
University of Southern Denmark
September 5, 2013

MUSIC IN THE BRAIN AND BODY
An introduction

Erik Christensen
Aalborg University

erc@timespace.dk   http://www.mt-phd.aau.dk/phd-theses/

http://aalborg.academia.edu/ErikChristensen                               

1

1

mailto:erc@timespace.dk
mailto:erc@timespace.dk
http://www.mt-phd.aau.dk/phd-theses/
http://www.mt-phd.aau.dk/phd-theses/
http://aalborg.academia.edu/ErikChristensen
http://aalborg.academia.edu/ErikChristensen


Recent neuroscience of music (2009-2013)
provides 

studies of brain and body responses 
to REAL MUSIC  

Previously, neuroscience focused mainly on 
simple stimuli                             
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Grewe et al. 2009; Salimpoor et al. 2009, 2011;  Alluri et al.  2012, 2013
Overview in Christensen 2012: 64-104 
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Overview

1. Music activates the whole brain
2. Three levels in the brain
3. The pleasure connection: Neuromodulators
4. Timing in the brain: The Basal Ganglia
5. Timing in the brain: The Cerebellum
6. Timing in the brain: Electric and magnetic responses
7. Music and the Cortex
8. Music, Brain, and Health
9. The Beatles and Vivaldi in the Brain
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1.  MUSIC  ACTIVATES 
THE  WHOLE  BRAIN
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1.1.  MUSIC INVOLVES

listening, watching, feeling, moving, coordinating,
remembering, expecting

multisensory integration
attention

motor preparation and coordination
emotional response

bodily reactions: 
heart rate, respiration, perspiration

                                         Altenmüller & Schlaug 2012:12
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1.2.  The average brain
contains 85.000.000.000 neurons
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1.3.  Activation of the whole brain
Music - Astor Piazzolla:  Adios Nonino

Vinoo Alluri, Petri Toiviainen et al. (2012) Large-scale brain networks emerge from 
dynamic processing of musical timbre, key and rhythm.              
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1.4.  Alluri et al. (2012): PROCEDURE:

1. Extraction of principal acoustic musical components by 
means of computer analysis (Music Information Retrieval)

2.  A listening test results in the selection of six acoustic 
musical components: Fullness, Brightness, 
Timbral complexity, Key clarity, Pulse clarity,  Activity

3. Recording of whole-brain activity of 11 persons while 
listening to Piazolla:  Adios Nonino, 8 minutes. 

4. Comparison of acoustic musical components and brain 
activity: Calculation of correlations                                 
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1.5.  Alluri et al. (2012): RESULTS                                    

1. Processing of Timbre 
involves cognitive areas of the cerebellum
and areas related to the “default mode network”,
which constantly monitors the sensory environment

2. Processing of Pulse 
recruits limbic and reward areas

3. Processing of Tonality 
involves cognitive and emotion-related brain areas

                                                                          (Christensen 2012:133)
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2. THREE LEVELS 
IN THE BRAIN

WHAT GOES ON IN YOUR MIND? 
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Brain 

Somatosensory

Visual

Auditory
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2.1. Brain FRONT-BACK:

Motor

 ACTION and PERCEPTION 
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2.2. Brain UP-DOWN:  Three levels
Brain stem - Thalamus - Cortex
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2.3. 
The BRAIN STEM

processes information needed to
represent the body and control its life

The THALAMUS
disseminates signals from the BRAIN STEM
to a widespread territory of the CORTEX
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2.4.  The Brain stem and Thalamus
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2.5.  Six stations in the auditory pathway:
Brain stem (1 2 3 4) Thalamus (5) Cortex (6)

6. Cortex

5.  Medial Geniculate Nucleus
Part of Thalamus

4. Inferior Colliculus

3. Nucleus of Lateral Lemniscus

2. Superior Olivary Nucleus

1. Cochlear Nucleus
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Kraus et al. (2009)

http://www.soc.northwestern.edu/brainvolts                                

2.6. Brain stem functions:
Pitch, timbre, and timing

have distinct representations in the brain stem

Music - Arvo Pärt:  Spiegel im Spiegel
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 2.7. SENSORY INTEGRATION:  The Superior colliculus 

The Superior colliculus contains
superimposed maps of

VISUAL,  AUDITORY and 
SOMATIC information

The Inferior colliculus
conducts all auditory signals

toward the cortex

17

Stein et al. 1995:683-702; Damasio 2010:207-209
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Cerebellum Basal ganglia Hippocampus

2.8. Brain UP-DOWN: Cortical appendages

subserve the cortex in specific functions. They are connected 
with the cortex by up-down loops (Edelman & Tononi 2000:45-46)
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3.  THE PLEASURE CONNECTION
Neuromodulators sprinkle the brain

                                  Blood & Zatorre 2001; Menon & Levitin 2005; 
                                Grewe et al. 2009;  Salimpoor et al. 2009, 2011; 
              Kringelbach & Berridge (Eds.) 2010; Chanda & Levitin 2013 
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3.1. The Brainstem produces NEUROMODULATORS
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3.2. The Pleasure Connection:

DOPAMINE is released  during 
anticipation and experience 
of peak emotion to music

Valorie Salimpoor, Robert Zatorre et al. (2011)
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3.3. Salimpoor et al. (2011)

The neuroscientific approach:
Objective physiological  measurements

correspond with 
subjective musical experience

Music can induce experiences 
that can be measured in the body

PROCEDURE:  Methods (1-2-3)                                    

22



23

3. 4. Method (1): Body measurements of chill responses
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3.5.  Method (2): PET scannning
Positron emission tomography: 

Brain imaging during music listening

PET creates images by measuring regional cerebral blood flow (rCBF),
which correlates with activity of nerve cells  (Koelsch 2012:79-80).

PET scanning uses a radioactive tracer, injected in the blood.
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3.6. Method (3): fMRI scanning
functional magnetic resonance imaging:

Brain imaging during music listening

fMRI measures blood-oxygen-level dependent (BOLD) contrast, which provides 
an indirect measure of preceding neural activity in the brain  (Koelsch 2012:78).

fMRI uses the change in magnetization between oxygen-rich and oxygen-poor blood.
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3.7. Music that produces “chills” or “shivers down the spine” 
The test persons’ self – selected musical excerpts that produce chills (1)

Canon in D                 Pachelbel   Classical
Clair de Lune                Debussy! !      Classical
Adagio for Strings       Barber! !      Classical
Requiem–Lacrimosa      Mozart! !      Classical
Second Symphony       Beethoven! ! Classical
New World Symphony      Dvorak! !      Classical
Moonlight Sonata       Beethoven! ! Classical
Swan Lake                 Tchaikovsky!! Classical
Romeo and Juliet       Prokofiev!!      Classical
Piano Concerto no. 2      Shostakovich! Classical
Fifth Symphony            Shostakovich! Classical
Symphonie Fantastique     Berlioz        Classical
Pines of Rome            Respighi           Classical
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3.8. Music that produces “chills” or “shivers down the spine”
The test persons’ self – selected musical excerpts that produce chills (2)

Second Symphony                      Mahler                 Classical
Rhapsody on a Theme of Paganini  Rachmaninoff!          Classical
Morceaux de Fantasies             Rachmaninoff           Classical
Elegy                                      Elgar                 Classical

Claressence                            Holland                  Jazz
Shine on You Crazy Diamond       Pink Floyd! !           Rock
Nyana! ! !                                   Tiesto! !                House
Hardstyle Disco! !                         Biomehanika! !      Trance
Horns of a Rabbit                      Do Make Say Think  Post-Rock
Lincolnshire Posy!!                         Grainger!!                Folk
Jamedaran!! !                              Alizadeh!!                International
Vicious Delicious! !                         Infected Mushroom!  Psychedelic Trance

Music - Mozart: Requiem - Lacrimosa
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Thalamus

Brainstem

Basal Ganglia

3.9.  “Chills” involve a center of the reward system:

28



29

3.10. The reward system is activated by dopamine

Caudate
nucleus

& Putamen

Nucleus
accumbens
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Caudate nucleus:
Dopamine release 
during anticipation of 
peak emotion

Nucleus accumbens:
Dopamine release 
during peak emotion

3.11.  Salimpoor et al. (2011) RESULTS:
Dopamine release during anticipation and experience 
of peak emotion to music

Music - Mozart: Requiem - Lacrimosa
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compared to other mammals indicates that significant parts of their
large brains are dedicated to the required motivational, emotional
and cognitive processing. In humans, it has been proposed that some
of these cortical networks that evolved for the more advanced aspects
of eating-related behavior have been recycled and have come to
underlie other higher cognitive functions [40].

Understanding the functional neuroanatomy underlying food
intake has to take into account the cyclical time course of eating with
distinct phases related to expectation, consummation and satiety. These
phasesmust in turn be related to the recent progress in hedonia research
(from the ancient Greek word hedone, from the sweet taste of honey,
hedus) demonstrating that pleasure consists of multiple brain networks
and processes relating to wanting, liking and learning [9,25,59,60] (see
Fig. 1).

Here, we discuss the evidence linking brain networks to initiating,
sustaining and terminating the various wanting, liking and learning
phases of the food pleasure cycle (see Fig. 2). This allows an individual
to obtain stable sensory information, evaluate desirability and select
the appropriate behavior. Some but not all of human eating behavior
is guided by basic homeostatic regulation. Other influences in eating
behavior include cognition, emotion and reward [12] and may lead
to eating beyond, or below homeostasis, e.g. obesity or anorexia
respectively. Animal models have elucidated in great detail how
mammals including humans share many sub-cortical circuits and
molecules [12,67,80].

Human eating is not, however, governed solely by homeostatic
processes, as illustrated by the current worldwide obesity pandemic,
which has become a major health problem [39]. Instead, pleasure and
reward mechanisms play a central role in the control of human food
intake [40]. In addition, food intake ismodulated by other factors such as
genetics [54], circadian rhythms [58], reproductive status [24] and social
factors. Evidence for the complexity of eating behavior can be found in
the influence of all five primary sensory systems as well as the visceral
sensory system and gut–brain interactions [1,4,16,26,50,63,72,82].

This article reviews the evidence linking activity in human brain
networks to the various parts of the food pleasure cycle. We develop a
multilevel model of the control of human food intake which describes
our current understanding of the interactions between the many
different levels of systems involved. We concentrate on describing how
theunderlying rewardmechanisms ofwanting, liking and learninghave
given rise to a number of fundamental processing principles controlling
human food intake. We compare the brain networks involved in food
intake with those of other rewards.

2. Food intake cycles

The main challenge for the brain is to successfully balance resource
allocation for survival and procreation [49]. The control of energy
intake in humans is complex and much remains to be discovered
[40,84]. In order to achieve this balance, different rewards compete for
resources and therefore typically follow a cyclical time course (see
Fig. 2), where e.g. behaviors related to survival and procreation rarely
occur simultaneously.

Here, we have expanded the basic cyclical model into a more
elaborate multilevel model, which summarizes our current under-
standing of the episodic and tonic changes over time related to food
intake (see Fig. 3). This model involves the cyclical changes in hunger
levels related to the initiation and termination of meals, and the way
they interact with signals from the brain, gut–brain, oral cavity,
stomach and intestines, liver and metabolites and body mass.

Satiation and satiety are key factors in this model which help
control energy intake [13]. Satiation is the process that terminates
eating [22], while satiety is the feeling of fullness that persists after
eating to suppress further eating. As such satiation and satiety are
controlled by a cascade of sensory, cognitive, post-ingestive and post-
absorptive signals that begin with the consumption of a food and
continue as the food is digested and absorbed. All of this complex

Fig. 1. Pleasure networks in the mammalian brain. The figure shows pleasure regions in the adult rat (upper) and human (lower) brains. The hedonic circuitries have been revealed
using behavioral and subjective measures of pleasure to food stimuli [9]. The pleasure networks (in the middle panel) include the orbitofrontal cortex (gray), the cingulate cortex
(light blue), ventral tegmental area in the brainstem (light red), hypothalamus (yellow), periventricular gray/periacqueductal gray (PVG/PAG, green), nucleus accumbens (light
green), ventral pallidum (light purple), amygdala (light red) and the insular cortices (not shown). The right-most panel shows the dopaminergic system in the human brain.

308 M.L. Kringelbach et al. / Physiology & Behavior 106 (2012) 307–316

3.12. Pleasure networks in the brains of rats and humans

Kringelbach et al. 2012:308
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3.13. Music listening can evoke pleasure

However, this is not the whole story
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3.14.  Arousal evoked by music means 
more than pleasure

The neuroscience of arousal investigates 
change, uncertainty, unpredictability, and surprise
                                                  (Donald Pfaff 2006:144) 

These are characteristic features of music, together 
with the opposites;
stability, security, predictability, and fulfilled expectation.
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3.15 Music communicates more than pleasure

the drama and grief in Bach’s St. Matthew Passion 
chaos and light in Haydn’s Creation

fear in the Dies Irae of Verdi’s Requiem 
harsh dissonances in Bartok’s Concerto for Orchestra 

noisy percussion and wind instruments in Varèse’s Hyperprism
vehemence in Debussy’s Prelude on the Western Wind 

the suffering of Jesus in Messiaen’s La Nativité du Seigneur 
chaotic and threatening sounds in Xenakis’ Metastasis

the surrealistic variety of emotions in Ligeti’s Aventures 
the sharp, penetrating sounds of Japanese Gagaku

the simultaneity of noise and tone in African instruments
the rough interferent sound of heavy rock

chaos, surprise, pleasure and noise in Zorn’s Forbidden Fruit 
                                                               (Christensen 2000:32-33)

             Music - John Zorn:  Forbidden Fruit           
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4.  TIMING IN THE BRAIN:
The basal ganglia        

Grahn et al. 2007, 2009
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4.1 Timing in the basal ganglia: 
ENTRAINMENT - embodied listening

Music - Bamboo Gamelan
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Music - Jelly Roll Morton: Black Bottom Stomp 

4.2. Timing in the basal ganglia: 
BEAT PERCEPTION and BEAT GENERATION

- embodied listening 
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5.  TIMING IN THE BRAIN:
The cerebellum                                    

Janata & Grafton 2003; Levitin 2006; 
Schmahmann 2010
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5. 1 Musical movement:  The Cerebellum plays 
an important role in movement-related functions

Music - Lutoslawski: Livre pour orchestre
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5.2. Musical movement  

The Cerebellum

Music - Gloria in excelsis Deo
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5.3. The cerebellum contains more neurons than the rest of the brain

Jeremy Schmahmann 2010:246
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5.4. Direct connection 
from the ear to the cerebellum 

   

 

The cochlear nucleus, which is 
the first relay nucleus
along the auditory pathway, 
sends nerve fibers
directly to the cerebellumTekst

Cerebellum
Huang et al. 1982;

Petacchi 2005;
Sens & Almeida 2007
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5.5. TIMING IN THE BRAIN: 
Music Groove 

Probable involvement of Cerebellum  AND basal ganglia

Music - Stevie Wonder: Superstition

Levitin 2006:169-192;  Witek 2009
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6.  TIMING IN THE BRAIN:

Pre-conscious and conscious responses 
in the brainstem, thalamus and cortex 

measured in milliseconds 
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6.1. Method (4) EEG:  Electroencephalography

EEG records changes in electric potential originating from brain 
activity using electrodes situated on the scalp  (Koelsch 2012:31-42)

45



                                    

46

                                                                                                                                                
                                    

6.2. Method (5) MEG: Magnetoencephalography  

MEG records changes in magnetic fields produced by electrical currents occurring in 
the brain, using very sensitive helium-cooled magnetometers (Koelsch 2012:48-49)
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 information than the right AC, and that the right AC has a higher 
spectral resolution than the left AC (Zatorre et al., 2002; Hyde et al., 
2008; Perani et al., 2010).

Finally, the AC also prepares acoustic information for further 
conceptual and conscious processing. For example, with regard 
to the meaning of sounds, just a short single tone can sound, for 
example, “bright,” “rough,” or “dull.” That is, single tones are already 
capable of conveying meaning information (this is indicated by the 
line connecting the module “Feature Extraction II” and “Meaning” 
in Figure 1; processing of musical meaning will be dealt with fur-
ther below).

Operations within the (primary and adjacent) AC related 
to auditory feature analysis are reflected in electrophysiologi-
cal recordings in ERP components that have latencies of about 
10–100 ms, particularly middle-latency responses, including the 
P1, and the later “exogenous” N1 component (for effects of musi-
cal training on feature extraction as reflected in the N1 see, e.g., 
Pantev et al., 2001).

3 ECHOIC MEMORY AND GESTALT FORMATION
While auditory features are extracted, the acoustic information 
enters the auditory sensory memory (or “echoic memory”), and 
representations of auditory Gestalten (Griffiths and Warren, 2004; 
or “auditory objects”) are formed (Figure 1). Operations of the audi-
tory sensory memory are at least partly reflected electrically in the 
mismatch negativity (MMN, e.g., Näätänen et al., 2001). The MMN 
has a peak latency of about 100–200 ms9, and most  presumably 

Wang, 2005). Moreover, magnetoencephalographic data indi-
cate that response properties in the PAC depend on whether 
or not a missing fundamental of a complex tone is perceived 
(Patel and Balaban, 2001; data were obtained from humans). 
Note, however, that combination tones emerge already in the 
cochlea, and that the periodicity of complex tones is coded in 
the spike pattern of auditory brainstem neurons; therefore, dif-
ferent mechanisms contribute to the perception of residue pitch 
on at least three different levels (basilar membrane, brainstem, 
and AC)8. However, the studies by Zatorre (1988) and Whitfield 
(1980) suggest that, compared to the brainstem or the basi-
lar membrane, the AC plays the a more prominent role for the 
transformation of acoustic features into auditory percepts (such 
as the transformation of information about the frequencies of 
a complex sound, as well as about the periodicity of a sound, 
into a pitch percept).

Warren et al. (2003) report that changes in pitch chroma involve 
auditory regions anterior of the PAC (covering parts of the planum 
polare) more strongly than changes in pitch height. Conversely, 
changes in pitch height appear to involve auditory regions posterior 
of the PAC (covering parts of the planum temporale) more strongly 
than changes in pitch chroma (Warren et al., 2003). Moreover, 
with regard to functional differences between the left and the right 
PAC, as well as neighboring auditory association cortex, several 
studies suggest that the left AC has a higher resolution of temporal 

FIGURE 1 | Neurocognitive model of music perception. ABR, auditory brainstem response; BA, Brodmann area; ERAN, early right anterior negativity; FFR, 
frequency-following response; LPC, late positive component; MLC, mid-latency component; MMN, mismatch negativity; RATN, right anterior-temporal negativity; 
RCZ, rostral cingulate zone; SMA, supplementary motor area. Italic font indicates peak latencies of scalp-recorded evoked potentials.

8Note that responses in the PAC related to the perception of missing fundamen-
tal frequencies in the studies by Bendor and Wang (2005) and Patel and Balaban 
(2001) are presumably in part due to the periodicity information about the missing 
fundamental frequency coded in the spike pattern of collicular neurons.

9For a study differentiating peak latencies of the sensorial and the cognitive part of 
the MMN see Maess et al. (2007).

Koelsch Toward a neural basis of music perception

www.frontiersin.org June 2011 | Volume 2 | Article 110 | 3
6.3. Stefan Koelsch (2011) An updated model of music perception

based on EEG and MEG timing in milliseconds 
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 7.  MUSIC and the CORTEX  
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7.1. Connections between 
the auditory and motor functions 

in the cortex
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Motor cortex Premotor cortex 
(dorsal)

Premotor cortex 
(ventral)

Superior temporal
gyrus/auditory 
cortex

Frontal cortex

Ear

Sound

Pitch
A percept according to which 
periodic sounds may be 
ordered from low to high. 
Musical pitch has complex 
properties related to scales, 
and is often represented as a 
helix. Perceived pitch most 
often corresponds to the 
fundamental frequency, even 
in its absence, owing to the 
presence of harmonics that 
are directly related to the 
fundamental frequency.

Kinematics
Parameters of movement 
through space without 
reference to forces (for 
example, direction, velocity 
and acceleration).

movement timing to several cortical and sub-cortical 
regions, including the cerebellum, basal ganglia and 
supplementary motor area (SMA). It has been proposed 
that the basal ganglia and possibly the SMA may be 
more important for interval timing at longer timescales 
(1 second and above), whereas the cerebellum may be 
more important for controlling motor timing at shorter 
timescales (millisecond)1,7.

Studies have shown that patients with cerebellar 
lesions have an impaired ability to complete  perceptual 
and motor timing tasks8, and neuroimaging studies 
have shown cerebellar activity in relation to movement 
timing9,10. Although some studies have failed to sup-
port a direct contribution of the cerebellum to timing11, 
current theories of cerebellar function suggest it may 
have a role in feedforward control or error correction 
— both of these functions would be relevant for timing. 
Several researchers have proposed that the cerebellum 
computes predictive models of movement that would 
include movement timing12,13, whereas others suggest 
that it is most important for online error correction 

based on feedback, which would also contribute to opti-
mization of timing14. The cerebellum may contribute to 
the precise control of movement trajectories, which are 
related to accurate timing,15,16, and it has been shown to 
have a role in the acquisition and integration of sensory 
information17. When subjects perform purely auditory 
perceptual tasks,  neuroimaging studies consistently 
show cerebellar activity18.

Studies have suggested that the basal ganglia are also 
directly involved in movement timing. Patients with 
Parkinson’s disease, who have damage in the basal ganglia 
system, show impaired movement timing19. Furthermore, 
neuroimaging studies have shown that the basal ganglia 
are active in tasks that require timed finger tapping20,21. 
It has also been suggested that the basal ganglia may be 
involved in controlling specific motor parameters, such 
as force, which contribute to accurate timing22.

Many of these studies have examined very simple 
rhythms, usually requiring participants to tap a single 
finger to a constant beat. Although such tasks reveal 
important basic properties of perceptual and motor 
timing, it is not clear whether neural models based on 
these simple tasks are adequate for complex tasks like 
musical performance. Several recent experiments have 
examined perception and reproduction of more com-
plex musical rhythms. These studies have shown greater 
involvement of the dorsal premotor cortex (dPMC), 
lateral cerebellar hemispheres and the prefrontal cor-
tex23,24,25. It is not known whether these changes in brain 
activity are directly related to the temporal complexity 
of the rhythms or to other parameters such as sequence 
complexity, or the degree to which rhythmic structure 
allows subjects to predict and organize their motor per-
formance. These results indicate that motor timing is 
not controlled by a single brain region, but by a network 
of regions that control specific parameters of movement 
and that depend on the relevant timescale of the rhyth-
mic sequence. High-level control of sequence execution 
appears to involve the basal ganglia, PMC and SMA, 
whereas fine-grain correction of individual movements 
may be controlled by the cerebellum.

Sequencing. Motor sequencing has been explored in 
terms of either the ordering of individual movements, 
such as finger sequences for key presses, or the coor-
dination of subcomponents of complex multi-joint 
movements. Several cortical and sub-cortical regions, 
including the basal ganglia, the SMA and the pre-
SMA, the cerebellum, and the premotor and prefrontal 
cortices, have been implicated in the production and 
learning of motor sequences, but their specific contribu-
tions and the way they work together are not yet clear. 
Neurophysiological studies in animals have demonstrated 
an interaction between the frontal cortex and basal 
ganglia during the learning of movement sequences26. 
Human neuroimaging studies have also emphasized 
the contribution of the basal ganglia for well-learned 
sequences27. It has been argued that the cerebellum is 
important for sequence learning and for the integration 
of individual movements into unified sequences27,28–31, 
whereas the pre-SMA and SMA have been shown to 

Figure 1 | Auditory–motor interactions during musical performance. This 
figure illustrates the feedback and feedforward interactions that occur during music 
performance. As a musician plays an instrument, motor systems control the fine 
movements needed to produce sound. The sound is processed by auditory circuitry, 
which in turn is used to adjust motor output to achieve the desired effect. Output signals 
from premotor cortices are also thought to influence responses within the auditory 
cortex, even in the absence of sound, or prior to sound; conversely, motor representations 
are thought to be active even in the absence of movement on hearing sound. There is 
therefore a tight linkage between sensory and production mechanisms.

R E V I E W S

548 | JULY 2007 | VOLUME 8  www.nature.com/reviews/neuro

7.2. Music performance activates the auditory and motor cortices

Zatorre et al. 2007
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Even in studies where subjects 
only listen to rhythms, the 
basal ganglia, cerebellum, 
dorsal premotor cortex and 
supplementary motor area are 
often implicated

             Zatorre et al. 2007:550                  

7.3 Music listening activates 
motor areas in the brain                           
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7.4. Melody and timbre:

Distinct pathways for
 

Sound MOVEMENT and Sound IDENTIFICATION
                                    

52



                                    

53

                                                                                                            

7.5.  The upper (dorsal) pathway 
deals with MOVEMENT of sounds 

 17: THE AUDITORY SYSTEM   249

Even though the central auditory pathways are pre-
dominantly crossed, there is a significant uncrossed 
component. Therefore, unilateral damage to the path-
ways does not produce a clear-cut hearing deficit. The 
ability to localize from where a sound comes may be 
reduced, however.

The Auditory Pathways Consist of Functionally 
Different Components

Efferent fibers from the cochlear nuclei take different 
routes (Fig. 17.10A). Fibers from the dorsal cochlear 
nucleus pass in the acoustic stria dorsal to the inferior 
cerebellar peduncle and then cross through the reticular 
formation and join the lateral lemniscus (Figs. 17.9 and 
17.10). Most fibers from the ventral cochlear nucleus 
pass ventrally and cross to the other side in the trape-
zoid body in the lowermost part of the pons (Fig. 17 
10A). Some of these fibers end in the superior olivary 
complex of both sides, whereas others continue ros-
trally in the lateral lemniscus to the inferior colliculus. 
The functional significance of these parallel paths out of 
the cochlear nuclei is not fully understood, but animal 
experiments (especially in the cat) show that single cells 
in the dorsal and ventral nuclei have different proper-
ties. Schematically, many cells in the ventral nucleus 
respond to sound stimuli much like the primary afferent 
fibers of the cochlear nerve, whereas cells in the dorsal 
nucleus have more complex response properties. For 
example, cells in the dorsal nucleus are often excited by 
sound with one particular frequency and inhibited by 
another frequency. It has been suggested that the dorsal 
nucleus forwards signals that are important for direct-
ing attention toward a sound, whereas information 
from the ventral nucleus is important for, among other 
things, localizing a sound. 

 Experimentally, two components of the ascending 
auditory pathways have been identified. One is called 
the core projection and is a pathway for auditory signals 
only. It is precisely tonotopically localized at all levels 
and terminates in the primary auditory cortex, AI. The 
core projection is synaptically interrupted in the central 
parts of the inferior colliculus and specific parts of the 
medial geniculate body. The other component is called 
the belt projection. It is synaptically interrupted in the 
peripheral parts of the inferior colliculus and terminates 
in the cortex surrounding the AI. The cells of this path-
way are influenced by visual and somatosensory stimuli 
in addition to auditory ones. The belt projection is 
thought to be important for integrating of auditory 
information with other kinds of sensory information. 
 Generalizations to conditions in humans on the basis 
of studies done in other species must be made with par-
ticular caution, however. Thus, species differences appear 
to be greater for the auditory system than for other 
sensory systems. This may presumably be related to the 
great differences that exist among species with regard 
to how sound is used as a source of information. For 
example, certain nuclei that are large in the cat are very 
small in humans, and vice versa. 

Sound Localization

It is not enough that the CNS analyzes the sound fre-
quencies and on this basis interprets the meaning of the 
sound (e.g., who or what produced the sound). Locating 
the source of a sound is another important but difficult 
task of the auditory system. To be able to judge the 
distance and direction to a sound source (potential prey 
or a danger) is obviously of vital importance to most 
animal species. The precision of our ability to localize 
sound is formidable: humans can distinguish sounds 
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fi gure 17.11 The human auditory cortex. The 
fi gure shows in a simplifi ed form the concentric 
arrangement of the auditory areas, and how the 
connections spread out from AI, fi nally reach-
ing the prefrontal cortex (there are reciprocal 
connections at all levels, although not shown 
here). Dorsal and ventral pathways from audi-
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of sound localization and movements. The inset 
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lobe, and the distribution of the auditory areas. The lower (ventral) pathway 
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7.6. Musical memory
“The tune that runs through your head”

                                    

 Edelman & Tononi 2000: 97-99; Damasio 2010: 130-153
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7.7. “The tune that runs through your head”’

Probable interactions between the frontal cortex and the auditory cortex 
(Zatorre & Halpern 2005)
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Even though the central auditory pathways are pre-
dominantly crossed, there is a significant uncrossed 
component. Therefore, unilateral damage to the path-
ways does not produce a clear-cut hearing deficit. The 
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example, cells in the dorsal nucleus are often excited by 
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another frequency. It has been suggested that the dorsal 
nucleus forwards signals that are important for direct-
ing attention toward a sound, whereas information 
from the ventral nucleus is important for, among other 
things, localizing a sound. 

 Experimentally, two components of the ascending 
auditory pathways have been identified. One is called 
the core projection and is a pathway for auditory signals 
only. It is precisely tonotopically localized at all levels 
and terminates in the primary auditory cortex, AI. The 
core projection is synaptically interrupted in the central 
parts of the inferior colliculus and specific parts of the 
medial geniculate body. The other component is called 
the belt projection. It is synaptically interrupted in the 
peripheral parts of the inferior colliculus and terminates 
in the cortex surrounding the AI. The cells of this path-
way are influenced by visual and somatosensory stimuli 
in addition to auditory ones. The belt projection is 
thought to be important for integrating of auditory 
information with other kinds of sensory information. 
 Generalizations to conditions in humans on the basis 
of studies done in other species must be made with par-
ticular caution, however. Thus, species differences appear 
to be greater for the auditory system than for other 
sensory systems. This may presumably be related to the 
great differences that exist among species with regard 
to how sound is used as a source of information. For 
example, certain nuclei that are large in the cat are very 
small in humans, and vice versa. 

Sound Localization

It is not enough that the CNS analyzes the sound fre-
quencies and on this basis interprets the meaning of the 
sound (e.g., who or what produced the sound). Locating 
the source of a sound is another important but difficult 
task of the auditory system. To be able to judge the 
distance and direction to a sound source (potential prey 
or a danger) is obviously of vital importance to most 
animal species. The precision of our ability to localize 
sound is formidable: humans can distinguish sounds 
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8.  MUSIC, BRAIN, and HEALTH
Examples

                                    

Koelsch 2009;  MacDonald, Kreutz & Mitchell (Eds. ) 2012
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8.1. Music therapy treatment for 
Parkinson’s Disease

Thaut 2010;  Thaut & Abiru 2010
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8.2. Receptive Music Therapy: Music Listening 
Guided Imagery and Music (GIM) 

treatment for chronic stress

Bolette Daniels Beck (2012): Guided Imagery and Music (GIM) 
with adults on sick leave suffering from work-related stress – 

a mixed methods experimental study

http://www.mt-phd.aau.dk/phd-theses/
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Särkämö et al. (2008) 

Søren Hald (2012) Music Therapy,  Acquired Brain Injury and 
Interpersonal Communication Competencies. Randomized 

cross-over study on music therapy in neurological rehabilitation

http://www.mt-phd.aau.dk/phd-theses/  

8.3. Music Listening 
for Stroke Rehabilitation 
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Music improves health and well-being through 
the engagement of neurochemical systems for 

(i) reward, motivation, and pleasure; 
(ii) stress and arousal; 

(iii) immunity; and 
(iv) social affiliation.                                     

8.4. The Neurochemistry of Music 

Chanda & Levitin 2013
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9. Music with and without lyrics
The Beatles and  Vivaldi in the Brain                                    

Vinoo Alluri, Petri Toiviainen, Peter Vuust, et al. 2013

Music - The Beatles:  Abbey Road
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9.1. Music - Vivaldi:

The Four Seasons - Spring                                    
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9.2.  Alluri et al. (2013): PROCEDURE
      - similar to Alluri et al. (2012)

1. Extraction of principal acoustic musical components by means of 
computer analysis (Music Information Retrieval)

2. Recording of whole-brain activity of 11 persons while listening to 
the B-side of Abbey Road, 
and 12 persons listening to a medley of instrumental music:  
Booker T and the MGs: Green Onions.       Vivaldi: Spring.
Miles Davis: Straight, no chaser.                  The Shadows:  Apache.

3. Comparison of acoustic musical components and brain activity: 
Calculation of correlations                                 
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capable of predicting activations in the bilateral precentral gyrus and
the cerebellum.

Activations in several other right hemispheric structures could
be predicted for the Abbey Road dataset including the supplemen-
tary motor area, and parts of the cerebellum extending towards
the inferior temporal gyrus and fusiform gyrus. In contrast, theMedley
model could predict activations in several occipital areas including

the left hemispheric middle and inferior occipital gyrus, and bilateral
cuneus. Activations in the parietal areas, specifically in the bilateral
precuneus could be predicted relatively well with the Medley model
whereas the Abbey Road model performance was more restricted in
those areas.

Finally, both Medley and Abbey Road models (although with larg-
er clusters again for the Abbey model) predicted activations of voxels

z = 6

z = 2

y = -22

y = -14

x = -58
B

A
x = 60

Fig. 1. A. Sagittal, coronal and horizontal views of the areas in the brain that displayed maximal mean inter-subject correlation for the Abbey Road dataset (p b .05). The coordinates
indicate the location in mm in MNI space. B. Sagittal, coronal and horizontal views of the areas in the brain that displayed maximal mean inter-subject correlation for the Medley
dataset (p b .05). The coordinates indicate the location in mm in MNI space.

z = -40

A

B

z = -10 z = 4 z = 14 z = 24 z = 32 z = 42 z = 52

z = -40 z = -12 z = 4 z = 16 z = 24 z = 36 z = 46 z = 60

Fig. 2. A. Selected slices depicting the areas of the brain that displayed significant correlation between the predicted and observed fMRI time-series for the Abbey Road dataset
(p b .0001). Cluster correction was performed at a significance level of p = .001 (Z = 3.29) corresponding to a cluster size of 15 voxels. The slices are presented as seen from
the top, therefore the left side of the viewer denotes the left hemisphere and the right side denotes the right hemisphere. The coordinates indicate the location of the slice
along the z-axis (in mm) in MNI space. B. Selected slices depicting the areas of the brain that displayed significant correlation between the predicted and observed fMRI
time-series for the Medley dataset (p b .0001). Cluster correction was performed at a significance level of p = .001 (Z = 3.29) corresponding to a cluster size of 15 voxels. The
slices are presented as seen from the top, therefore the left side of the viewer denotes the left hemisphere and the right side denotes the right hemisphere. The coordinates indicate
the location of the slice along the z-axis (in mm) in MNI space.

631V. Alluri et al. / NeuroImage 83 (2013) 627–636

A

9. 3. Alluri et al. 2013: Music with and without lyrics

Instrumental music           * *           #

Abbey Road, with lyrics

Two of the results:  
A & B:  * * Activation of orbitofrontal “pleasure” regions by listening to full musical pieces 
A:  #  Prevalent activation of right auditory cortex by music with lyrics  (surprise)  

The images display slices of the two hemispheres, seen from above

* *         #
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Thank you for listening!
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