Is song processing distinct and special in auditory cortex?
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Abstract| Is the singing voice processed distinctively in the human brain? In this Perspective,
we discuss what might distinguish song processing from speech processing in the light of recent
work suggesting that some cortical neuronal populations respond selectively to song and
outline the implications for our understanding of auditory processing. We review the literature
regarding the neural and physiological mechanisms of song production and perception and
show that this provides evidence for key differences between song and speech processing. We
conclude by discussing the significance of the notion that song processing is special in terms of
how this might contribute to theories of the neurobiological origins of vocal communication
and to our understanding of the neural circuitry underlying sound processing in the human

cortex.
[H1] Introduction

Song is a distinct kind of human vocalization. From an acoustic perspective, the sequence of
syllables of which song is composed are timed in a structured rhythmic fashion (where time
intervals between consecutive events are generally equal) and are sung to a clear and formal
pitch profile (tune, or melody), facilitating perceptual differentiation of song from speech. By
contrast, speech (the other major type of human vocalization) has a weaker sense of pitch, a
less structured intonation and (typically) an anisochronous rhythm (FIG. 1)%234 From a

production perspective, human song and speech are produced via the same vocal tract system,



under voluntary control; however, there are some differences in the neural systems recruited
for their production®®. From a perception perspective, there is considerable overlap between
the brain areas activated by song and speech; however, several key differences do exist. Song
—like music more generally — seems to preferentially evoke activity in brain networks involved
in reward processing’, driving pleasurable experiences and highly motivating engagement with
music®. Song perception also places higher demands on the brain areas involved in pitch
processing than speech®0. In addition, there are differences in the sensorimotor processes
involved in the acquisition of song and speech 13129, A recent study using electrophysiological
measures has shown evidence for song selective processing in auditory cortical fields (over and
above activity elicited by instrumental music and speech)3. Although it is not yet clear when in
brain development this song-selectivity arises, we do know that song is salient and important
for communicating emotion between mother and child from a very young age: newborns
display a preference for infant-directed song over adult-directed song'#°, even when the

infants are born of deaf mothers?®.

The human capacity for song is universal*”*® and may be very evolutionarily ancient: it has been
argued that Neanderthals communicated via a song-like protolanguage of musical emotive
expression'® (but see REFs2%2! for the alternative argument that music predated language).
Unlike speech, which is primarily used for interactions and communication, song is key for
transmitting more semantically ambiguous socio-emotional information 22724, For example,
song is important for social bonding?® and a link between song forms and unique socio-
emotional functions has been suggested to exist in many cultures (for example, lullabies across
cultures tend to have a simple structure and falling contours, which may enable them to
modulate arousal)?®=2°. There are also universal features of song perception across cultures,
and these are likely to be influenced by biological and cognitive constraints: for example,
rhythmic expectations are biased towards simple integer ratios for tapping and singing, and the
tendency to expect certain rhythms over others has been theorized to be underscored by
recurrent attractor networks3® and oscillatory dynamics®1733 governing brain activity. These

regular rhythms contrast to the rhythms typically used in speech, which are typically less



regular, and are influenced by structural aspects of spoken languages?334. Similarly, pitch
perception is limited by a compressed representation of higher frequencies, and a deterioration

of the capacity of the brain to extract pitch for extremely high or low frequencies®.

The primary aim of this Perspective article is to review the physiological and neural mechanisms
of song production and perception and to highlight how the human brain and body might be
adapted for song. We also elucidate key differences between song and speech processing,
including the recent work suggesting that some cortical neuronal populations respond
selectively to song. We contextualize this discussion with suggestions for further research into
evolutionary and developmental aspects of human vocal communication and the neural
circuitry for sound processing in human cortex. We restrict the scope of our article to song and
its direct comparisons with speech, but do not comprehensively examine the similarities
between music and language (see REF3® for an extensive review and REF?’ for a review of neural

overlap between these two domains).

[H1] Mechanisms of song production

It is generally accepted that the auditory circuits underpinning vocal productive and perceptive
mechanisms are linked, particularly for speech and song2. In the following section, we examine
the physiological and neural mechanisms of song production and investigate how the human

brain and body may have selectively adapted to support song production.

[H2] Physiological bases of song production

All vocalizations can be analyzed from a production perspective by using an important
framework that is denoted the source-filter theory. Vibrations of the vocal folds in the larynx
give rise to a glottal wave, referred to as the ‘source signal’3%°. This source signal is then
‘filtered’ by the shape/length of the supralaryngeal vocal tract and movements of
supralaryngeal articulatory structures, which change the spectrotemporal structure of the

glottal wave and give rise to the plethora of vocal sounds that can be produced*:~*3, The ability



to sustain controlled breathing and vibration of vocal chords in the larynx while dynamically
changing articulatory filters allows for the production of complex human voluntary
vocalizations324144 (FIG. 1). In particular, the two-tube configuration of the human
supralaryngeal vocal tract and the globular tongue have been proposed to support greater
anatomical efficiency of sequential and dynamic modifications of the supralaryngeal vocal tract,

which are needed for producing complex vocalizations inherent to speech and song® (FIG. 2A).

However, the vocal fold vibrations that underlie song tend to be more stable in frequency than
those that enable speech?®, whereas speech’s dynamic filtering tends to occur at faster rates
than that of song*’. The vocal fold vibrations and filtering mechanics used to produce song (FIG.
2A) also helps to distinguish it from other melodic sounds produced by the vocal apparatus:
whereas whistling and humming both contain melody, only humming involves vocal fold
vibrations, and neither incorporates the array of rapid, sequential, and detailed movements of
the articulators that give rise to the complex and continuous filters that distinguish song and

speech?®49,

[H2] Neural Bases of Song Production

Voluntary control of phonated sounds (such as speech and song) appears to be a uniquely
human adaptation. Great apes can control non-phonated oral sounds (such as whistles)
produced by the supralaryngeal vocal tract®’, but do not appear to be able to voluntarily modify
phonated sounds (as would be necessary for vocal learning). Thus, researchers have sought to
understand the neurobiological basis of this human-specific capacity. Within the human cortex,
there are direct projections from the lateral motor cortex to laryngeal motor neurons in the
nucleus ambiguus which underpin fine motor control of the larynx (FIG. 2B)>*°2, These direct
projections have long been hypothesized to underpin the capacity to produce uniquely human
vocalizations; however, homologous direct projections in the macaque and mice brains (from
primary motor cortex to vocal motor neurons) that exert cortical control over vocal pitch have

recently been found 3. Similarly, diffusion tractography studies have shown that the laryngeal



motor cortex networks (located within the lateral motor cortex) in non-human primates and
humans are similar, although there are many more projections from the laryngeal motor cortex
to somatosensory and inferior parietal cortex in humans®*>°. Very recent research conducted
on over 12,000 individuals residing in Iceland suggests that the vocal pitch and vowel acoustics
that an individual can produce are influenced by their genes, with vocal pitch being correlated
with common variants in ABCC9, a gene encoding a potassium channel subunit®®. Follow-up
comparative studies in other mammals would be extremely useful to determine how genetic
determinants of vocal pitch and/or quantitative differences in effective connectivity support

the fine-grained volitional control of vocal pitch underpinning the capacity for human song.

Learned (voluntary) vocalizations are thought to be elicited via the volitional vocalization
network (VVN), which includes the bilateral primary motor and somatosensory cortex, the
supplementary motor area, the auditory cortex, subcortical structures, and the prefrontal and
insular cortices®” (FIG. 2B; though it should be noted that an alternative ‘single vocal system’
model proposes that there is a common sensorimotor vocal system for speech, emotional
vocalizations, and song''°8). The cortical auditory processing that is important for song
production mainly occurs in the superior temporal gyrus (STG) and/or the superior temporal
sulcus (STS), where information — including pitch (encoded in the right lateral Heschl’s gyrus),
pitch changes (encoded in the right STG, planum polare and planum temporale), melodic
phrases (encoded in the bilateral STG), and vocal timbre (encoded in the STS, with functional
divides among its anterior, mid/anterior, and posterior portions) — informs subsequent motor
adjustments via the insula®®=®1. Somatosensory processing in somatosensory cortex is also
particularly important for vocal pitch regulation and seems dominate the sensory inputs guiding
trained singers’ vocal tract adjustments. Indeed, when compared with untrained singers,
classically trained singers show structural differences in somatosensory regions, including
increased right-hemisphere gray matter volume in the primary (S1) and secondary (S2)
somatosensory cortex®? and greater functional connectivity between the anterior insula and the

regions of sensorimotor cortex representing the larynx and diaphragm®. Furthermore, a



functional imaging study found increased BOLD responses in regions of S1 receiving laryngeal

and mouth input during singing when comparing opera singers to untrained singers®*.

The left anterior insula has been shown to underlie the coordination of speech articulation®>®,
while the right anterior insula is important for integrating somatosensory and auditory
perceptual information during singing®”-%® and has been shown to support vocal tract
movements during singing® 7% and during melodic elements of non-song vocalizations’. One
study found that singers showed decreased activation of the right anterior insula when singing
with anesthetized vocal folds, suggesting that information about laryngeal movement was not
integrated into subsequent motor commands when it was deemed unreliable®’. However, in a
second study in which auditory perception was masked with loud noise, trained singers
maintained accurate pitch and showed enhanced activation in their anterior insulas and
intraparietal lobules. This contrasted with untrained singers (who also had significantly
decreased pitch accuracy), indicating trained singers’ greater use of somatosensory information
to maintain accurate pitch, as noted above®®. Furthermore, repetitive transcranial magnetic
stimulation (TMS) applied to the part of S1 receiving input from the larynx has been shown to
enhance pitch accuracy and pitch stability in untrained singers, suggesting an experience-

dependent role of somatosensory integration during singing”?.

Recent accounts have revealed human volitional vocal control mechanisms that relate to the
production of information in speech beyond the linguistic message, such as the vocal
expression of identity (such as that often expressed via song)°. For example, normal speech
production recruits the left posterior frontal gyrus®’, while bilateral frontal gyri are recruited to
a greater extent when talkers produce speech with different accents or imitate a particular
individual, relative to normal speech’3. Bilateral inferior frontal gyri (IFG) versus right-lateralized
IFG activation has also been reported for song versus speech*®%°, Right-lateralized IFG
responses are seen when talkers align the rhythm and melody of their voice with that of

another when speaking in unison’*. Notably, one study reported suppression of activity in the



right IFG during normal speech production’®, suggesting that there is considerable complexity in

how this frontal network is recruited in speech and song production.

[H1] Mechanisms of song perception

Some general auditory perceptual processing constraints apply to song, as to any sound: sounds
only have structure as they evolve over time, and only exist as result of physical actions in the
world. Sounds need to be processed fast, and their spectro-temporal structure includes
information about their meaning as well as the means of production’®. Auditory processing in
the human cortex has been theorized to follow a dual-stream framework, similar to that
proposed for the visual domain, in which a rostral what’ pathway supports auditory object
identification’” and caudal ‘where/how’ pathways support the representation of auditory space

and action-guiding computations’’.

Speech and song evoke similar perceptual processes and corresponding cortical activity along
these what and where/how pathways (FIG. 3A). A study that identified common patterns of
activation for the perception of speech and music reveals bilateral patterns of activation in the
dorsolateral temporal lobes’®; furthermore, unlike instrumental music, the perception of both
speaking and the singing voice result in extensive activation of the bilateral STS’8. However,
there are some distinct differences in within this bilateral pattern: within the rostral pathway,
activity is relatively left-lateralized for phoneme discrimination’® and intelligibility®® and
relatively right-lateralized for chord discrimination®! and normal speech intonation82 The

mechanisms underlying these hemispheric asymmetries are yet to be determined®3284,

The caudal pathways (FIG. 3A) underpin sensorimotor integration’”#>87  which is important for
the vocal learning necessary to perform speech and song, and for the guidance of the
production of speech and song®®®°, Caudal auditory fields have fine temporal acuity,
underscoring their role in performing action-guiding computations®. A region within the caudal

medial auditory cortex shows activity during the perception and covert (imagined) production



of both song and speech®!. This field has been hypothesized to support domain-general
auditory-motor integration, but also to contain subsidiary regions that are more responsive
towards domain-specific sound categories (that is, regions more selective to speech than music,
and vice versa). Understanding the influence of sensorimotor loops on song perception has
been particularly important for better understanding previously conceived universal properties
of the music perceptual system, in which what have been called the “universal physical
constraints of [musical] performance” give rise to certain melodic regularities observed in music
and consequently dictate constraints on the perception of melody®>°3. For example, the
tendency of melodies to descend following a large ascending interval (referred to as a ‘post-skip
reversal’) can be explained by the fact that accurately singing a large ascending interval is
relatively difficult and exercises limitations on singers’ vocal ranges, so singers will be more
likely to consequently descend rather than continue to ascend after such a large ascending
interval to ensure that the sung melody can stay within their vocal range®*%. Studies have
shown that the constraints imposed by a singer’s vocal range can be used to explain the

observed regularity of post-skip reversals in music®3.

[H2] Right-hemispheric lateralization for song?

As in the brain networks involved in song production, there is some degree of hemispheric
lateralization in the auditory fields responsible for song perception, in terms of their responses
to auditory stimuli. Certain domain-general properties of acoustic signals that are particularly
relevant for song processing tend to be processed in the right hemisphere of the brain®. In
primary auditory cortex, pitch extraction occurs bilaterally in Heschl’s gyrus®?, but is right-
lateralized for ‘missing fundamental’ sounds, that is, a sound whose harmonic structure implies
a particular fundamental frequency, but no sound at that frequency is actually present®® (see
Box 1). Furthermore, a relative right hemispheric preference has been observed for the
perception of pitch variation®”’~2°. The computation of pitch distance between consecutive
tones (that is, of intervals) activates the right planum temporale® and higher-level processing

of pitch patterns (across a melodic sequence, for example) activates a more broadly distributed



right-lateralized fronto-parietal network®, Song frequently involves the production of longer
syllables (Fig 1) and the perceptual processing of relatively longer sounds (hundreds of
milliseconds, rather than tens of milliseconds) is also right-lateralized®? Overlapping frontal
regions in the right inferior frontal gyrus (IFG) support processing of emotional prosody and

musical syntax*°Z,

In line with these observations on the processing of acoustic information more generally, a
right-lateralized network involved in song processing has been identified that includes primary
auditory regions and extends to the higher-level auditory association areas (i.e., in planum
temporale) and frontal cortex (i.e., IFG) 1027195 This observed lateralization for song processing
seems to be particularly important for melodic perception: in an fMRI study investigating
melody recognition and sentence recognition for 100 acapella songs, the neural decoding of
melody was localized to the right lateral anterior STG, whereas the neural decoding of
sentences was localized to the left lateral anterior STG1%. It was also found that perception of
melodies in spoken poem stimuli elicited activity in temporal but not frontal regions involved in
the right-lateralized melody network, suggesting that information processing of higher-order
melody (that is, melody that is dependent on musical syntax) is more evident for song than for

poemsio,

It has been suggested that song processing places greater demands on sensorimotor-related
auditory processing than speech?®. Explicit processing of isochronous rhythm in speech — similar
to the rhythmic properties of song — has been shown to specifically activate the right auditory
cortex (posterior STG!%’), although bilateral activity is generally found for musical rhythms
(within a cortico-subcortical network!®) and for beat-inducing metric simple rhythms (within
the putamen and STG%?). Nevertheless, music and language both activate bilateral auditory
processing networks when compared to baseline, with reported lateralization often resulting

from direct comparison of activation patterns for speech vs. song (see, for example, REF?).



[H2] Voice and music selectivity in auditory cortex

Selectivity for the perception of specific conspecific vocalizations has been shown in single-unit
recordings from neurons along the lateral auditory belt in the macaque monkey*%!1, Similarly,
in humans, temporal voice areas (TVAs), defined by identifying brain regions that respond to a
variety of different human vocalizations have been described bilaterally along the upper bank
of the STS: one is located anteriorly, near the temporal pole; one centrally, near anterior
Heschl’s gyrus; and one posterior to Heschl’s gyrus, extending rostrally and caudally to the
planum temporale!'?!13 Later work showed that the right TVAs showed stronger activation for
sung vowels versus harmonic-to-noise matched instrumental sounds and for vocal stimuli
versus a baseline'!4, Bilateral clusters in the prefrontal cortex (IFG) which display voice
sensitivity and connectivity with TVAs in auditory cortex have also been identified, and may
contribute to identity- and emotion-related vocal processing!'>17. TVAs emerge early in life
and homologous regions have been identified in macaques!!®!11118 syggesting that the voice’s
salience is evolutionarily old and developmentally important. Indeed, given that both faces and
voices can provide key information about the identity of the speaker, voices have been

proposed as being the equivalent to faces in the auditory domain (see Box 2).

In human auditory cortex, music-selectivity has been found in regions posterior and anterior to
the primary auditory cortex!'°-12!, whereas speech-selectivity is found in more medial non-
primary auditory regions8%12%122 |mportantly, these category-selective regions show
insensitivity to spectrotemporally matched synthetic sounds and non-linear cortical responses,
in contrast to spectrotemporally selective regions in primary auditory cortex that show linear
responsivity to spectrographic features?123, A comparative fMRI study found clusters of voxels
selective to particular harmonic tones (but not to noisy sounds with no harmonic structure) in
humans in the primary auditory cortex and extending anteriorly into non-primary regions,
whereas macaques showed significant noise-selective, but not tone-selective, clusters'?*. This
suggests that harmonicity is an important low-level feature for human audition and agrees with

pitch being a perceptual property of both speech and music.



A recent study reported the discovery of a population of neurons in the bilateral auditory
cortex that are selective for song'®'?> (FIG. 3B), relative to speech, music, or speech plus music.
This study used electrocorticography (ECoG), in which electric potentials are directly recorded
from an exposed area of the cortex in individuals receiving presurgical treatments!?®. This
method allows for heightened spatial and temporal specificity in comparison to fMRI and is
particularly useful for isolating discrete neuronal responses in the auditory cortex. The sounds
presented were short sequences of a variety of different kinds of sound, including speech,
instrumental music, and songs. The responses of neuronal populations were analyzed via
component analysis and were assessed using both a data-driven approach, which did not pre-
define sound categories, and a hypothesis-driven approach, which involved pre-defined sound
categories. A non-linear response to song that was supra-additive to activity elicited by
instrumental music and speech and that far exceeded activity for spectro-temporally matched
synthetic sounds was discovered in a population localized to middle and anterior STG. Voxel-
based component modeling was used to further support these ECoG results, showing that song
selectivity was evident, albeit weaker, in previously gathered fMRI data. This strongly suggests
that there are auditory fields in humans — found bilaterally and near to music- and speech-

selective areas in the middle and anterior STG — that show selective responses to song.

[H2] The implications of song selective responses

The discovery of song selective cortical responses is important, not least because the additive
effects of speech and music suggests that the responses are not merely to ‘musical speech’. The
early preference of infants for song may well be relevant to the development of such a song
specific response, which in turn may be based on auditory experience of the low frequency
pitch and rhythm of the sound of the mother’s voice in utero'?’. Hearing develops in the last
trimester of pregnancy and babies are born with some knowledge of sounds, with prenatal
experience resulting in preference for the maternal voice within 2 days after birth'?’, neonates’
increased neuronal response to native vs. foreign or flattened accents (in left-lateralized

frontal, middle and superior temporal, central, and parietal areas!?®), and the positive impact of



prosodic pitch variation on memory of words’ phonetic properties within the first 2 months of
life (known as ‘prosodic bootstrapping’'?®). During development, babies’ preference for the
singing voice may also relate to the way that they use the melody of speech to help segment
out words from the constant stream of speech that they hear!?°, The singing voice may thus
form a scaffold for the acquisition of spoken language, as well as an immersion into musical
structure and form. This early engagement with song may also have an important role in our

emotional reactions to song and to music’.

A recent preprint reported greater responses to instrumental music (that is, simple
monophonic music) in one-month old newborns than to infant-directed maternal speech in the
non-primary auditory cortex, controlling for spectrotemporal modulation3, This suggests that
music selectivity arises early in life and that music may be more salient than speech at early
developmental stages, paralleling the influential finding that babies from congenitally deaf
mothers display a preference for infant-directed singing (despite having not heard singing
prenatally)'®. However, the acoustic exposure in utero makes it hard to establish whether these
findings are due to innate prepotent responses or due to experience. As has been similarly
suggested regarding music-selectivity, the development of song-selectivity is likely to rely on a
combination of neural specializations driven by progressive modularization of the human brain
during development!3%132, These may be innate (that is, present before hearing any stimuli,
including prenatally), experience-dependent (given that long-term experience critically impacts
music and language processing; see REF!33 for a review) and experience-expectant (for
example, specialized circuits are molded during a critical or sensitive period). For example,
prenatal exposure to the maternal voice could predispose infants to song-relevant components
of sound (such as lower frequencies), with subsequent learning of hierarchical structure
resulting in perception of song as a discrete category!34. Several existing accounts have likened
regions displaying song or music selectivity to visual word form areas'*32, for which it has been
shown that regions displaying selectivity for written words have colonized regions displaying
selectivity for faces due to neuronal recycling (that is, visual neural systems that have adapted

fine-grained specializations for face recognition have been re-used for similar processes in



literacy)'3>. Perhaps the prepotent predisposition in many auditory fields is a preference for the
singing voice, and subsequent acquisition of spoken language colonizes much of this system in
early development. Incorporating a production-based developmental trajectory into the
investigation of this idea would be important (that is, how increased motor control over
articulatory structures across development differentially affects song versus speech processing;
see REF'36137 for accounts regarding speech motor development). This links debates about the
evolutionary origins of music, speech, and song to the neural recycling hypotheses, and which

sound category (if any) has parasitized the other becomes a central question.

Understanding how differences in neuronal encoding properties may give rise to song
selectivity is also likely to shed light on organization of auditory cortex more generally. Primary
auditory neurons have been shown to encode spectrotemporal peculiarities of sung vowels, but
to display comparable activation for synthesized artificial controls with similar low-level
acoustic fluctuations!4. Activity in song-selective neural populations occurs at longer latencies
(2200ms) than these spectrotemporally sensitive neurons in primary auditory cortex
(£200ms?*3). Longer onset responses are characteristic of neurons engaged in higher-order
perceptual processing, which integrate incoming perceptual information with prior
experience®. A recent study using electrocorticography found that longer integration windows
support category-selective encoding in neurons in non-primary regions, whereas shorter
integration windows support cochleogram-based encoding in neurons in primary auditory
regions!3, Integration windows in non-primary regions seem to be context-invariant (that is,
they are insensitive to previous auditory segments), with no apparent difference between
responses to randomly segmented vs. intact naturalistic sounds. Direct comparisons of song
versus speech stimuli in similar paradigms could shed light on the degree to which spatial
clustering and temporal dynamics is indicative of domain-general hierarchical encoding in

auditory cortex.

Understanding song selectivity will also shed light on the spatial clustering of networks

underpinning category selectivity in human cortex. The song-selective population was reported



to be selective to ‘music with singing’ (as opposed to a single singing voice) and may therefore
colonize subregions of music-selective or voice-only-song-selective regions. It is possible that
category-selectivity in STG shows a similar organizational principle to that of sensorimotor
production-based encoding in the caudal medial auditory cortex (in which regions of broader
selectivity contain subsidiary regions with increased domain specificity®?). Future studies should
investigate neural selectivity for stylistically diverse examples of singing that includes only a
single voice (such as popular music including rap, or chanting), and compare the spatial
responses of such a population to that which is selective for music with singing. This would be
particularly interesting, given accounts that music-making is “a solo endeavor” in some
traditional societies!3%13% and would shed light on the neural template for song (in line with

neural templates for voice or face)'4°,

Future studies should also investigate the contribution of figure-ground encoding (that is, the
separation of an auditory object from its surroundings) in primary auditory cortex to higher-
level neural selectivity for song; in REF!3, song was always presented alongside musical
accompaniment. In Western recorded music (as used in this study), the singing voice typically
represents the dominant object in such complex musical scenes, the default figure against the
ground. Further studies should look at other kinds of configurations, for example by
parametrically varying the number of voices in a multi-voice piece. In turn, this will help to
elucidate the role of multivariate coding in auditory cortex. A recent study in non-human
primates found that the presence of non-harmonically defined auditory figures (that is,
complex sounds lacking a pitch percept, such as the sound of a slamming door) was signaled by
a rate code in primary auditory cortex!*1. Notably, multi-unit activity corresponding to figure-
ground responses was not spatially clustered, and it was unclear whether the activity arose
from a single neuron, a local circuit, or a distributed population. It would be interesting to see
whether similar figure-ground responsive neurons exist in human primary auditory cortex and,

if so, whether they are equally as responsive to non-harmonic and harmonic figures.

[H1] Conclusion



In this Perspective, we have shown that the singing voice is distinct not only in terms of its
distinguishing acoustic and perceptual features but also in terms of how it is produced.
Production—perception links, which underpin the dual stream models of speech processing, also
exist for song and music. The sound of a singing voice is inextricably linked to the vocal
mechanisms that produce that song. It is possible that song comprises vocal actions and sounds
that are particularly salient, acquired early in development, and are highly useful for the
developing human brain. Studying song will help us to understand how vocalizations relevant
for our species’ survival are encoded in human cortex, and future work — particularly
developmental — will shed light on how the human brain becomes predisposed for certain

vocal actions such as song.
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Fig. 1: Comparison of spectra and breathing for song and speech

A schematic illustrative representation of the qualitative differences in the respiratory control required for and
spectral characteristics of song and speech that have been reported in the literature. The same person sang then
spoke the lyrics of a song, while their breathing patterns, laryngeal activity and voice were recorded. The top panel
shows the harmonic structure of song, with the fundamental frequency marked in red and additional harmonics
depicted by grey lines. The next panel shows the breathing pattern for the song, overlaid with the oscillogram in
light blue (intensity of the song). The next panel shows the harmonic structure of speech, with the fundamental
marked in red additional harmonics depicted by grey lines. The next panel shows the breathing pattern for the
speech, overlaid with the oscillogram in light blue (intensity of the speech). Singing requires highly controlled
outward airflow!*?143 (depicted by black line, the green arrows indicate inhalations) in order to produce phonated
vocalizations with sustained pitch*® (shown by red line in top panel, which depicts FO, the fundamental frequency).
Outward airflow in speaking is also highly controlled and supports fine-tuned pitch variations supporting the
production of prosodic cues!®142, Pitch contours — which underlie speech melody and sung melody — are shown
in red and are more discrete for song than for speech?®, and behavioral studies suggest that it is easier to pitch-
match during song imitation than during speech imitation due to song’s more stable fundamental frequency®*+14>,
In general, songs contain longer vowel durations than speech*, and sung sentences are slower than spoken
ones*’1%7 as shown in the schematic. Rapid and precise variations in subglottal pressure contribute to the
production of sustained fundamental frequency in song and to pitch variations in emotive speech, whereas
subglottal pressure is lower and less variable during baseline breathing and monotonous nonsense speech*,
Coordinated pre-phonatory inward movements of the muscles in the rib cage and abdomen are generally used by
trained singers to increase intra-abdominal pressure during singing'®°, though not for all musical styles (e.g.,
country®®). Both song and speech utilize dynamic filtering (as shown by the complex high-frequency spectral
dynamics), where closure of the airway via myriad tongue, lip, and mandible movements facilitates the production

of consonants, in order to convey meaning >°.



Fig. 2: Physiological and neural underpinnings of human vocalizations

a | The schematic depicts a singer’s vocal tract while she is singing the same note but using different vowels (left
image: /i/ and right image: /a/). In order to generate song, air from the lungs is pushed via the diaphragm through
the vocal folds in the larynx (1) to generate a source signal. The source signal is subsequently filtered by the
supralaryngeal vocal tract, which comprises a vertical (2) and horizontal cavity (3) of roughly the same length and
volume that are connected by a narrow channel called the isthmus!®152, Note the similar position of the larynx in
both images—due to the same musical pitch being produced—but the very different shape of the globular tongue
(4), whose differing shape impacts how the supralaryngeal vocal tract filters the signal and influences physical
properties of the emitted sound, resulting in perceptually discriminable vowel sounds®*.

b | The neural bases of speech and song production largely overlap and are both underpinned by the pictured
volitional vocalization network®. Spatially proximal specialized regions in the primary motor cortex drive laryngeal,
respiratory, and articulatory motor neurons in the nucleus ambiguus®®. The laryngeal motor cortices (LMCs) are
critical for producing volitional phonated sounds and contain ventral and dorsal subcomponents. Both subdivisions
are involved in larynx-respiration coordination*®. The dorsal LMC shows activation for vertical larynx movements in
the absence of speech®™, and has populations that selectively encode produced pitch!®>. The ventral LMC is
hypothesized to be less relevant for speech, but its functional role remains unknown?. Sensory information from
auditory and somatosensory cortices provides feedback inputs to the cortico-basal ganglia-thalamo-cortical loop
via the insula to refine subsequent motor commands®%1%¢. The anterior insula is responsible for integrating sensory
information from the auditory and somatosensory cortices to facilitate the generation of refined motor and
sensory targets for articulation. Subcortical structures including the dorsal brainstem, pallidum, and putamen have
also been shown to be recruited during overt volitional vocalizations®. Song production is generally associated with
relatively increased right hemispheric activity in auditory*®10%157 insular’%1%2, and frontal regions® in comparison
to speech (marked in blue) and there is evidence that singing may rely on right-lateralized auditory processing: the
right anterior insula has been found to be important for sensorimotor integration during singing®®”7°, and higher
activity in the superior temporal gyrus (STG; particularly in the right hemisphere), part of the auditory cortex, has

been found for singing vs. speaking*®*>’.

Fig. 3: Cortical auditory processing: the dual-stream model and song selectivity

a| The rostral and caudal auditory streams allow for processing of ‘what’- and ‘where/how’-related auditory
information, respectively’”?°. The rostral stream (also known as the ventral stream) identifies auditory objects and
involves the primary auditory cortex (1), the anterior superior temporal sulcus (2) and the inferior frontal cortex
(3)”7. This stream is involved in sound recognition and allows for categorization of speech phonemes and musical
chords®!. The caudal stream (also known as the dorsal stream) is involved in sensorimotor integration and spatial

processing, and includes the planum temporale (4) which represents templates of ‘do-able’ sounds*® and



interfaces with the inferior parietal lobe (5) and premotor cortex (6). This pathway underpins vocal learning for
speech and song, integrating sensory information with efference copies of motor actions to allow for iterative fine-
tuning of vocalizations>910,

b| If a population of neurons is selective for something, then the activity of this population must be indicative of
the thing for which it selects!®!: This principle seems to hold for neuronal populations reported to encode the
sound category of song, as shown in the schematic representation of the results from REF3. A song-selective
population’s response should somehow be indicative for music with singing: in this case, stronger, supra-additive

responses were observed for music with singing (orange) than for instrumental music (green) or speech (pink).



Box 1: Pitch: Not a physical property, but a computed perceptual feature

Although natural sounds have heterogeneous acoustic properties, they can be
characterized by the shared structure underlying fluctuations in their physical characteristics —
for example, variations in the height (pitch) of natural sounds over time follow a shared power
law relationship!®2. Many natural sounds, particularly vocalizations, exhibit spectral pitch (i.e.,
resolved harmonics'®®) and periodicity (i.e., regular amplitude modulations), which gives rise to
pitch'®* and facilitates the transmission of meaning and sound identity'®°. Pitch cues from the
voice support speaker identification (for example, by providing indications of their physical
attributes'®®), emotion communication (via prosodic cues, for example'®’), word meaning
(particularly in tonal languages'®®), and sentence meaning (by providing segmental and
suprasegmental information?®).

Although pitch is a key feature of complex periodic sounds, it is a perceptual attribute
that cannot be denoted by physical units'’®. For pure tones, the frequency of a sound can be
used to determine its pitch and sounds with more regular periodic waveforms have salient
pitch (i.e., attract attention and are behaviorally relevant?’!)'61, For complex sounds, two
spectral properties indicate pitch: the fundamental frequency (that is, the sound’s lowest
harmonic) and its harmonic structure (that is, the relations between elements in its harmonic
series)!®. For sounds having continuous spectra (such as iterated ripple noise), pitch can also
be conferred via temporal or spectral regularities 72,

Frequency-tuning is present in the cochlea and throughout the ascending auditory
pathway, but pitch is a higher-level perceptual attribute that relies on cortical auditory neurons
173-175 'Whereas the pitch of pure tones (corresponding to its frequency) can be identified by
the activation of tuned neurons along the tonotopic map, the pitch of complex sounds is more
computationally demanding and does not correspond to clear-cut cortical activity. For instance,
pitch perception is influenced by context and two identical tones may be perceptually distinct,
depending on the tone they are preceded by!’®. Pitch discrimination requires the lateral
Heschl’s gyrus, which is sensitive to sound periodicity and encodes pitch salience®-!””,
Responses to changes in pitch chroma (the pitch’s musical note) and pitch height (how high or
low a pitch is) occur in regions posterior and anterior to the primary auditory cortex,
respectively!’8,

Box 2: Voices and faces: two sides of the same coin?

Voices and faces are extremely salient stimuli within their respective sensory domains.
Both provide information necessary for identity processing and the communication of emotion.
Vocal and facial information can be used to determine similar attributes (such as identity, age,
and gender!’®~181), For example, ageing confers different physiologically determined vocal
characteristics in men and women: puberty elicits highly dimorphic vocal pitch in men and
women?®Z; vocal fold atrophy or edema due to ageing results in increased fundamental
frequencies in men and (while these are decreased in women)!#; and women post-menopause
experience difficulties exerting voice emission and high register vocalizations!®*. Voice
production is also influenced by socio-linguistic factors such as socio-economic status and

cultural norms*®-18 impacting transmission of identity-based attributes. Gender can be



identified by vocal utterances of pre-pubescent children, when physiological differences are
minimal8?,

Psychophysical and neural mapping studies have provided evidence for similar norm-
based coding mechanisms and a similar organization of ‘voice space’ and ‘face space’ in the
brain49180.190 However, the physical mechanics underlying voice perception constrain the vocal
sounds that can be perceived to those which can be produced, whereas faces can be
continuously perceived and our perception of them is not constrained to stimuli resulting from
specific facial actions.

Emotions can be relayed by both the face and the voice, but emotional information is
continuously ‘leaked’ via micro-expressions®!, whereas transmission of emotion via the voice
can be halted by remaining silent. However, if one does choose to vocalize, acoustic features
are extremely indicative of emotion in both speech and reactive emotional
vocalizations!!®192.193 Emotional expression in both modalities is differentially affected by our
social situation. Social facilitation and inhibition occur for transmission of facial expression in
social contexts, and rely on the closeness of the relationships between nearby individuals®*.
Spontaneous smiling, laughter, and speech occurs to a greater extent when we are with others
than when we are alone®. When we engage in spontaneous phatic vocalizations — in which
emotional content is more important than semantic content — we rhythmically align our voices
with interlocutor(s)°®*°7, Similar coordinative processes underscore the alignment of musical
behaviors in group interactions!®® and evidence for automatic links between facial expressions,
movements, and speech also exists'9%:2%,
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