other levels of the speech phrase like 
intonation, stress, using rhyme or specific repeated syllabic 
patterns (e.g., poetic forms). This can also be observed in infant-
directed speech which is very repetitive (Margulis, 2014). A 
link to memory might be  that attention allocation seems to 
be related to surprising events (Forth et al., 2016; Koelsch et al., 
2019). In the event-related potential, a mismatch negativity, 
indexing unpredicted and thus surprising events, is usually 
followed by a P3a component, associated with attention allocation 
(Schröger et  al., 2015). More independence of levels of the 
speech signal would enable more surprising events due to possible 
unexpected interactions between levels, emphasising the structural 
relationships between them. On the other hand, predictive cues 
can also guide attention to a specific stimulus or stimulus feature 
(Gazzaley and Nobre, 2012), enhancing memory encoding. Our 
framework predicts that actions with an aesthetic goal, where 
we  expect a greater independence of representational levels of 
the sequence and more variety in predictability, should 
be remembered better. In line with this, Margulis (2014) proposes 
that memory for music, poetry or utterances with schematic 
form, like jokes, is based more on acoustic surface structure 
than in conversational speech: speech involves attention allocation 
towards propositional content. Note that this enables paraphrasing 
the same propositional content with different words, which is 
more difficult for musical structure with notes or chords.

Turning to novelty, because attention is drawn to surprising 
events (Forth et  al., 2016; Koelsch et  al., 2019), listening to 
music that is highly predictable and unsurprising could lead 
to attentional shift and boredom. Thus, an additional pressure 
for music is to include a degree of novelty. One design solution 
to balance both novelty and repetition is meter (hierarchical 
relation of durational patterns relative to a beat). Meter provides 
a predictive framework within which novelty—unexpected and 
surprising events—is well defined (e.g., syncopation). Because 
multiple levels of the signal allow for predictability within and 
across levels by means of probabilistic relationships between 
their elements (tones, intervals, chord progressions, etc.), each 
level also allows for surprise. In repeated performances novelty 
can be  provided by slight shifts in performance style, tempo, 
expression, etc., making the interpretation of familiar pieces 
a common focus of Western classical music concerts or opera. 
Concerning recordings, the possibility of attentional allocation 
to different levels of the piece with each repeated listening 
could be  interpreted as listener-generated ‘novelty’, since new, 
potentially surprising, relations might be perceived. Thus, music 
also balances novelty and repetition in multiple ways, but they 
are quite distinct from prototypical conversational language.

In summary, both music and language balance repetition 
and novelty, but in different ways. While language usually 
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allocates repeatability to the phonological level and novelty 
occurs at the morphosyntactic and semantic levels (related to 
propositionality), music typically allows both novelty and 
repeatability across all levels of the musical sequence, and meter 
seems to be  especially crucial as a predictive layer throughout, 
enabling both prediction and surprise. However, language can 
also be repeatable at the word and sentence level. Thus, despite 
the clear validity and value of the two traditional dimensions 
on which music and language are differentiated—goal and 
novelty—certain design features are still not fully explained. 
We  therefore suggest that understanding the design differences 
of language and music require a further explanatory dimension, 
to which we  now turn.

INTERACTIVITY: THE CHORIC-DIALOGIC 
DIMENSION

Our proposed interactivity dimension concerns the temporal 
coordination of linguistic or musical productions of multiple 
participants. Both concurrent production, in choric mode, and 
dialogic turn-taking involve joint actions that are causally 
coupled, but they pose different constraints on predictability 
in sequences.

Dialogic Contexts in Speech
Two speakers talking at the same time constitute noise for 
each others’ speech signals: overlapping signals make 
propositional content harder to decode (Fargier and Laganaro, 
2019). Therefore (among possible roots in cooperative social 
interaction, see Levinson, 2016; Pika et  al., 2018; Pougnault 
et al., 2022; but see Ravignani et al., 2019), dialogic contexts 
favour the avoidance of overlap and the coordination of turn-
taking behaviour (Levinson and Torreira, 2015; Levinson, 2016), 
and signals should be  designed such that receivers can predict 
the ending of an utterance (see, e.g., Castellucci et  al., in 
press). Information should therefore be  low (and predictability 
high) at the end of signal sequences. Given the requirement 
to reduce uncertainty in conveyed propositional messages, this 
should lead to high information density during most of the 
signal sequence (to optimally exploit the speech channel capacity, 
see above), with a decrease in information towards its end.

 In dialogue, turn completions seem to be predicted based 
on both prosodic cues (Bögels and Torreira, 2015) and 
lexicosyntactic content (de Ruiter et  al., 2006; Torreira et  al., 
2015), whereby semantic content seems to be more important 
in predicting the end of a speaker’s phrase than syntax (Riest 
et  al., 2015; see Jongman, 2021, for an overview). On the 
other hand, content prediction might be used to enable early 
response planning in parallel with comprehension of the current 
turn (Levinson and Torreira, 2015; Corps et al., 2018), which 
helps to avoid large gaps between turns that could themselves 
be interpreted as meaningful (e.g., Pomerantz and Heritage, 
2013). Accordingly, Castellucci et al. (in press) proposed separate 
pathways for turn-timing and response planning. Since response 
planning requires neural resources that might compete with 

those utilised for comprehension (Bögels et al., 2015, 2018, 
see also Knudsen et al., 2020 for the role of backchannels, 
fillers and particles in this regard), it should start once the 
semantic uncertainty is low enough, and preferentially happen 
in places along the sequence that are low in information. Once 
the remainder of the sequence is highly predictable, interlocutors 
can exchange the roles of sender and receiver: taking turns. 
The next utterance will again start high in uncertainty, requiring 
informative events, until it nears its end.

The information density trajectory must be  perceivable if 
the current receiver is to be  able to predict when uncertainty 
is low enough to take the floor. This requires an ongoing 
monitoring of the information density in the received signal 
and a continuous prediction of the amount of uncertainty 
reduction that will follow from later events. That is, listeners 
need to predict when new events do not reduce uncertainty 
much further, probably based on the semantic uncertainty of 
the conveyed message and taking several past events into 
account to capture the general information trajectory. If the 
time point of turn-taking is marked by low information density, 
then this should be  unambiguously distinguishable from local 
information density minima that may occur in the signal before. 
In the case of language, some words are more informative 
than others even when the speech utterance is not finished 
yet (Venhuizen et  al., 2019). Because a speech act consists of 
multiple interacting and integrated levels—phoneme level, 
morpheme and word level, prosodic intonation, stress, lexical 
tone, etc., as well as paralinguistic information like facial or 
body expressions (see e.g., Holler et al., 2018; Wohltjen and 
Wheatley, 2021) and contextual cues in the environment (Ladd, 
2014; Kuperberg and Jaeger, 2016; Holler and Levinson, 2019), 
each level can play its own part in reducing uncertainty about 
the propositional semantic content that should be  conveyed. 
In line with this, phrase-final lengthening (a prosodic cue that 
can signal turn-ending, see Wightman et  al., 1992) would 
decrease information per unit time, while in turn speakers 
accelerate their speech rate and thus information per unit time 
when they want to continue their utterance (Walker, 2010). 
We  would predict that in order to mark the ending of a 
speech phrase and to take turns, the end of a speech phrase 
should be  highly predictable across all levels of the sequence, 
even if one feature (like falling intonation) might preferentially 
mark the ending of the speech phrase at a prosodic level (see 
de Ruiter et al., 2006). Evidence seems to confirm that prosodic, 
lexical and syntactic levels interact to mark turn-taking (reviewed 
in Forth et  al., 2016). This makes sense: if only one single 
level, such as falling intonation or lengthening, predicted the 
end of the current speaker’s utterance, it would be  highly 
surprising if an unpredicted, highly informative event occurred 
at another level (for example a highly surprising word). 
Information density would locally peak and the receiver would 
likely stop their preparation to take turns and re-allocate 
attention. Precisely this cross-level effect is used in investigations 
of speech processing by event-related potentials such as the 
N400, an evoked potential component which deflects negatively 
when target words in sentences are semantically unexpected 
(e.g., Grisoni et  al., 2017; but see Maess et  al., 2016 for a 
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differential effect for verbs and nouns), even if there is no 
surprise at all other levels of the speech stream (e.g., intonation, 
syntax, phonology, etc.). Syntactic violations in contrast are 
indexed by earlier evoked components like the ELAN (Hahne 
and Friederici, 1999), illustrating that the brain uses prediction 
at multiple levels of the speech stream in parallel.

The example mentioned above also illustrates an interaction 
with the propositional-aesthetic dimension. If there is 
propositional content, the representational levels of the sequence 
that carry this content are of primary importance, while other 
levels support the semantic predictability and are thus less 
free to vary in their information trajectories than when 
propositional content is absent (as in nonsense speech or 
music). An event high enough in information at a supporting 
level might both alter the semantic understanding and disturb 
the turn-taking process. Thus, robust semantic understanding 
under the constraint of efficiency (Gibson et  al., 2019) might 
facilitate successful turn-taking as well. In contrast, the less 
focus is on the propositional content, the less a need for 
hierarchy among levels exists, which means information density 
among levels should be  freer to vary, possibly converging only 
towards the end of the signal sequence to enable turn-taking.

Interestingly, if there are more than two participants in the 
conversation, information density alone cannot be  used to 
coordinate who will start the next speech act. In order to 
achieve this, paralinguistic information like pointing gestures, 
naming or rules about who speaks next need to apply (e.g., 
Mondada, 2013). The empirical prediction would be  that the 
larger the group, the higher the danger of overlap between 
former receivers’ initiation of speech acts, and the more the 
requirement for paralinguistic coordination (or an individual 
designated to choose the next speaker, e.g., the chair of a 
meeting). However, such overlap should occur only after one 
interlocutor ends their speech phrase, since all receivers can 
predict the end of the current speaker’s turn.

To sum up, dialogic contexts require that endings of sequences 
are perceivable by a decrease in information density (which 
means an increase in predictability) across levels of the sequence, 
such that later events have on average lower information than 
former events. Both language and music are designed to fulfil 
this requirement in dialogic contexts. The propositional focus 
in most spoken dialogues adds an additional constraint that 
non-propositional levels should be  subordinate to the levels 
conveying propositional content.

Choric Contexts in Music
Turning to the concurrent, choric pole, successful concurrent 
performance requires that signals do not disrupt processing 
when they overlap. One design feature that avoids masking 
by concurrent sounds (which is more effective when frequencies 
are more similar, see Moore, 2014) is to make them discrete 
and related by small integer ratios, as are the tones on musical 
scales. One example is the octave, whose existence across 
cultures is a statistical universal, and which enables all members 
of a group to sing in unison even when males’ vocal range 
lowers after pubertal vocal change (Harries et  al., 1998). In 
line with this, octave equivalence (perceiving two pitches as 

categorically the same when they are an octave apart) seems 
not to be  perceived in a culture where individuals rarely sing 
together (Jacoby et  al., 2019). This ‘simple ratios’ constraint 
interacts with another melodic design feature: reduction of 
the set of possible tones by limiting them to a small set (a 
‘scale’). Again, in information theoretic terms, establishing 
pitches on scales with strict tonal relations involves a reduction 
of the alphabet of allowed symbols along the fundamental 
frequency dimension (for a proposal for the roots of tonality 
in the physiology of hearing see Trainor, 2018). This limited 
set of possible tones allows individuals to join a music making 
chorus, match the produced sound sequences and/or complement 
them (for example in BaAka polyphonic singing, see Lewis, 
2021), thus contributing to a unified sound entity in a coherent 
performance (a joint action with the deliberate coordination 
of actions, see Sebanz and Knoblich, 2009, 2021; Tomasello, 
2010; Keller et al., 2014) rather than generating a set of sounds 
that are not causally coupled (cf. Ravignani et  al., 2014). If 
scale tones are hierarchically related, the continuation of a 
melody can be  predicted with a limited uncertainty by the 
participating individuals, allowing them to contribute in an 
ongoing manner, as well as allowing for variation and thus 
individuality in their contribution (cf. Savage et  al., 2021).

The choric context also requires that events in separate 
sound streams should be tightly coordinated in time. Uncertainty 
in timing would lead to disintegration of concurrency and 
coordinated joint action. Therefore, the signal should 
be  designed to enable high-precision temporal predictability 
throughout. One key design feature that enables such 
predictability is isochrony. Tight coordination however requires 
participants to attend to the other participants’ actions, since 
ongoing coordination means prediction and monitoring on 
a moment-to-moment basis (see, e.g., Keller et  al., 2014). If 
the next element can be  precisely predicted in time, then 
the temporal information gain from each event is low, which 
lowers attentional demands (Koelsch et  al., 2019). On the 
other hand, unpredicted events capture attention. How can 
these two requirements—high predictability and ongoing 
attention allocation—be aligned? If isochrony happens not 
at the level of each individual event, but on a meta-level, 
providing a scaffolding which still enables novelty (see the 
section about the novelty dimension), then both requirements 
can be fulfilled. The design solution satisfying these constraints 
is the concept of hierarchical meter, which allows certain 
placements in time and forbids others, but which also gives 
room for variability to create novelty since not each possible 
slot needs to be  filled by an event. Again, meter represents 
a reduction in the alphabet, in this case a small set of possible 
onset and duration patterns relative to the beat.

Unlike in spoken language, there is much less noise and 
thus much less uncertainty when different participants in a 
choric performance contribute with different events to each 
of the levels of the musical sequence. We  would therefore 
expect more degrees of freedom in terms of what event—
which tone or chord—occurs than in speech deployed in a 
choric context (see below). However, the timing, that is when 
events occur in choric performances, is crucial and needs 
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to be  coordinated in a precise manner. Note that with a 
meter, events do not need to be  played all at the same time 
(synchrony) nor be evenly spaced in time (isochrony). Rather, 
the burden is to keep events within the metrical scaffolding, 
so that the contributions of the participants relate to each 
other in the moment, or there would no longer be one 
coherent performance. Even in cases of notated music where 
it is clear which note must be  played when, there is still 
the need for coordination among musicians, and in the 
absence of strict isochrony, a coherent performance needs 
to be otherwise synchronised, for example by using participants’ 
body motion.

In summary, we argue that meter is a crucial design feature 
that develops in music deployed in a choric context, with the 
goal of balancing coordination and attention, while still permitting 
variation or improvisation. Meter provides a predictive fabric 
throughout an ongoing performance. This is complemented 
by a reduction of the alphabet in the tonal domain: a limited 
set of hierarchically related pitches allows accurate predictions 
of possible continuations of an ongoing acoustic performance, 
and of multiple different complementary event streams, without 
compromising the coherence of the overall performance as a 
joint action.

Dialogic Contexts in Music and Choric 
Contexts in Speech
Dialogic contexts also can occur in music, for example when 
several musicians take turns soloing in jazz, or in call-and-
response singing. Here the same constraints must apply as 
for spoken dialogue, and we  expect musical phrases to show 
lower information density towards the end. Thus, there must 
be  a means to increase predictability at phrase endings. This 
aligns well with the notion of musical closure in harmony 
and melody, or the tendency of melodies to be  shaped like 
an arch (Huron, 2006). Again, in music we expect that phrase 
endings tend to have low information density across all levels 
of the sequence on average. There are conventions which 
time or mark musical phrase endings, like the number of 
beats a soloist has available to perform their solo, or certain 
rhythmical or musical motifs, but we  predict that even in 
these cases there should be  decreasing information density 
towards musical phrase endings. An example illustrating how 
the prediction of a phrase ending can be  disturbed if one 
level is high in information, at the level of harmony, are 
deceptive cadences in Western classical music, where a surprise 
chord replaces the highly predicted tonic as final chord, 
disrupting an expected sense of closure.

Again, we would not expect that one signal level is primary 
over another, at least if there is no propositional content (as 
typical in music). Rather, we  expect that the levels of the 
sequence have more degrees of freedom to vary in their 
information content, as long as the phrase ending remains 
predictable. For example, a soloist in jazz might introduce a 
harmonic modulation (with high information content at the 
harmonic signal level) at the end of a phrase, while keeping 
melodic and rhythmic levels highly predictable and thus inviting 

a turn-taking event after which the next solo now occurs in 
a new key. That musical phrases in a more general sense exist, 
for example phrases in a solo Lied (song), could thus be  an 
abstraction of deployment in a dialogic context.

What design features are predicted for language in a choric 
context? The particular tendency of overlapping speech stimuli 
to act as each other’s noise (thus increasing uncertainty) means 
that simultaneity can only occur if precisely the same words 
or syllables are uttered at the same time, as happens for example 
in simultaneous speaking in religious or theatre performances 
(chanting). The prediction here is that attention is much more 
focussed on coordination than in dialogic speech acts, and 
that an isochronic and/or metrical scaffolding should develop 
(cf. Bowling et  al., 2013). Since word order in such a sequence 
must be  pregiven, and thus the information density of the 
word and phoneme level would be  constant and very low, 
we  would expect suprasegmental or paralinguistic levels to 
vary more in information density and to be  used to reduce 
uncertainty regarding timing. That means body motion, facial 
expressions or prosodic intonation should be more pronounced 
in a spoken choric context.

COMPARATIVE PERSPECTIVE

We suggest that the perspective of deployment of sound 
sequences in a three-dimensional quality space (goal: 
propositional-aesthetic, novelty: repetition-novelty, interactivity: 
dialogic-choric) along with the information theoretic concept 
of reducing uncertainty can also be used in bioacoustics research. 
We  are aware that transferring a concept directly from human 
language and music might not work for animal communication, 
but we  think that, especially for complex vocal displays in 
birds or whales, our framework may provide some insight, 
since these ‘animal songs’ bear some structural similarities to 
language and music (Rohrmeier et al., 2015). Information theory 
has been employed in animal communication research, although 
the term ‘information’ has often been used in a colloquial 
sense or inconsistently (Stegmann, 2013; Fitch, 2014). We hope 
that applying our framework provides some useful insights 
regarding complex vocal displays, along with call combinations 
and sequences (Engesser and Townsend, 2019). The information 
theoretic framework also encourages us to consider non-vocal 
levels like body motion that might be  especially relevant for 
mating displays (Mitoyen et  al., 2019).

When talking about ‘goals’ in animal communication, it 
is necessary to consider that goals other than propositional 
or aesthetic ones (e.g., social bonding by vocal convergence, 
providing information about sex or status, etc.) might use 
the vocal domain independently of the dimensions we derived 
for human language and music. Often it is unclear what 
animals communicate in their vocalisations, and some 
researchers question the existence of communicative content 
at all, proposing instead that animals manipulate others by 
means of their signals (Owren et al., 2010; Stegmann, 2013). 
On the other hand, there is evidence in some cases that 
animal calls can be functionally referential, reliably 
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co-occurring with external entities (Seyfarth et  al., 1980; 
Price et al., 2015), but little evidence that complex vocalisations 
like bird song or whale song have functional referential 
meaning (Engesser and Townsend, 2019). Analysing 
information trajectories across multiple levels of the sequence 
might give additional insight into this important question, 
but this requires that several such levels can be disentangled 
in the first place, which might not be  easily the case in 
animal vocalisations.

Duality of patterning appears to exist only in human language 
(Bowling and Fitch, 2015). When vocalisations have a 
propositional goal (in the sense of referring to external entities 
and eliciting reliable behavioural responses), we would therefore 
expect this content to be  encoded in a whole structure across 
levels of the communicative signal, similar to music when 
deployed in a propositional context. We  would also expect 
high predictability within the signal (since surprising elements 
could potentially add uncertainty to the inferred content) and 
probably a relatively uniform information density to enhance 
transmission. In turn, given that reward systems in other 
animals (Connell and Hofmann, 2011) would also be  related 
to prediction and surprise (Schultz, 2016), we  would expect 
that sound sequences with independence in information variation 
between different levels are more likely to fulfil an aesthetic 
rather than a propositional goal. We  speculate that, in mating 
displays, constrained surprise rather than complexity is what 
makes displaying individuals attractive for mating, accounting 
for the common occurrence of individually distinctive songs 
and song repertoires.

Animal vocalisations like bird or whale song consist of 
subunits that can be  structured in a hierarchical manner, 
and thus bear some structural similarities to human language 
and music (Payne and McVay, 1971; Rohrmeier et  al., 2015). 
Repetition of subunits and their recombination often 
characterise such complex vocal displays. We  would expect 
that subunits used in repetition are categorical to reduce the 
alphabet and enhance predictability. We  would also expect 
a tendency towards hierarchical organisation in the temporal 
domain for longer vocalisations relative to shorter ones within 
comparable species.

What about novelty? Novelty might be  realised by using 
new sounds with high surprisal. For example, the best 
documented example of ‘vocal’ learning in chimpanzees 
involved the addition of a lip buzz or ‘raspberry’ at the 
end of pant-hoot sequences (Marshall et al., 1999). However, 
since such new sounds would not reduce uncertainty in 
decoding a message for the receiver, unless an association 
to some external entity is learned, they would probably not 
have ‘content’ in the sense of functional referentiality. Novelty 
can also be  realised by rearranging subunits that are 
structurally highly predictable, as is often characteristic of 
bird song (Kroodsma, 1978) and somewhat structurally 
similar to human song (Lomax, 1968).

Repetition can also have referential relevance in call 
combinations or sequences (see Engesser and Townsend, 2019), 
for example in chickadee call repeats (e.g., Hailman and Ficken, 
1987). Some of these calls appear to be  categorical (in the 

sense of being discriminable) while others are higher in variability. 
Moreover, some of these combinations are rather short. It seems 
that such call combinations may not be straightforwardly 
accounted for by our three-dimensional framework. However, 
we expect that for stand-alone calls, uncertainty should be higher 
than when another call (same or different) is appended, as 
evaluated by changes in attention of receivers. Calls that occur 
only in fixed combinations might however not induce surprise 
since there is little uncertainty in referential content when 
encountering them.

Using the predictions derived from deployment of human 
language and music in choric or dialogic contexts could 
reveal whether animal vocalisations show design features 
based on differential temporal coordination of signals 
(Ravignani et al., 2019). Coordinated vocal displays, both 
concurrent and turn-taking, are widespread in animal 
communication. Duetting for example is widely observed in 
bird species. Investigating the information trajectories could 
reveal whether and how individuals relate to each other in 
their vocalisations. Interlocking vocalisations between two 
pair-bonded or courting birds for example could be investigated 
to see whether it is based on decreasing information density 
after one phrase. This would indicate a dialogic deployment. 
Competitive vocal displays, for example between two males 
in territorial contexts, might show dialogic design features 
with decreasing information density at the end of an individual’s 
vocal phrase. If the display involves masking the competitor, 
we  would predict that overlap is done in moments of high 
information. On the other hand, duets might be  based on 
a coordination of each event with predictability enabled by 
some isochronous scaffolding, similar to a musical piece 
where performers do not play each note concurrently but 
nonetheless contribute to a unified musical piece. Such 
‘hocketting’ would be  indicative of a choric deployment. Bird 
species differ in their preference for overlap or overlap 
avoidance and in their flexibility depending on social and 
environmental context (Pika et  al., 2018). Starlings seem to 
be  a particularly interesting model species, showing both 
turn-taking and overlapping vocalisations depending on social 
context, and varying in their proportion of either by sociality 
of subspecies (Henry et  al., 2015). We  would predict that 
in all these cases information trajectories are perceived by 
receivers and used to coordinate their own vocalisation in 
relation to that of the other individual(s).

Other vocal displays that might be interesting to investigate 
in this context are antiphonal calling in elephants (Soltis 
et  al., 2005) or bats (Carter et  al., 2008) or duets in gibbons 
(Geissmann, 2002) or indris (Gamba et  al., 2014), as well 
as group calling in meerkats (Demartsev et  al., 2018). 
Castellucci et  al. (in press) suggest singing mice as a model 
species for coordinated vocal timing. Bottlenose dolphins 
can switch between alternating vocalisations and simultaneous 
duetting (Lilly and Miller, 1961). We  would predict that 
their alternating vocalisations are coordinated by decrease 
in information density at the end of phrases, while their 
duetting might be  coordinated on an event-by-event basis 
as in choric deployment. A particularly interesting case is 
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the group territorial display of plain-tailed wrens (Thryothorus 
euophrys) where group choruses including multiple males 
and multiple females are used to jointly defend a territory. 
In this species simultaneous performance occurs within sexes, 
with turn-taking between sexes (Mann et  al., 2006) within 
a chorus. We  expect within-sex performance to 
be  characterised by a tendency toward an isochronous 
scaffolding, comparable to meter, and turn-taking between 
sexes to be  coordinated by terminal decreases in 
information density.

Animal group communicative (choric) displays often appear 
uncoordinated, for example in howler monkeys (Sekulic, 1982) 
or, at the other extreme, highly synchronised, as in some 
fireflies (see Ravignani et  al., 2014). Group coordination can 
either be  based on predictive or reactive behaviour, and 
we  suggest that information trajectories could be  examined to 
address this issue. If individuals in a group (for example howling 
wolves) vocalise in a coordinated manner, we  expect each 
individual’s contribution to reduce uncertainty about event 
timing for the other individuals. This would be  indicative that 
the performance aims at creating a coherent entity, implying 
choric design features.

CONCLUSION

In this paper we have proposed a framework based on information 
theory, adopting a design stance to investigate differences in 
language and music. We suggested that some key design features 
of music and language can be  explained as responses to their 
deployment between dialogic and choric poles of a continuum 
rooted in interactive performative constraints. This interactivity 
(choric-dialogic) dimension complements the widely recognised 
goal (propositional-aesthetic) and novelty (repetition-novelty) 
dimensions, forming a three-dimensional framework within 
which different forms of music and language can be  placed, 
and their design differences understood.

We argued that the goal and novelty dimensions alone 
are not sufficient to explain differences in design features 
between music and language: the interactivity between 
individuals is crucial. For dialogic contexts, the only 
coordinative constraint concerns the timing of the turn-
taking between individuals, which should be  indexed by a 
lower information density towards the end of phrases, across 
all levels of the sonic stream. When there is also a propositional 
goal, non-propositional levels should be constrained in their 
variability to support the decoding of propositional content. 
Information rate should be high—realised mainly by novelty 

at the propositional level—until turn-taking is indicated. 
Conversational speech acts and turn-taking are the prototypical 
features that fulfil these requirements.

In contrast, choric performance requires tight temporal 
coordination of all contributing individuals, as well as avoidance 
of masking by simultaneous sound events, enabled by high 
predictability in timing and frequency of sonic events. When 
there is also a pressure for novelty, isochronous meter and 
discrete pitches in scales are design solutions that enable a 
group of participants to join in making a coherent sound 
sequence, allowing both novelty and repeatability. This 
contributes to the independence of multiple levels in the sonic 
stream with regard to surprise and uncertainty, making these 
independent levels well suited to exploit the human reward 
system. The prototypical form of choric performance is joint 
music making, but our framework also encompasses 
non-canonical forms of music and language like chant, poetry, 
or exchange of musical solos, thereby avoiding an overly 
simplistic dichotomy between language and music. Furthermore, 
our framework supports comparisons of different forms of 
communication across distinct modalities and species and can 
help to generate new hypotheses about optimal design of 
signals satisfying multiple different requirements. We  hope 
that this framework will also be  fruitfully employed in animal 
communication research, broadening the scope of comparisons 
with music and/or language.
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In this study, the vocal intonation therapy (VIT) was compared with the standard
respiratory therapy for people suffering from respiratory dysfunction as a result of cervical
spinal cord injury (CSCI) to observe its effect on vocal quality. Thirty patients with vocal
dysfunction after CSCI with the injury time of more than 3 months were screened for
inclusion in the trial, and 18 patients completed the 12-weeks, each participant had
60 sessions in total in the clinical trial. All patients were allocated to the intervention
group or the control group. The intervention group received VIT training and the control
group received respiratory phonation therapy. Both groups were trained by professional
therapists, and the training time was 30 min/day, 5 days/week, for 60 sessions for each
group in a total of 12 weeks. In the Baseline (T0), mid-intervention period (after 6 weeks,
T1), and after intervention (after 12 weeks, T2), the vocal quality of the two groups
of patients was tested with a computer-aided real-time audio analyzer 2.1.6 (Adobe
Systems, United States) for Sing-SPL (p < 0.0001), Speech-SPL (p < 0.0001), SNL
(p< 0.0001), and F0 (p < 0.0001) of the intervention group were significantly improved
compared with the control group. In comparing the spectrometry analysis of vocal
quality for the 2 groups of participants, there was a significant difference in the results
of Sing-SPL and Speech-SPL acoustic analysis in the intervention group of patients at
T2 (after 12 weeks) compared to the control group. Vocal intonation therapy—music
therapy can improve the speech sound quality of cervical CSCI patients and provide
CSCI patients with a practical, highly operable treatment that has both functional training
effects and can bring a pleasant experience that can be promoted in the medical field.
This study was approved by the Ethics Committee of China Rehabilitation Research
Center (CRRC) (approval No. 2019-83-1) on May 20th, 2019. It was registered with the
National Health Security Information Platform, medical research registration, and filing
information system (Registration No. MR-11-21-011802) on January 28th, 2021.
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INTRODUCTION

Cervical spinal cord injury (CSCI) is a critical injury that often
entails disability. Dyspnea may occur in patients with upper
CSCI or quadriplegia if the diaphragm and intercostal muscles
are paralyzed, often resulting in severe restrictive ventilatory
impairment or medical social burden (Koda et al., 2021).
Vocal dysfunction due to respiratory disorders following CSCI
often presents difficulties in articulation and vocal endurance.
Therefore, CSCI often causes a negative effect on the quality
of patients’ vocalization (Williams et al., 2020). Presently,
the prevalence of respiratory dysfunction caused by CSCI
and the positive correlation between it and voice output has
been proposed (Mesbah et al., 2021); however, most studies
have focused on the dysfunction of the respiratory system
caused by CSCI (Lemos et al., 2020), and not many studies
have been conducted on the vocalization function and voice
quality after CSCI.

After CSCI, the motor function of the phrenic nerve
innervation is affected, respiratory function is impaired, and
pronunciation quality is also affected to a certain extent. The
most important manifestations are patients’ decreased volume
in daily communication, the difficulty in adhering to the oral
expression of long sentences, and the increase of inspiratory
time (Wadsworth et al., 2012). In recent years, some studies
have explored breathing and voice function after CSCI and
found that respiratory dysfunction after CSCI usually results in
overcompensation of lung function to deal with decreases in
expiratory muscle compliance and increase speech loudness for
conversation (Lu et al., 2008; Tamplin et al., 2011; MacBean
et al., 2017). Some studies have demonstrated that healthy
individuals only require 20% of their respiratory lung capacity
for natural volume pronunciation or vocalization (Tamplin et al.,
2013). In comparison, patients with respiratory dysfunction after
CSCI can use 30–50% of their lung capacity depending on
the extent of the injury (Hixon et al., 1973). In conclusion,
it is common for CSCI patients to overcompensate for lung
function to ensure the normal speech volume. Moreover, during
the emergency medical treatment of CSCI patients, laryngeal
dysfunction caused by intubation and tracheotomy can also lead
to a mild vocal cord movement disorder, and in severe cases,
vocal cord polyps, vocal nodules, or complete vocal cord paralysis
(Watson and Hixon, 2001).

Some studies conducted auditory perception assessment and
analysis on patients with vocalization dysfunction after CSCI and
concluded that their speech features were of a reduced volume,
mostly short sentences, increased inhalation time (Gadomski
et al., 2021; OSCIS investigators et al., 2021), and deviations in
articulation, articulation accuracy, and speech quality (Tamplin
et al., 2014; Scheuren et al., 2021). Although most CSCI patients
can maintain the volume required for a normal conversation
in a quiet room, patients may have difficulty raising the
volume in the presence of other noises (Berlowitz et al., 2016).
These decreases in volume and length are directly caused by
impaired respiratory function (Clini et al., 2018). Studies have
also concluded that CSCI patients can significantly feel more
drastic volume problems than healthy controls (Oraee et al.,

2021). Some scholars have used singing to perform breathing
training for quadriplegic patients, and found that singing
activates accessory respiratory muscles (as measured by surface
electromyography) and stimulates greater respiratory function
than speaking (Tamplin et al., 2011). A follow up study in this
area with 24 patients, found improvements in speech loudness
(SPL) and maximum phonation length, supported by improved
respiratory function following a therapeutic singing intervention
(Tamplin et al., 2013). The Perceptual Voice Profile (PVP) and
Voice Handicap Index (VHI), both are subjective rating scale,
are used to assess vocal function scores (Crispiatico et al., 2021).
The results showed that CSCI patients had low voice quality,
insufficient volume in long space, insufficient breath during
speech, and common social disorder problems of varying degrees
in social situations.

Since singing and speaking share the same neural network,
in recent years, an increasing number of studies have focused
on the treatment of speech abnormalities caused by functional
disorders of the nervous system (Jasmin et al., 2016). Vocal
vocalization therapy (VIT) (Thaut and Hoemberg, 2014) uses
vocal music training to practice vocal function control problems
caused by structural, neurological, physiological, psychological,
or functional abnormalities of vocal organs (Strohl et al., 2020).
VIT directly stimulates the muscles associated with breathing,
vocalization, articulation, and resonance and requires more
sound control (Scheuren et al., 2021) and intensity (Rodrigues
et al., 2021) than speech. Furthermore, VIT training can enhance
respiratory muscle strength (Tamplin et al., 2014; Zhang et al.,
2021). VIT training used in clinical practice resembles open voice
exercises used by vocal teachers or choral conductors, addressing
issues related to vocal function control, such as breath control,
tone, pitch, timbre, and strength issues. VIT starts with a melody
and uses various vowel and consonant vocalization combinations
to provide practical and effective non-invasive treatment for
patients with vocal dysfunction after spinal cord injury. Under
the guidance of the music therapist, patients gradually adjust the
vocal apparatus during the vocalization process and then further
combine with the complete singing, conducive to improving the
vocalization function and voice quality. In this study, VIT was
used to intervene in patients with vocal dysfunction after cervical
spinal cord injury and compared patients who received routine
breathing pronunciation training. This process gauged whether
VIT can achieve faster and more effective functional recovery
than physical therapy to find a faster and effective treatment for
patients with CSCI.

PARTICIPANTS AND METHODS

This study was approved by the Ethics Committee of China
Rehabilitation Research Center (CRRC) (approval No. 2019-83-
1) on May 20th, 2019, and informed consent was obtained from
the participants, relatives, or guardians before commencing the
study. The study trial was registered with the National Health
Security Information Platform, medical research registration, and
filing information system (Registration No. MR-11-21-011802)
on January 28th, 2021.
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Participants
Eighteen patients with spinal cord injury, including complete
spinal cord injury and incomplete spinal cord injury, who was
hospitalized in CRRC from January 2021 to December 2021,
were recruited. Inclusion criteria: (1) classified as spinal cord
injury class A and class B by the American spinal cord injury
association (ASIA) (American Spinal Cord Injury Association
[ASIA]); (2) The course of the disease should have been at least
3 months (inclusive); (3) Aged between 18 and 75; (4) Moderate
or above respiratory dysfunction and phonation disorder after
cervical spinal cord injury, voice volume in normal conversation
is lower than 40 decibels; (5) no tracheotomy or tracheotomy
has healed; (6) Can tolerate seat training for more than 15 min
at a time without postural hypotension; (7) No previous music
learning experience; (8) native Mandarin Chinese; (9) Patients
and their families were informed and consented to this study.
Exclusion criteria: (1) a history of severe speech disorder, a history
of mental disorder, or a history of severe respiratory disease
before injury; (2) Severe cognitive dysfunction, MMSE score < 17
(illiteracy) or < 20 (primary school); (3) tracheotomy, vocal cord
damage, or posterior damage; (4) epilepsy, malignant arrhythmia,
or other serious physical diseases. Criteria for withdrawal and
termination: The study can be promptly terminated if the
patient’s condition changes or discharged or voluntarily quit the
study. The general information of patients is as follows (Table 1).

Research Design
Since this study was a randomized controlled trial, n = Z2·σ2/d2
was calculated according to the sample size formula, where n
was the minimum sample size. Z is the confidence interval,
usually 90%; Sigma is the standard deviation; D is the sampling

TABLE 1 | Participants’ characteristics in this study.

Intervention group Control group T p

Total number 9 9 >0.05

Gender

Male 7 8 >0.05

Female 2 1 >0.05

Age 38.60 ± 17.89 34.78 ± 11.13 0.6186 >0.05

Months since injury 4.20 ± 4.0 5.64 ± 4.08 0.0109 >0.05

Height (cm) 172.00 ± 11.00 166.10 ± 9.00 1.25 >0.05

Weight (kg) 63.20 ± 9.90 63.90 ± 17.92 0.9919 >0.05

BMI 21.37 ± 3.03 22.91 ± 5.24 0.0223 >0.05

AISA classification

ASIA A 6 5 >0.05

ASIA B 3 4 >0.05

Injury level grading

C4 5 6 >0.05

C5 4 3 >0.05

Data were expressed as the number in total number, gender, age, months since
injury (time), height (cm), weight (kg), body mass index (BMI), AISA classification,
and injury level grading. Other data were expressed as the mean ± SD and
analyzed by paired t-test. Intervention group: vocal intonation therapy (VIT)
group; Control group: respiratory phonation training. ASIA, American Spinal Injury
Association.

error range; usually, 0.5 and the minimum sample size was
thus calculated. Therefore, this study met the requirement of a
minimum sample size (n ≈ 18) and was divided into two groups.
Computer-generated sequences (Excel 2013, US, Washington,
Seattle, Microsoft Office) randomly divided patients into two
groups: vocal intonation therapy group (n = 9) and respiratory
phonation training group (n = 9). This study was conducted from
January 2021 in CRRC.

Procedure
After gaining the Scientific Research Foundation of CRRC’s
approval, participants diagnosed with ASIA (National Spinal
Cord Injury Statistical Center [NSCISC], 2017) classification A
and B with C4, C5 injuries, combined with vocal disorders, were
firstly screened by clinical medical experts such as spinal cord
injury specialists, spinal surgeons, and rehabilitation specialists
according to the study inclusion criteria, applied for consultation
and referred to the music therapy center. The music therapy
researchers conducted the initial assessment and test of the vocal
function of the referred patients, and the patients meeting the
inclusion criteria will be included in the study to be randomly
assigned, and those who fail to meet the criteria will be excluded.
All patients and their families were informed and consented to
this study. Participants included in the study were randomly
divided into the intervention group as the vocal intonation
therapy group (n = 9) and control group, respiratory phonation
group (n = 9) according to the computer-generated sequence
based on routine inpatient rehabilitation therapy. Patients in the
intervention group were given vocal intonation therapy (VIT)
by music therapists. The training process was 30 min of one-
on-one VIT conducted by music therapists, 5 times per week
for 12 weeks, 60 sessions in total. The control group was given
respiratory phonation therapy by respiratory physiotherapists,
30 min a day, 5 times a week, for 12 weeks, 60 sessions in
total. The enrollment and allocation of participants are shown
in Figure 1.

Figure 1 illustrates that 30 participants were enrolled in the
study, 12 participants withdrew from the study as they failed to
meet the inclusion criteria (n = 10) dropped off the trial (n = 1);
private reasons (n = 1). The intervention group was treated with
VIT (total n = 9, ASIA A n = 6, ASIA B n = 3; C4 n = 5, C5 = 4); the
control group underwent respiratory phonation training (total
n = 9, ASIA A n = 5, ASIA B n = 4; C4 n = 6, C5 = 3). Among
the 9 participants in the intervention group, all the participants
were able to sing the trained items during the entirety of the study
period. The data analysis included a sample of 18 CSCI patients.
ASIA: American Spinal Injury Association; VIT: vocal intonation
training; CSCI: cervical spinal cord injury.

Interventions
Patients in the control group were given respiratory phonation
training (RPT). RPT is a vocal training method whereby
respiratory physiotherapists use physical therapy techniques to
press the abdominal cavity with external force after the patient
inhales to help them produce long sounds (Katz et al., 2022).
Patients in the intervention group were treated by music therapy
professionals using VIT techniques. The biggest difference
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FIGURE 1 | Flow diagram, consort flowchart for participants’ recruitment and allocation.

between RPT and VIT is that RPT uses external force to press
the patient’s abdominal cavity to guide the vocalization; while
VIT is a method whereby patients make their voices autonomous
under the guidance of music. In the intervention group, as well
as the music therapy group, first, a vocalization assessment was
performed, whereby the therapist determines the location of
the difficulty based on the articulation of the patient’s voice.

Following this, the preparatory exercises were then started. The
specific intervention steps are: (1) Vocal warming. The therapist
instructs the patient to practice monophonic vocalations starting
at Andante speed (approximately = 72), using the combined
inhalation pattern of chest and abdomen, drawing respiratory to
the waist and abdominal diaphragm. (2) Vocal intonation. After
repeated repetitions in the previous step, the therapist instructs
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the patient to practice monophonic vocalizations after a quick
inhalation. For example, “mi-ma-mi,” “li-lu-li” and other melody
lines. The therapist uses 4/4 to complete the training of guiding
the patient. During the guidance process, the patient’s vocal
quality was always scrutinized. This step is repeated 20 times with
different combinations of vowels, consonants, and melodies in
different tones. As the final step of the intervention, therapist used
a song to reinforce the previous VIT practice session (Figure 2).

(3) Rhythmic induced intonation. It starts with an intensive
rhythm of moderate ( = 96), switches between word and tone
combinations, exercises with a faster rhythm, and improves
diaphragm jumping. Finally, the lyrics are read aloud with
the volume of natural speech to normalize the vocalization
function of oral communication (Figure 3). Patients in the
control group were trained by respiratory physiotherapists in the
bedside posture.

Measurements
The intervention group was trained with VIT, and the control
group was trained with respiratory phonation therapy at doses
as previously described. The other clinical indications remained
identical in both groups. Before intervention (baseline, T0),
during therapy (mid-test, 6 weeks later, T1), and after therapy
(evaluation, 12 weeks later, T2), using computer-aided real-time
audio analyzer 2.1.6 (Adobe Systems, United States) (Reimers
and Stewart, 2016) for Sing-loud Pressure Level (Sing-SPL),
Speak Pressure Level (Speech-SPL), Sustained note Length (SNL),
and Fundamental Frequency (F0) assessment. The measurement
results in the three-time points are analyzed and compared.

Sing-Loud Pressure Level (Sing-SPL, Decibels)
Musical sound refers to the characteristics of hearing that
can distinguish the height of musical sound, determined by
the frequency of sound wave vibration, with high and low
frequencies. The ratio of the effective value p(e) of the sound
pressure to be measured to the reference sound pressure p(ref)
is commonly used logarithmic and calculated in decibels (dBA)
(Schloneger and Hunter, 2017).

Speech-Loud Pressure Level (Speech-SPL, Decibels)
Speech-SPL (Behrman et al., 2020) measures the effective volume
of sound relative to a benchmark value with a standard sound
pressure of p0 ms. Speech is the sound flow formed by the human
voice language, generally expressed in decibels (dBA).

Sustained Note Length (SNL, s)
Musical terms are time values, and in music are the relative
duration between musical tones in seconds (s) or milliseconds
(ms) (Bruschettini et al., 2020).

Sound Frequency (F0, Hz)
In the category of the human voice, it is called the fundamental
frequency, and the fundamental frequency (F0, Hz) refers to
the basic sound source produced by the vibration of the vocal
cords (Witold, 2020). The resulting sound unit is hertz (Hz),
which is also commonly used as kilowatt-hertz (kHz) and
megahertz (MHz).

Statistical Analysis
According to the International Standard Organization (ISO),
the U.S. Environmental Protection of America (EPA) (Geneid
et al., 2020), the Chinese National Acoustic Environmental
Quality Standard (GB 3096-2008) (Molina et al., 2021), and
the Social Life Environmental Noise Standard (GB 22337-2008),
office ambient noise for sound acquisition are controlled to a
control standard of less than 30 dBA (Molina et al., 2021).
Data was collected from both sets using a computer voice
test system at three-time points before the intervention (T0,
baseline), 6 weeks after (T1), and 12 weeks (T2). Formulas
were used to calculate the standard deviation of the mean and
normal distribution for each group, and two-way ANOVA was
used to analyze differences between groups, time effects, and
differences in time interactions between groups. Data from 18
patients with vocal dysfunction following CSCI were analyzed
using SPSS 22.0 (SPSS Statistical Software Inc., Chicago, Illinois,
United States) who completed this part of the study. Before
analysis, discrete data intervals were analyzed to screen for
missing and outlier values, ensure the accuracy of data entry,
and determine the specific effects of interventions. Sensitive and
private information was blurred out, and all statistical data were
kept confidential.

RESULTS

Comparison of the Overall Results of the
Vocal Function Test in Two Groups
Data on vocal function were collected at three-time points, before
the intervention (T0, baseline), 6 weeks after (T1), and after
12 weeks (T2). These include Sing-SPL (dBA), Speech-SPL (dBA),
SNL (s), and sound frequency (F0). Multivariate ANOVA was
used to analyze two groups of patients T0, T1, and T2 data. The
results showed that in the vocal function test, the Sing-SPL of the
intervention group at the T2 time point (T2 = 54.33 ± 11.30,
p < 0.0001), Speech-SPL (T2 = 47.83 ± 11.30, p = 0.0029),
SNL (T2 = 11.19 ± 3.25, p < 0.0001), sound frequency (F0,
T2 = 305.89 ± 80.39, p < 0.0001) possessed significant differences
between groups compared with the control group. (In the analysis
and comparison of the Sing-SPL, Speech-SPL, SNL, F0, the
intervention group patients had a very significant inter-group
difference compared with the control group and had a significant
difference in time effect). The results of the statistical analysis of
the two sets of data are as follows (see Table 2 and Figure 4).

The Results Analysis of Sing-Loud Pressure Level in
Two Groups
In the analysis of the results of the vocal pressure level (Sing-SPL,
dBA) of patients in the intervention group and the control group,
no significant differences were noted in the Sing-SPL values of the
two groups of patients in the baseline test at the T0 point in time,
which showed that the distribution of the two groups of patients
was even and met the requirements of random control. In the
T1 point-in-time (after 6 weeks) test, the Sing-SPL values of the
two groups of patients began to differ, and by the T2 point-in-
time (after 12 weeks), significant differences have been noted in
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FIGURE 2 | VIT items with different keys, from C to G.
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FIGURE 3 | Lyric reading voice volume prompt diagram. The larger the font size is, the larger the volume required. Line 1, font number 3, low volume, about 20–30
dBA; Line 2, small 2 font, moderate volume, about 31–40 dBA; Line 3, font number 2, large volume, about 41–55 dBA.

TABLE 2 | Vocal quality results in CSCI patients across the study period for the
intervention and control group.

Intervention
group (n = 9)

Control group
(n = 9)

t P

Mean ± SD Mean ± SD

Sing-SPL
(dBA)

t0 21.50 ± 5.11 17.00 ± 2.40 1.226 0.0697

t1 41.44 ± 6.48 27.00 ± 6.20 3.935 0.0001**a

t2 54.33 ± 11.30 38.56 ± 11.12 4.297 0.0001**b

Speech-SPL
(dBA)

t0 20.61 ± 5.92 17.11 ± 3.90 0.8819 0.2426

t1 37.11 ± 11.54 27.44 ± 8.02 2.437 0.0004**a

t2 47.83 ± 11.30 34.89 ± 7.06 3.26 0.0001**b

SNL (s) t0 5.03 ± 1.43 4.29 ± 0.78 0.94 0.1429

t1 8.16 ± 1.40 6.39 ± 0.41 1.486 0.0001**a

t2 11.19 ± 3.25 8.33 ± 1.19 3.633 0.0001**b

F0 (Hz) t0 82.33 ± 20.22 58.44 ± 15.56 1.077 0.05

t1 155.89 ± 44.51 121.89 ± 42.14 1.531 0.0001**a

t2 305.89 ± 80.39 208.89 ± 49.09 4.369 0.0002**b

Intervention group: vocal intonation therapy group; Control group: respiratory
phonation group. Data were expressed as mean ± SD (n = 9), and analyzed
by repeated measures analysis of variance. **P < 0.01. Superscript a represents
difference factor at the same time between groups, and superscript b represents
difference effect of time factor in inter-group. Sing-SPL, sing-loud sound pressure
level; Speech-SPL, speech-loud sound pressure level; SNL, sustained note length;
F0, sound frequency.

the Sing-SPL results between the two groups. The distribution of
individual values of Sing-SPL values in the two groups of patients
is compared below (Figure 5).

The Results Analysis of Speech-SPL in Two Groups
In the analysis of the Speech-SPL (dBA) results of the
intervention group and the control group, no significant
difference was noted in the Speech-SPL value of the two
groups at the baseline test at T0 time point, indicating that the
distribution of the two groups of patients was uniform and met
the requirement of randomized control. At the T1 time point

(6 weeks later), sing-SPL values began to differ between the two
groups, and at the T2 time point (12 weeks later), Speech-SPL
results showed significant differences between the two groups.
The distribution of individual values of Speech-SPL values in the
two groups was compared as follows (Figure 6).

Analysis of Sustained Note Length (s) Results
In the analysis of the results of Sustained Note Length (SNL)
of the intervention group and the control group, no significant
difference was noted in the SNL value of the two groups
in the baseline test at T0 time point, indicating that the
distribution of the two groups of patients is uniform and
meets the requirements of randomized control. At T1 (6 weeks
later), SNL values began to differ between the two groups,
and at T2 (12 weeks later), SNL results showed significant
differences between the two groups. The individual value
distribution of SNL values in the two groups was compared as
follows (Figure 7).

Fundamental Frequency (F0, Hz) Result Analysis
In the analysis of the results of the sound frequency (F0, Hz)
of the intervention group patients and the control group, no
significant difference was noted in the F0 values of the two groups
of patients in the baseline test at the T0 time point, indicating that
the two groups of patients were evenly distributed and met the
requirements of the random control. In the test at the T1 time
point (after 6 weeks), the F0 values of the two groups began to
differ, and by the T2 time point (after 12 weeks), there was a
significant difference in F0 results between the two groups. The
individual value distributions of F0 values in the two groups of
patients are compared below (Figure 8).

Spectrometry Analysis of Sing-Loud
Pressure Level (Decibels) Between Two
Sets of Vocal Quality
In the analysis of Sing-SPL results in the intervention group
patients and control group patients, it was found that there was
no significant difference in Sing-SPL values between the two

Frontiers in Neuroscience | www.frontiersin.org 7 June 2022 | Volume 16 | Article 860127153

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-860127 June 14, 2022 Time: 13:34 # 8

Zhang et al. VIT on VD in CSCI

FIGURE 4 | Comparison of vocal function in CSCI patients between two groups. Intervention group: vocal intonation therapy group; Control group: respiratory
photation group. (A) Sing-SPL, (B) Speech-SPL, (C) SNL, (D) F0. Data were expressed as mean ± SD (n = 9) and analyzed by repeated-measures analysis of
variance. *P < 0.05, **P < 0.01. 0, baseline; 6w, after 6 weeks; 12w, after 12 weeks. Sing-SPL, sing pressure level; Speech-SPL speaks pressure level; SNL
sustained note level; F0, Fundamental Frequency.

FIGURE 5 | Comparison of Sing-SPL at three time points: T0, T1, and T2 between the intervention group undergoing VIT and the control group that performed
respiratory phonation training. The intervention group is indicated in red. Control group, black indicates. (A) Individual difference distribution of Sing-SPL values at T0
time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). (B) Individual difference distribution of Sing-SPL values at T1
time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). (C) Individual difference distribution of Sing-SPL values at T2
time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). dBA, decibel; n, the number of participants; T0, baseline; T1,
after 6 weeks; T2, after 12 weeks. **p < 0.01, with significant differences between groups.
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FIGURE 6 | Comparison of voice pressure levels (Speech-SPL, dBA) at T0, T1, and T2 between the intervention group receiving vocal phonation therapy (VIT) and
the control group receiving breathing pronunciation training. Intervention Group, intervention group, in red. The Control group is in black. (A) The individual difference
distribution of Speech-SPL values between patients in the intervention group (n = 9) and patients in the control group (n = 9) at T0 time point. (B) Individual difference
distribution of Speech-SPL values at T1 time between patients in the intervention group (n = 9) and patients in the control group (n = 9). (C) Individual difference
distribution of Speech-SPL values at T2 time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). dBA, decibels; N,
Number of subjects; T0, baseline; T1, 6 weeks later; T2, 12 weeks later. ∗∗P < 0.01, the difference between groups was extremely significant.

FIGURE 7 | The intervention group performing vocal therapy (VIT) compared with the control group for respiratory pronunciation training at three-time points of time
(Sustained Note Length, SNL, s) at T0, T1, T2. Intervention group, intervention group, indicated in red. Control group, control group, black indicates. (A) Individual
difference distribution of SNL values at T0 time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). (B) Individual
difference distribution of SNL values at T1 time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). (C) Individual
difference distribution of SNL values at T2 time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). s, Seconds; n, the
number of participants; T0, baseline; T1, after 6 weeks; T2, after 12 weeks. ∗∗p < 0.01, with significant differences between groups.

groups of patients in the baseline test at the T0 time point, which
indicated that the two groups of patients were evenly distributed
and met the requirements of randomized controls. However,
after the end of all interventions, at the T2 time point (after
12 weeks), there was a significant difference in the results of
Sing-SPL acoustic analysis between the two groups (Figure 9).

Spectrometry Analysis of Two Sets of
Speech-SPL (Decibels)
In the analysis of The Speed-SPL results of patients in the
intervention group and the control group, it was found that

there was no significant difference in the Speed-SPL values of
the two groups of patients in the baseline test at the T0 time
point, which indicated that the two groups of patients were
evenly distributed and met the requirements of the randomized
control. However, after the end of the entire intervention, at
the T2 time point (after 12 weeks), there was a significant
difference in the acoustic analysis results of Speech-SPL between
the two groups. Due to a large amount of data, a total of
6 patients with the most obvious changes in the intervention
group and the control group were taken as an example, and
the individual differences in Speech-SPL of the two groups were
shown (Figure 10).
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FIGURE 8 | Comparison of sound frequencies (F0, Hz) at three points in time at T0, T1, and T2 in the intervention group performing vocal therapy (VIT) with the
control group for respiratory pronunciation training. Intervention group, intervention group, indicated in red. Control group, control group, black indicates.
(A) Individual difference distribution of F0 values at T0 time point between patients in the intervention group (n = 9) and patients in the control group (n = 9). (B) The
individual difference distribution of the F0 values of the patients in the intervention group (n = 9) and the control group (n = 9) at the T1 time point. (C) Individual
difference distribution of F0 values at T2 time points between patients in the intervention group (n = 9) and patients in the control group (n = 9). Hz, Hertz; n, the
number of participants; T0, baseline; T1, after 6 weeks; T2, after 12 weeks. ∗∗p < 0.01, with significant differences between groups.

FIGURE 9 | Intervention group vs. Control group at T2 time point Sing-SPL (dBA) after the 12-week intervention. P, patient. Speech-SPL T2, intervention group
patients vs. control group of Speak -SPL at T2 time point of spectral analysis. Line 1, green, the waveform spectrum represents the sound decibel (dBA) value; Line
2, purple, red, and yellow, fundamental frequency (F0, Hz) values; Line 3, purple, blue, indicates pitch (reference value). White ∗∗ indicates the p < 0.01, and the
difference between groups is very significant.

DISCUSSION

Impaired vocal quality is a common problem in patients with
decreased respiratory function after CSCI (Qu et al., 2019).
The improved voice quality related to respiratory function
has become the key to enhancing the quality of rehabilitation
and improving quality of life and social function in patients
with CSCI (Fan et al., 2016). Subglottic respiratory volume

reserve to produce vocal function, maintenance of vocal cord
function, control of sound intensity (dBA), and control of
subglottic pressure (SPL). Moreover, increased sound pressure
provides evidence of changes in loudness for the improvement
of vocal function. Most of the previous studies have focused on
respiration, focusing on surface electromyography of respiratory
muscles, respiratory physiological function, quality of life, and
mood, while few observations have been made to improve

Frontiers in Neuroscience | www.frontiersin.org 10 June 2022 | Volume 16 | Article 860127156

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-860127 June 14, 2022 Time: 13:34 # 11

Zhang et al. VIT on VD in CSCI

FIGURE 10 | Intervention group vs. Control group at T2 time point Speech-SPL (dBA) after the 12-week intervention. P, patient. Speech-SPL T2, intervention group
patients vs. control group of Speak -SPL at T2 time point of spectral analysis. Line 1, green, the waveform spectrum represents the sound decibel (dBA) value; Line
2, purple, red, and yellow, fundamental frequency (F0, Hz) values; Line 3, purple, blue, indicates pitch (reference value). White ∗∗ indicates the p < 0.01, and the
difference between groups is very significant.

sound quality or loudness. This study focused on the use of
computer analysis-based sound spectrum analysis to observe
the improvement of sound quality in CSCI patients with
music therapy (Tamplin et al., 2013; Katz et al., 2022). In this
study, the researchers used a meticulous and professional music
intervention method to improve the sound quality of CSCI
patients. 18 patients completed the 12-weeks, each participant
had 60 sessions in total in the clinical trial. The improvement
of musical vocal function, speech vocal function, duration, and
audio frequency was observed.

Vocal Intonation Therapy Enhances
Sing-Loud Pressure Level of Cervical
Spinal Cord Injury
In this study, patients with CSCI were trained to sing short
melodies to long melodic vowels and consonants using VIT
step by step (vowel pronunciation function and consonant
pronunciation function), focusing on the output of vocal function
during singing. This was manifested by an increase in Sing-
SPL (T1) time point after 6 weeks compared to the baseline
(T0) time point results (Figure 5), at which point there was a
statistical difference between the two groups of patients receiving
different training methods. Among them, the vocal pressure
level of the intervention group with CSCI who received VIT
was significantly higher than that of the control group who
received respiratory phonation training. Their vocal function was
significantly improved in the accumulation of 6 weeks. In the
second course of training that followed, the vocal function of the

patients in the intervention group continued to improve with
the guidance of effective training methods and the increase of
training time. Their vocal function improved more obviously
compared to the control group after 12 weeks (Figure 9). This
shows that in the cumulative time effect of the same amount of
training, the vocal function of patients with CSCI in different
groups has obvious differences in intervention methods: the
sound pressure value of the vocal function of the patients trained
in VIT has been significantly increased, and the vocal function
has been significantly improved.

Vocal Intonation Therapy Enhances
Speech-SPL of Cervical Spinal Cord
Injury
In this study, patients used vocalization methods to adjust vocal
habits when practicing speech function. After adapting to 4 weeks
of 30 min/day of training, most patients showed good behavioral
changes that resulted in significant changes in speech function,
which was manifested by an increase in Speech-SPL after 6 weeks
(T1) compared to the baseline (T0) results. There was a statistical
difference between the two groups of patients who received
different training methods (Figure 6). Among them, the Speech-
SPL of the intervention group CSCI patients who received VIT
was significantly higher than that of the control group, which
showed that after cervical spinal cord injury, patients with vocal
dysfunction were trained in VIT, and their vocal function was
significantly improved in the accumulation of 6 weeks. There was
a more obvious improvement after 12 weeks, and the difference
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was more obvious (Figure 10). This shows that in the cumulative
time effect of the same amount of training, the vocal function
of patients with CSCI in different groups possesses obvious
differences in intervention methods: the sound pressure value
of a vocal function of patients trained in music therapy has
been significantly increased, and the vocal function has been
significantly improved.

Vocal Intonation Therapy Significantly
Increased Sustained Note Length in
Patients With Cervical Spinal Cord Injury
In the SNL test, the patients in the intervention group
significantly increased the duration of the continuous tone after
12 weeks, indicating that when practicing singing short melodies
(up and down the third chord, Figure 2) and long melodies
(three-degree melodic intervals overlapping up and down,
Figure 2), long-term sound output could be performed under
the support of the thoracic and abdominal resonance cavity.
Patients undergo VIT therapy in conjunction with adjustments
to respiratory function to support the output of vocalization.
After 6 weeks of 30 min/day of training, the patients in the
intervention group improved SNL in terms of the length of music
and the length of speech output. The SNL in the intervention
group of patients receiving VIT (T1) was significantly longer
than the control group (T1) trained in respiratory pronunciation,
which indicates that patients with vocal dysfunction after CSCI
were trained in vocal methods, and their SNL improvement
was significantly improved after 6 weeks. In the second course
of training that followed, the SNL (T2) of the patients in the
intervention group continued to improve with the guidance of
effective training methods and the increase of training time, and
the difference was more conspicuous after 12 weeks (Figure 7).
This shows that in the cumulative time effect of the same amount
of training, there are obvious differences in the intervention
methods of SNL in different groups of CSCI patients: patients
who received VIT had significantly increased their pronunciation
duration and improved significantly.

Vocal Intonation Therapy Significantly
Increased F0 in Patients With Cervical
Spinal Cord Injury
In the test of F0, the amplitude of the F0 of the patients in
the intervention group increased significantly after 12 weeks,
indicating that after VIT exercises and singing exercises, it
was conducive to the vocal function output of high-density
amplitude under the support of the thoracic and abdominal
resonance cavity. Patients undergo VIT and singing training in
conjunction with adjusting breathing function, while using more
conserving breath to support vocal output. After adapting to
6 weeks of 30 min/day of training, the patients in the intervention
group showed a change in the amplitude of sound frequency.
Still, there was no significant statistical difference at that time.
After continuing the training with the same amount of time
accumulation for 12 weeks, the output of the sound frequency of
the experimental group increased significantly. Specifically, the
intervention group F0 significantly improved the accumulation

of time at 12 weeks compared with the control group (Figure 8).
After completing 12 weeks of therapeutic training, the F0 (T2) of
the intervention group patients increased significantly with the
guidance of vocal training methods and the increase in training
time. This shows that in the cumulative time effect of the same
amount of training, the vocal function of different groups of CSCI
patients has obvious differences in the intervention method: the
sound waveform amplitude of patients who received VIT vocal
training and singing training was significantly enhanced, and the
width of the sound frequency was significantly increased.

LIMITATIONS

One limitation was the limited sample, as previously detailed. 12
participants dropped out of the study, which may have caused the
variance in group allocation. The comparison might have been
more accurate if a blank control group had been added to observe
self-healing. Patients’ quality of life or patient outcome measures,
or feedback from family about post-intervention functional
improvement would have been a good adjunct to fit alongside
the acoustic analysis. The Voice Handicap Index (VHI) may
have been a useful measure to include in this study to capture
any effects of the intervention on communication-related quality
of life. As found in previous research using the VHI (Tamplin
et al., 2013), increases in speech volume for people with CSCI
make their speech more audible and intelligible to others. Besides,
this study only recruited 18 patients. If larger size studies are
conducted in the future, the therapeutic outcomes could be more
precisely observed.

Clinical Guidance by Vocal Intonation
Therapy for the Improvement of Vocal
Function
Clinicians can introduce songs gradually in order of difficulty
(based on the length and pitch range of phrases). For example,
a simpler song supplemental training “call-respond-chakra”
singing format allows patients participating in a group practice
to learn and practice together. During the first few weeks of
the treatment process, the therapist can use songs with short
phrases and songs with adequate breathing intervals. Actual
clinical experience demonstrates that many patients with CSCI
(or the general population with vocal dysfunction) initially have
little confidence in their vocal function, so there is little emphasis
on the quality of sound or pitch accuracy during actual VIT
training. In the initial VIT singing training, the training method
is mainly used to improve respiratory function and sound
presentation and bring a pleasant emotional experience. Patients
can sing with the accompaniment of an instrument or in karaoke
style under background music recorded in the soundtrack to
improve their vocal skills. According to the experience of clinical
VIT plus singing training, the main recommended songs are
(1) “Farewell”; (2) “Orchid Grass”; (3) “Hawthorn Tree”; (4)
“Kangding Love Song”; (5) “Country Road”; (6) “The Country
Road Takes Me Home”; (7) “Friendship lasts for a long time”; (8)
“The Wind Blows the Wheat Waves”; (9) “Once Upon a Time”;
(10) “Crooked Moon.”
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CONCLUSION

Vocal intonation therapy—music therapy can improve the
loudness of cervical CSCI patients and provide CSCI patients
with a practical, highly operable treatment that has both
functional training effects and can bring a pleasant experience
which can be vigorously promoted in the clinic.
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Vowels are the most musical and sonic elements of speech. Previous studies found

non-arbitrary associations between vowel intrinsic pitch and musical pitch in senseless

syllables. In songs containing strings of senseless syllables, vowels are connected to

melodic direction in close correspondence to their intrinsic pitch or the frequency of

the second formant F2. This paper shows that also vowel intrinsic duration is related

to musical patterns. It is generally assumed that low vowels like [a O o] have a higher

intrinsic duration than high vowels like [i y u] and that there is a positive correlation

between the first formant F1 and duration. Analyzing 20 traditional Alpine yodels I found

that vowels with longer intrinsic duration tend to align with longer notes, whereas vowels

with shorter intrinsic duration with shorter notes. This new result might shed some

light on size-sound symbolism in general: Since there is a direct match between vowel

intrinsic duration and the “size” of musical notes, there is no need to explain the “size”

of musical notes via Ohala’s “frequency code” hypothesis. Moreover, I will argue that

the iconic associations found between vowel acoustics and musical patterns support

the idea of a sound-symbolic musical protolanguage. Such a protolanguage may have

started with vowel syllables conveying pitch, timbre, as well as emotional, indexical, and

sound-symbolic information.

Keywords: intrinsic vowel duration, size-sound symbolism, iconicity, yodels, musical notes, evolution, musical

protolanguage, Ohala’s “frequency code” hypothesis

INTRODUCTION

Language and music share many commonalties, consistent with a view according to which both
have a common evolutionary precursor. The hypothesized common ancestor is often referred to as
“musilanguage” (Brown, 2000), “musical protolanguage” (Fitch, 2005), or “prosodic protolanguage”
(Fitch, 2006). A growing number of researchers further emphasizes the idea that affective/emotional
and iconic vocalizations could have played a significant role in the joint evolution of speech and
music (Rousseau, 1781; Darwin, 1871; Fonagy, 1981; Levman, 1992; Scherer, 1995; Thompson et al.,
2012; Perlman and Cain, 2014; Brown, 2017; Filippi and Gingras, 2018; Reybrouck and Podlipniak,
2019; Filippi, 2020).

This paper focuses on the role of vowels in the hypothetical construct “musical protolanguage.”
I will briefly review some literature that has demonstrated tight relationships between
vowels and music, and that has revealed the essential role of vowels in speech intelligibility

161

https://www.frontiersin.org/journals/communication
https://www.frontiersin.org/journals/communication#editorial-board
https://www.frontiersin.org/journals/communication#editorial-board
https://www.frontiersin.org/journals/communication#editorial-board
https://www.frontiersin.org/journals/communication#editorial-board
https://doi.org/10.3389/fcomm.2022.887739
http://crossmark.crossref.org/dialog/?doi=10.3389/fcomm.2022.887739&domain=pdf&date_stamp=2022-07-05
https://www.frontiersin.org/journals/communication
https://www.frontiersin.org
https://www.frontiersin.org/journals/communication#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Gertraud.fenk@aau.at
https://doi.org/10.3389/fcomm.2022.887739
https://www.frontiersin.org/articles/10.3389/fcomm.2022.887739/full


Fenk-Oczlon Iconic Associations Between Vowels and Music

of sentences, in conveying emotional content and talker
discrimination, as well as in size-sound symbolism. I then
present new results showing an iconic relationship between vowel
duration and musical notes in Alpine yodels. The implications
for sound symbolism in general, as well as for the idea of a
sound-symbolic musical protolanguage will be discussed.

The most obvious commonality between speech and music is
sound, and it is the vowels that are the main carriers of sound and
prosodic information in speech and singing (e.g., Fenk-Oczlon
and Fenk, 2009b). Vowels are produced without obstructing the
airflow from the lungs and are relatively continuous or steady-
state sounds exhibiting a greater periodicity than consonants
(Cutler and Mehler, 1993). According to Halle et al. (1957,
p. 116) vowels can be matched easily in pitch to pure tones,
whereas determinations of pitch of consonants “usually refer to
the terminal stage of the second formant in the adjacent vowel.”
Vowels are distinguished by their timbre, which depends on
their harmonics or overtones, whereby the formants F1 and F2
are most relevant for their identification (Peterson and Barney,
1952). The main articulatory parameters responsible for vowel
timbre are tongue height, front-to back position of the tongue,
and lip rounding. The changes in the vowels’ resonances are
audible in the case of whispering, when the vocal chords do not
vibrate, or when speaking in a creaky voice (Ladefoged, 2001).
Indeed, when whispering series of words like heed, hid, head,
had, hawed one can hear the descending pitch of F2; and when
speaking the series hawed, had, head, hid, heed in a creaky voice,
the descending pitch of F1 is audible.

Timbre is clearly the primary parameter that allows for
discriminating between different vowels, but vowels differ also
in intrinsic pitch, intensity and duration. It is known since
Meyer (1896) that, all other things being equal, high vowels
such as /i/ have a higher intrinsic fundamental frequency IF0
than low vowels such as /a/. Whalen et al. (1995) could observe
this effect in a sample of 31 languages and even in babbling.
While the mechanism determining IF0 is still a subject of debate,
there seems to be general agreement that vowel pitch depends
primarily on the frequency of the second formant F2 (Marks,
1975; Traunmüller, 1986). Concerning vowel intrinsic duration
it is generally assumed that low vowels have a higher intrinsic
duration than high vowels like [i u y]. and that there is a positive
correlation between the first formant F1 and duration, i.e., the
lower the vowel, the higher F1, and the higher the intrinsic
duration of the vowel (House and Fairbanks, 1953; Peterson
and Lehiste, 1960; Lehiste, 1970; Sol and Ohala, 2010; Toivonen
et al., 2015). According to House and Fairbanks (1953) intrinsic
vowel duration differences show in various types of consonant
environments (voiced and voiceless stops and fricatives, nasals);
for instance, when pooled across all environments the vowel /i/
has a mean duration of 0.199 s and the vowel /a/ of 0.244 s.

Evidently, vowels show all the core properties of music—
timbre, intrinsic pitch, intensity and duration—and they are the
most musical components of speech. Recent studies revealed
tight relationships between vowels and music. For example,
in Fenk-Oczlon (2017) I reported correspondences between
the number of vowels and the number of pitches in musical
scales across cultures: an upper limit of roughly 12 elements,

a lower limit of 2, and a frequency peak at 5 to 7 elements.
The match between vowels and musical pitches shows even
in specific cultures: e.g., cultures with three vowels tend to
have tritonic scales. Concerning relationships between vowel
acoustics and musical pitch, Fürniss (1991) reported associations
between low vowels and the “low yodel register” and closed
vowels and the “high yodel register” in the yodeling of Aka
Pygmies; Fenk-Oczlon and Fenk (2009a,b) showed non-arbitrary
associations between vowel intrinsic pitch and musical pitch in
Alpine yodeling and in Austrian songs containing meaningless
syllables. The tight bond between vowels and music is supported
by experimental findings demonstrating strong interactions in
the processing of vowels andmelody, but not between consonants
and musical information: “Vowels sing but consonants speak”
(Kolinsky et al., 2009, p. 1). Similarly, Lidji et al. (2010) revealed a
close processing relationship between vowels and pitch even at a
pre-attentive level. Moreover, experiments by Zhang et al. (2017)
demonstrated that congenital amusics not only show deficits in
the perception of pitch but also in the perception of formant
frequency in vowels.

Vowels and their acoustic properties are essential in many
further aspects of language and speech, such as in speech
intelligibility of sentences, in talker identity discrimination and in
conveying emotional state, or in sound symbolism. For example,
experimental studies revealed that the intelligibility of sentences
was significantly better when hearing vowel-only sentences
than when hearing consonant-only sentences (Cole et al., 1996;
Kewley-Port et al., 2007). Vowels, unlike consonants, also
provide rich indexical information about speaker identity and
characteristics such as age, biological sex, origin and emotional
state (Owren and Cardillo, 2006). Concerning relationships
between vowels and emotional state, Rummer et al. (2014)
demonstrated that subjects in a positive mood tend to invent
words with /i:/, whereas when in a negative mood they tend to
invent more words with /o:/.

As to sound symbolism (the non-arbitrary relation between
sound and meaning), vowels are the main drivers in “size-
sound symbolism” or “magnitude sound symbolism,” i.e., the
association between size (large/small) and sound. In a classic
study, Sapir (1929) demonstrated that participants associate
meaningless words containing low and back vowels like /a/ (e.g.,
as inmal) with large concepts and meaningless words containing
high and front vowels like /i/ (e.g., as inmil) with small concepts.
Numerous experimental studies could replicate Sapir’s finding
showing the postulated association between vowel quality and
size (Bentley and Varon, 1933; Peña et al., 2011; Parise and
Spence, 2012; Shinohara and Kawahara, 2016; Knoeferle et al.,
2017; Vainio, 2021). Likewise, statistical studies in typologically
diverse languages found associations between the high front
vowel /i/ and the concept of small (Ultan, 1978; Haynie et al.,
2014; Blasi et al., 2016; Johansson et al., 2020). Most recently,
Winter and Perlman (2021) demonstrated that—in English—
size adjectives clearly feature iconicity, and that the high front
vowels /i/ and /I/ are associated with “small,” while the low back
vowel /α/ predicts “large.” The only consonant that predicts
size symbolism in their English sample was /t/. In general,
consonants seem to play a rather marginal role in sound-size

Frontiers in Communication | www.frontiersin.org 2 July 2022 | Volume 7 | Article 887739162

https://www.frontiersin.org/journals/communication
https://www.frontiersin.org
https://www.frontiersin.org/journals/communication#articles


Fenk-Oczlon Iconic Associations Between Vowels and Music

associations, whereas their role in sound-shape associations as
in the maluma/takete effect (Köhler, 1929) or the bouba–kiki
effect (Ramachandran and Hubbard, 2001) is well-attested (but
see Cuskley et al., 2017 on possible influences of orthography.)

Further cross-modal correspondences between vowels
and other sensory modalities have been demonstrated
between “vowels and quickness” (Jespersen, 1933), “vowels
and brightness” (Marks, 1975), “vowels and spatial deixis”
(Traunmüller, 1986; Johansson and Zlatev, 2013; Rabaglia et al.,
2016; Vainio, 2021), “vowels and color” (Moos et al., 2014;
Cuskley et al., 2019), or “vowels and taste” (Simner et al., 2010;
Patak and Calvert, 2021).

Here I investigate whether there are iconic associations
between the acoustic vowel property “intrinsic duration” (see
above) and the length of musical notes. More specifically, I
hypothesized that in songs containing meaningless syllables,
syllables with low vowels like [a O o] should be favored for long
notes and syllables with high vowels like [i u y] for short notes.

MATERIALS AND METHODS

The singing of senseless syllables, where “the pressures of sense
are relaxed to those of sound” (Butler 2015, p. 106) provides
an ideal material to study relationships between vowels and
musical notes. Senseless syllables are used in numerous cultures
as complete or partial song texts, for example in Native American
songs (Nettl, 1954), in “lilting” or “diddling,” in the singing
of Scottish or Irish dance melodies, in children’s songs and
jazz scat singing, or in yodeling. Here, I chose yodels for
testing the hypothesized relationship between vowels andmusical
notes. The yodeling style, although on the whole not very
frequent, can be found around the world (Grauer, 2006), for
instance in Paleosiberian cultures, in the tropical forest of Africa
(Pygmies), in the Kalahari Desert (Bushmen), and in the Alps
(Austria, Switzerland). According to Grauer (2006) yodels are
characterized across cultures by a continuous flow of sound, no
embellishment, relaxed open voices, non-sense vocables, wide
intervals and a polyphonic style. These characteristics also apply
to traditional Alpine yodels, which are preferably polyphonic
and mostly—but not necessarily—sung with frequent alternation
between low and high registers (cf. Wey, 2019); they are yodeled
straight without vibrato or portamento and with meaningless
syllables. The yodel-syllables are predominately codaless, with
rather weak or sonorant consonants in the syllabic onset, such
as [jO, ha, hO, ji, ri, ho, ha]. Vowel-only syllables and codaless
syllables with a liquid in the syllabic nucleus like “dl,” occur as
well. The transcriptions into musical notation of the previously
only orally transmitted Alpine yodels started at the beginning
of the 19th century (Wey, 2019). The traditional yodels for the
present study are taken from Pommer’s (1906) collection of 20
yodels. Most of the yodels of this collection are still yodeled in
Austria and are well-known, so that the grapheme—phoneme
correspondence of this more than 100 years old transcriptions
can be checked. For instance, the grapheme “å” is still used in
Bavarian writing to denote an open “o” /O/.

All 20 yodels in the collection were analyzed. I determined all
relative note values in the sample: half notes (the longest note
values in the sample), quarter notes, eighth notes, sixteenth notes,
and thirty-second notes (the shortest notes in the sample). The
notes were assigned to the respective syllables containing either
high close vowels like [i u y] or low back vowels like [a O o]
Furthermore, all dotted notes—the dot increases the duration of
the basic note by half of its original value—were identified and
matched with the particular syllables.

RESULTS

The total number of notes/syllables in the sample amounts to
1,836. The most frequent note values are eighth notes (n =

845), followed by quarter notes (n = 672), half notes (n = 190),
sixteenth notes (n = 95), and thirty-second notes (n = 34); the
number of dotted notes amounts to 348. Syllables with high
vowels (n = 1,203) are more often used in the yodel sample than
syllables with low vowels (n= 633); (X2

= 176.961, p < 0.0001).
A detailed analysis: Eighth notes are more often aligned with

high vowels (590x) than with low vowels (255x), (X2
= 132.811,

p < 0.0001). Quarter notes are 405 times aligned with high
vowels and 267 times with low vowels (X2

= 28.339, p < 0.0001).
Sixteenth notes are associated with high vowels 45 times and with
low vowels 50 times (X2

= 0.263, n.s.). Thirty-second notes are 28
times aligned with high vowels and 6 times with low vowels (X2

= 14.235, p < 0.001).
On the contrary half notes, the longest note values in the

sample, are more often aligned with low vowels (135x) and less
frequently associated with high vowels (55x), (X2

= 33.684, p
< 0.0001). This also holds for dotted notes which are 265 times
associated with low vowels and only 83 times with high vowels
(X2

= 95.184, p < 0.0001). Figure 1 shows an example.

DISCUSSION

Our analysis of 20 Alpine yodels demonstrates that short musical
notes such as eighth notes, quarter notes and thirty-second
notes tend to align with vowels with smaller intrinsic duration,
whereas relative long notes such as half notes or dotted notes
are associated with vowels with longer intrinsic duration. These
results need to be confirmed in further studies that use an
extended sample of songs containing meaningless syllables. It
would also be interesting to investigate, whether in an artificial
music composition game, people will tend to align vowels with
longer intrinsic duration to longer notes.

Vowel Intrinsic Pitch and Size-Sound
Symbolism
The iconic associations between vowel intrinsic duration and
length of musical notes may shed some light on size-sound
symbolism in general. Although “duration” of musical notes only
metaphorically corresponds to “size” of notes, our data are in
line with results by Knoeferle et al. (2017) suggesting F1 and
vowel duration are decisive factors in size-sound symbolism; F0
or Ohala (1984, 1994) “frequency code” hypothesis, according
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FIGURE 1 | An example of a yodeler from our sample shows that dotted and

half notes tend to be linked with syllables containing the vowel å /O/ that has a

longer intrinsic duration.

TABLE 1 | Examples of vowel-only sentences and vowel-only expletives in

Japanese, Carinthian and in the language of the Mbendjele Pygmies.

ue o ui, o ooi, ai o ou, ai ue o

[worried about hunger, concealing old age, he

seeks love, a love- hungry man]

ooo, oooo, oo ooo

[the courageous king conceals his tail when he

goes out]

Japanese examples from

Tsunoda (1985) cited in

Bannan (2008)

a i a? Me too?

“a” question particle, “i” ich (I) “a” auch (also)

a e i a! Me too!

“a” interjection (astonishment) :e(h) particle, “I”

ich (I) “a” auch (also)

Carinthian (South Bavarian

dialectal variant)

iiiiiiii expletive for surprise or disgust Mbendjele Pygmies

examples from Lewis (2009)uuuuooooo expletive to accompany a

dangerous or outrageous act

iiiieeee expletive to indicate pleasure

to which size-symbolism mirrors the size of the vocalizers
producing either lower or higher frequencies, do not seem to play
a role in their experiments on visual size judgements. Similarly,
Vainio (2021) reports that F0 values did not show to be relevant

in his study on magnitude sound symbolism. Since our results
demonstrate a direct match between vowel intrinsic duration and
the “size” of musical notes, there is no need to explain the “size” of
musical notes via Ohala’s “frequency code” hypothesis. Therefore,
a possible answer to the question What is, for example, so small
aboutmil and large aboutmal? (Vainio 2021, p. 2)might be: Small
aboutmil, is the small intrinsic duration of the vowel /i/, and large
aboutmal is the large intrinsic duration of the vowel /a/.

Vowels and a Sound-Symbolic Musical
Protolanguage
The non-arbitrary associations between vowel intrinsic duration
and musical notes are consistent with the results of previous
studies (Fenk-Oczlon and Fenk, 2009a,b) reporting non-arbitrary
associations between vowel intrinsic pitch and musical pitch in
meaningless syllables: In songs containing strings of meaningless
syllables, vowels are connected to melodic direction in close
correspondence to their intrinsic pitch or the frequency of
the second formant F2. The tight relationships between vowel
acoustics andmusical intervals indicate that in the case of singing
senseless syllables, where there is no pressure of text, vowels and
melody seem to merge. This might strengthen the idea that both
music and speech evolved from a common prosodic precursor.

In Fenk-Oczlon (2017) I speculated that the earliest human
vocal communication may have started with vowels or vowel
syllables strung together, which were connected by semivowels
or glides such as [w], [h], [j] or the glottal stop [P]. The vowel
sequences exhibited pitch and timbre modulations which were
used to express different social and pragmatic functions, and were
probably propositionally meaningless. The main arguments for
this speculation were based on findings from language ontogeny,
ethnomusicology, and parallels between vowels and musical
patterns. In the 2017 paper I did not consider the huge sound
symbolic potential of vowels and their disproportionate role in
talker identity discrimination, including characteristics such as
age, biological sex, origin, or emotional state. Considering all
these properties of vowels, it seems plausible that the sequences
of vowel syllables were not bare phonology in the sense of Fitch
(2010), but instead conveyed sound symbolic information about
the environment, about emotional states, or speaker identity. The
sequences of vowel syllables probably also contained interjections
similar to present-day words such as ah, oh, eh, huh. In this
context it is interesting to note that Dingemanse et al. (2013)
reported that all variants of the interjection word huh in their
cross-linguistic sample consisted either of a vowel-only syllable,
a syllable with a glottal stop [P], or a glottal fricative [h] in
the onset.

The vowel sequences were likely very polysemous, because
of the small number of vowels (present-day languages have on
average 5–6 vowels; Maddieson, 2005) which does not allow
much variation in a sequence. Only pitch, duration, intonational
contour, rhythmic grouping and situational context could help to
discriminate the different (sound symbolic) meanings.

Even in present-day languages, vowel-only sentences can be
observed. Table 1 gives some examples from Japanese (Tsunoda,
1985), Carinthian (my own native knowledge) and vowel-only
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expletives from the Mbendjele Pygmies (Lewis, 2009). I am
not able to analyze the Japanese examples, but the Carinthian
example shows that the word “a”/ a/ is quite polysemous: It can
be a question particle, an interjection of astonishment, and also
denotes auch “also.” The expletives from the Mbendjele Pygmies
nicely demonstrate the potential of vowels to convey emotional
content. Furthermore, Lewis (2009) reports that vowel-only
sentences can also be observed in very intimate communication
situations between two persons of the Mbendjele Pygmies, who
“tend to omit consonants, leaving only tone and vowels” (Lewis
2009, p. 241).

One might speculate that the earliest stage of human
vocal communication, where mere vowel syllables connected
by semivowels were strung together, best represents the
hypothesized common prosodic precursor of speech and music.
The vowel syllables exhibited all core elements of music,
pitch, timbre, duration, and intensity. They conveyed prosodic
information such as intonation, rhythm, tempo, but also
(semantic) sound-symbolic or onomatopoetic information about
the environment, inner mental states or speaker identity. In a
later stage, consonants such as obstruents emerged and were
combined with vowels into consonant-vowel syllables. This was

likely the emergence of articulated speech (Jordania, 2006), and
of utterances which could express propositional meaning.

Grauer (2006) speculated that yodeling might be a vestige
of the earliest singing style of humanity. The Alpine yodel
syllables investigated in this paper may not be too different from
the vowel syllables in the hypothesized earliest stage of human
vocal communication.
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