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This article is based on a lecture which would have been part
of the WSCM 22 in Auckland, New Zealand. As the Symposium had
to be cancelled, ICB offers you here a possibility to take a
glimpse into the subject through a written version.

Look into the fascinating world of neuroscience and get an
insight into the neuronal symphony. The first perceptions of
“musical elements” already stimulate the prenatal human brain.
With each musical perception, rehearsal and concert,
conductors, composers or singers work on their personal
neuronal network.

While singing, the human brain processes more than verbal and
musical syntax. It controls involuntary body functions,
movement of the vocal tract, the eyes, limbs or posture. It
corrects and fine-tunes the muscles through sensory, visual or
auditory input. At the same time it memorizes, thinks ahead,
calculates, finds solutions, keeps focused, and processes
visual signs from score and conductor. It constantly controls
breathing and voice to pitch, timbre, beat, being in time,
rhythm, spectral properties of vowels and consonants 1in
various languages. It learns and remembers the comments and
demands relating to the expression of the music. The singer 1is
interacting with other musicians, not only musically but also
emotionally and socially, blending with the other voices and
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keeping in mind the acoustic requirements. The ear 1is
permanently alert, focused on the singer’s own vocal
production and all other surrounding sounds while also
analysing sounds in a hierarchical order of attention. In
addition to all this, chemical processes simultaneously guide
personal sensitivities and emotions. To accomplish this
proficiency a highly complex neuronal network 1is
required.

This article summarizes the current status of research
findings focused on the field of singing, a scintillating
journey into the magic of music. You will have a view into the
human brain and its nervous system first. This report
furthermore introduces the functional neuroimaging techniques
that map the activities in the different structures of the
human brain during complex vocal processing. The final topic
pictures the brain’s anatomy and opens a window 1into
enthralling subject areas of recent research. It will display
neuronal and interactional processes in the various brain
regions thatwhich constitute singing according to the findings
of renowned researchers.

Neuroscientific research decodes step by step neuronal
processing with state-of-the-art diagnostics and this reveals
fascinating details of the neuronal symphony in our active
brain while singing, imagining, and listening to music. For a
long time the focus of neuronal research into music processing
was on instrumentalists. But in recent years, researchers have
discovered the singing voice with its great complexity as an
object of increased research interest.

About 80 billion neurons are communicating with each other
incessantly. Electric impulses and chemical processes interact
with gray matter (neurons and glia cells) and white matter
(myelinated axons). The cerebral structure-density increases
with electrical or chemical excitation or degenerates when not
being used. The electric impulses can be made audible by means
of »patch clamp technique«. Thus scientists can both collect



data and listen to the neuronal symphony in real time. Our
brain is not only processing information but it is, somehow,
music itself or is »singing« our thoughts into existence.

Neurons regulate everything, from the autonomic nervous system
to cognition and guide a large number of networks between
brain areas (Luo et al., 2019). The communication between
neurons at the synapses 1s referred to as synaptic
plasticity[1]. Neurons, axons and glia cells communicate with
other neurons at the point of origin or in the target area
(neuronal plasticity — Fig 1). One neuron can mesh with up to
10 000 other neurons, up to 1000 Terabytes capacity totally
(Bartol et al., 2015). In addition to this asterozytes and
microglia are involved in repair processes and act as an
intermediary in exchanging information between neurons.
Synaptic and neuronal plasticity is well documented. It is not
conclusively clarified if the adult human brain is able to
grow new neurons (’neurogenesis’ in subventriculare zone,
striatum and hippocampus).

Korbinian Brodmann was a pioneer in mapping the human brain.
In 1909 he recognized 52 different histologic areas in the
brain (Brodmann Areas — BA), but he was able to study
pathological brains only. Today'’s modern functional
neuroimaging techniques enable researchers to look into the
active living brain. Two prominent participants in 1imaging
studies were Herbert von Karajan and Rénee Fleming. As long
ago as the 1970s Karajan made available several opportunities
to help researchers to collect data while he was conducting
(Maller, 2005). In 2017 Fleming was fascinated to be part of
an fMRI study to discover what 1s happening in the brain
network while singing at a professional level takes place.
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According to the setup of the studies, the collected data of
the chosen imaging technique were converted, rendered and
colored into breathtaking pictures showing the regions of
interest (ROI). Electroencephalography (EEG) and
Magnetoencephalography (MEG) are the most commonly used non-
invasive 1imaging techniques to study regions which show
activity in grey matter during singing. The EEG reaches
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structures on the surface of the brain only and has a low
spatial resolution. However, it detects changes in electrical
activity in real time, nearly on a millisecond-level. The MEG,
with resolution similar to EEG, is used to measure the
magnetic fields produced by cerebral electrical activity.

Fig. 2b © Englander
Z.A., et al.
2013 DTI Stramline
faber tracking in
the whole brain.
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If the research is focused on the cortical thickness of the
grey matter or the size or tracts of white matter fibers,
imaging techniques with a higher spatial resolution are
necessary. Magnetic Resonance Imaging (MRI — Fig 2a) and the
functional MRI (fMRI) are frequently used to approach this.
They visualise the anatomical structures of the brain, even in
subcortical areas. The method detects the changes in blood
oxygenation and blood flow which occur in response to neural
activity. The Blood-Oxygen-Level Dependent (BOLD) is a
specific method of fMRI, which uses the different magnetic
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properties of deoxygenated and oxygenated haemoglobin to
measure voice activity in related brain areas.

Fig. 2c © Michael A.
Colicos, UCSD. 2018

Microscop image of neuron
in response to stimulation

Increased excitation activates olygodendrocytes to mould a
myelin sheath around the axon (nerve fiber). Thus the action
potential changes from continuous propagation along the axon,
to saltatory propagation from one non myelinated area (node of
Ranvier) to the next. This speeds up the transmission of
electrical impulses. One oligodendrocyte can myelinate up to
50 neurons in the process of learning or when restoring broken
connections. Oligodendrocytes can also demyelinate axons to
extinguish information and clear up connections. The Diffusion
Tensor Imaging (DTI — Fig 2b) detects fibers in magnificent
detail. Like MRI and fMRI, DTI is non invasive and uses the
unique directional movement of water molecules along the
neural tracts to identify the linkages and structures of white
matter fibers with low temporal resolution.

Further non invasive tools to collect promising data in vocal
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studies are Magnetic Resonance Spectroscopy (measuring
biochemical processes in a strong magnetic field) or 3D high
resolution microscope imaging techniques (Fig 2c). They allow
precise scanning a specimen in nanometer and subnanometer
range. Single Photon Emission Computed Tomography (SPECT) and
Positron Emission Tomography (PET) use short-lived radioactive
material. Despite their low resolution, both methods map
functional processes effectively by measuring blood flow.
Areas of high radioactivity are associated with high brain
activity in the subcortical regions.

Each imaging method has its advantages and disadvantages.
Summarizing the results of each different approach and the
ROI, increases our understanding of neuronal processing while
singing.

The main anatomical characteristic of the human brain consists
of the folded structure of the cortex composed of two
hemispheres connected by a corpus callosum. The different
imaging techniques verify lateralization. This means that the
two hemispheres have areas which are involved in processing
different tasks. Some are oriented more to the left or the
right, orthey may be equilibrated. The left hemisphere 1is
specialized in rapid, the right hemisphere in slow temporal
processing (Poeppel, 2003).

Song and speech areas are well-known examples of
lateralisation. They switch between left and right language
processing areas and also share them. Language production and
some aspects of syntactic processing are localized primarily
in areas of the left anterior hemisphere, including Broca’s
area (BA44/45). Language comprehension is confined primarily
to the left posterior temporal-parietal region, including
Wernicke’s area (BA22). The left planum temporale is up to ten
times larger in the human brain than its right homologue



(sensitive area for pitch perception as part of BA22). Broca’s
area shows larger volume in the right hemisphere. Also the
central sulcus, housing the primary motor cortex (M1- vocal
tract), is reported to be deeper and larger in the right
hemisphere. (Corballis, 2014; Toga et al., 2003; Albouy et
al., 2020).

Fig. 3a Auditory
Pathway
© Butler B., 2013

An unexpected finding in research is a thicker cortex or white
fiber bundle; however, this does not imply an overall
advantage per se when comparing non-musicians to musicians.
After long-term practicing the brain areas are used more
efficiently and the fine-tuning of the muscles in the vocal
processing 1is producing high sensory feedback. This can be
measured in some areas as a thicker physical stucture, but not
implicitly. A net of synapses with higher density per neuron
and increased glial cell density are assumed to be involved in
this more effective processing (Gaser, Schlaug, 2003).

At first sight music is connected with the sense of hearing.
The myelinisation of the axons in the auditory cortex already
begins in the mother’s womb during the last trimester of
pregnancy. The neuronal auditory network (Fig 3a) starts with
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a mechanical impulse that reaches the eardrum. The fluid in
the cochlea passes the impulse on to the outer and inner
haircells in the corti organ, the stereocillias. These change
their position and give an impulse to their root cells.

Chemical transmitters pour into the synaptic gap to open Ca*

channels. This brings about an electric impulse to the
auditory pathway: from the cochlear nuclei to the superior
olive, inferior colliculus, and medial geniculate nucleus
(thalamus) to the primary auditory cortex (Al) in the superior
temporal gyrus (STG). Here the impulse is passed on to
networks that analyse the information of the sound (Cheung et
al., 2017).

Heschl’'s gyrus (HG) corresponds to the auditory cortex (Fig
3b). It is closely involved in sound perception and 1its
morphology in shape, size, and asymmetry also influences
musical performance. A larger right HG indicates a preference
in spectral pitch processing, where sound is broken up into
its different components. Preference in fundamental pitch to
perceive sound as a whole gives rise to a larger left HG
(Brenner, Schneider et al., 2017). For instrumentalists, this
is well documented. Further investigation is needed to examine
the difference in spectral vs fundamental pitch processing in
HG with singers and how far this may influence the sound of a
choir.
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The brain structures of singers and instrumentalists are
significantly different. The singers‘ instrument, the voice,
is part of their bodies. It is steadily growing and aging and
is permanently used in speech and song. Singers rely not only
on auditory but also on sensorimotor feedback during the
process of vocal production. Based on increasing singing
expertise through lifetime learning, they show thicker grey
matter in the auditory (f.e. HG) motor areas (f.e.
supplementary motor area — SMA) or the cerebellum. Also, the
white matter in commissural fibers or association fibers is of
higher density, and the volume in the left hemisphere 1is
larger than in instrumentalists. (Loui, 2015; Schlaug et al.,
2011).

The cerebral cortex comprises the frontal, temporal, parietal,
and occipital lobes with its twenty-seven sulci and sixteen
gyri, cerebellum, and brain stem (Fig 4). The cerebral cortex
covers further internal structures: these include limbic
system, basal ganglia, and the white fibers. Commissural
fibers (corpus callosum, fornix) conduct the information
transfer and connection between the hemispheres. Association
fibers (arcuate fasciculus/ longitudinal fasciculus/ uncinate
fasciculus) connect brain regions along and deep within the
same hemisphere. Projection fibers are the connection to the
spinal cord. These structures respond to singing directly or
secondarily.
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Fig. 4 Human brain areas. © Ertl M. M., 2021

Fig. 5a © hardi@epfl.ch, Griffa
A.

Deliberate control over vocal motor production for speech and
singing activates a highly complex network which 1is
hierarchically organised and can be visualised as a map (Fig
5a). There are main hubs connecting nodes with different
levels of significance. So the neuronal network is growing
into a personal and absolutely individual brain map (Fig 5b).
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It is quite challenging to obtain a comprehensive picture of
this complex network, but it is breathtaking to detangle one
sector back-to-back (atlas.brainnetome.org/bnatlas.html).

Fig. 5b © Whole brain connectivity. Englander Z.
A., 2013

The central network in singing is the hierarchically organized
vocal control network. The anterior cingulate cortex (ACC — an
important hub in music processing), inferior parietal and
occipital 1lobe, part of the 1limbic system and the
periaqueductal grey (PAG) in the midbrain of the brainstem
(Fig 6) are the crucial areas. They pass the information on to
the phonatory motoneurons attributed with the readiness or
initiation of vocalization (Jurgens, 2009). These regions are
connected to the network which 1is generally attributed to
learning vocalization, consisting of M1 in the frontal lobe
and regions that fine-tune the vocal program from the motor
cortex: putamen and globus pallidus, pontine gray (pons), and
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cerebellum. The tuned program is sent back to M1 via the
thalamus. In addition to this, there are various neural
regions of the auditory pathway involved (as described
above) .During pitch comparison in single notes or melodies, a
recruitment of cortical areas within and outside the temporal
lobe in auditory and frontal lobe areas are engaged. The vocal
timbre is processed in the superior temporal sulcus (STS)
within the temporal lobe: the anterior STS (aSTS - voice
recognition), midanterior STS (spectralcharakteristic of
voice, comparison sound to noise), the posterior STS (pSTS —
identify unfamiliar voices). The somatosensory circuit with
intraparietal sulcus (IPS) and dorsal premotor cortex prepares
sensory input to motor preparation. The feedback to the sense
of movement and position (respiratory/ laryngeal) is processed
in the primary somatosensory cortex (S1) of the parietal lobe
and the insula. (Kleber, Zarate, 2014). ACC, pSTS, IPS, AIC
and cerebellum interact with the motorcortical control of
complex vocalization.
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The anterior insula cortex (AIC) and cerebellum are important
hubs for voice processing and are to be considered in more
detail. The AIC integrates inputs of the auditory,
somatosensory, visual, and motor regions. Its crucial role in
singing occurs in the larynx (left dorsalAIC) and the
diaphragm (bilateral dAIC) together with the thalamus
(bilateral postrerior/left dAIC) and the left putamen (left
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dAIC) (Zamorano et al., 2019). The cerebellum participates
especially in timing and fine regqulation of motor control
(larynx, facial muscles, balance, eye movement, coordination
precision). It is also found active in cognitive functions and
emotional control (serotonin and norepinephrin pathways).
Vocal-skill learning causes structural change to grey matter
density in primary and secondary somatosensory cortex and IPS
in relation to experience. This plays an essential role in
singing skill development.

In addition to grey matter activity, scientists discovered
that white matter fibers (Fig 7a) take an important role in
connecting the areas concerning the voice. The dorsal pathway
(Fig 7b) for sensimotor translation is described as flexible
and indirect. The premotor cortex (PMC), supplementary motor
area (SMA), and pre-SMA interconnect via u-fibers (pitch,
sequencing grammar) and the superior longitudinal fasciculus
(focus attention on visual space, role in the articulatory
components of language). The arcuate fasciculus connects
temporal and frontal brain regions, STG with PMC and IFG
(among others BA44/45 with BA22 — Fig 7c). They are involved
in auditory and vocal output, feedback from the larynx
(singing accuracy) and lungs in response to vocal training.
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The ventral pathway (Fig 7b) is involved in more automatic and
direct processing. The inferior longitudinal fasciculus with
the extreme capsule fiber system connects the middle temporal
gyrus with BA44/45/47 and IFG in lexical semantic information,
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pitch and melody analysis. The uncinate fasciculus links
orbifrontal cortex (OFC) to anterior temporal lobe for voice
processing, memory, emotion and decision making. The inferior
longitudinal fasciculus merges occipital lobe and temporal
lobe to identify visual objects (Bashwiner, 2018).

The Default Mode Network (DMN) and Imagery are two significant
networks correlated to singing. The DMN is active during
wakeful rest or mind-wandering. It is connected to musical
creativity as in improvising, making or writing music. Imagery
interacts with the DMN, too. It is an amazing skill, to
reflect music only mentally, wholly focused on the related
tasks. It combines i.a. auditory processing (f.e. bilateral
BA22), sensorimotor <coordination, memory retrieval
(cerebellum), cognitive control (PFC), visual areas, and
emotion (limbic system). As in vocal production, imagery is an
interaction between cortical areas and multiple networks,
including auditory, attention, and motor-control networks.
(Fig 8. — Zhang et al., 2017). The DMN links the dorsomedial
PFC, lateral temporal cortex and temporal pole (BA38),
posterior CC, precuneus and angular gyrus as well as the
inferior parietal lobe. Together with hubs of motor activity
and sound processing (like dorsal PMC, SMA and BA22) and
emotion-related areas (OFC, BA38 and amygdala), the DMN forms
a highly creative workstream.
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Beneath the anatomical network structures, neurochemical
processes interrelate with vocal processing. The brainstem,
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basal ganglia and limbic system produce neurotransmitters and
hormones, which communicate with neurons in the target brain
areas (striatum, nucleus accumbens, ACC, PFC). They inhibit or
exhibit activity via excitatory glutamatergic pathways,
inhibitory GABAergic pathways, and dopaminergic pathways. The
cerebellum and amygdala are important parts of serotonin and
norepinephrine pathways to stress response as reward.

Dopamine and opoids (ventral tegmental area, substantia nigra)
play a crucial role 1in reward-related behaviors 1like
motivation, pleasure, attentional control, and they also
reinforce learning. Cortisol (pituitary gland) and serotonin
(raphe nuclei) are shown to control stress and arousal. They
initiate or subdue stressors to reconcile cognitive function,
emotion, and unwitting body functions. Serotonin boosts the
immune system, relaxes, has an antidepressive effect, and
promotes motivation. Oxytocin (pituitary gland) and endogenous
opoids such as dopamine and vasopressin regulate immunitiy,
pleasure sensations, and social affiliation, so singing in a
choir presumably mediates social effects. The exact role of
oxytocin in singing is not yet understood in detail. (Chanda,
Levitin, 2013).

The singing brain — based on © Cole M./Wustl.
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To complete the picture, the research field of our genes has
to be mentioned briefly. Scientists found promising data in
linkage between musical aptitude and chromosomes (Tan et al.
2014; Oikkonen et al. 2015). Genes 1in chromosomes are
responsible for producing proteins or receptors which coalesce
to neurotransmitters. Through these, the linkage to the brain
areas was detected. Here are some findings: gene GATA2 in
chromosome 3qg.21.3 regulates the development of cochlea hair
cells and inferior colliculus in the auditory pathway.
Multiple genes in chromosome 4 point out involvement in song
learning, memory, and musical perception and are associated
with singing accuracy. Genes in chromosome 8 are connected
with T1learning and memory, absolute pitch and musical
perception. Gene SLC6A4 in chromosome 17qll.2 is associated
with reward seeking, musical memory, and group activity like
choral singing or dancing. It is stunning to monitor gene
positions in chromosomes in the human dat base gene cards
(f.e. genecards.org) with regard to their contribution to
singing.

More regions in the whole brain are involved and activated
bilaterally especially by singing than was previously
believed. Multiple neuronal networks in grey and white matter
intertwine with chemical pathways and genetic predisposition.
Like cog-wheels in a huge clockwork machinery they create a
neuronal symphony. Neuroscience shows the beauty of the human
brain and its amazing capabilities. The results of this
exciting research field could help to treat impairment of the
vocal tract. Promising studies explore the recovery of the
voice through artificial, 3D-printed vocal tracts, using
individual image data. This is an encouraging begining for
further investigation (Howard, 2020).

However, there is still a great deal to discover about the
process of singing. Because the more answers we find, the more
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questions arise, and at the same time our fascination with the
human brain and the magic of music grows.
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[1] The communication between neurons at the synapses 1is
referred to as synaptic plasticity. Two types can be
discerned: ”"functional plasticity” to strenghen or weeken
existing synaptic connections through long-term potentiation
(LTP) or 1long-term depression (LTD) and "structural
plasticity”: a change of existing synapses in morphology and
organization, also the formation or elimination of synapses.
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