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Music and brain plasticity
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Complex and widespread activation in many brain areas is seen while
performing, listening or mentally imaging music, activity that varies with
training, previous exposure, personal preference, emotional involvement and
many other factors. Playing a musical instrument demands extensive motor and
cognitive abilities, and early musical learning results in plastic reorganization of
the developing brain – one example being the increased cortical representation
area for the left little finger in (right-handed) string-players, which correlates with
age at the start of training. Even though the developing brain has the most
pronounced changes, the adult healthy brain has a considerable plasticity.
Conductors have superior spatial tuning compared with non-musicians and
pianists. Attentive listening to music for as little as three hours can temporarily
alter the auditory cortex. Interactions between genetic predisposition,
environment and training play a role in music as in other areas. It has been
proposed that musical training may improve other cognitive functions. There is
some evidence that this may be the case but it is an area that needs further
exploration.

Introduction

Music is a unique human feature with a powerful capacity of conveying emotion
and regulating mood, and it has many social functions. In contrast to the general
acceptance of the evolutionary value of language, the evolutionary significance
of music is still debated. On one hand, it has been proposed that human musical
abilities have played a key role in the evolution of language,1–3 while on the other
hand music has been grouped together with art and other cultural activities as
bi-products of the evolution of the human brain.4 Intensely pleasurable responses
to music correlate with activities in brain regions involved with emotion, arousal,
motivation and reward.5 The putative stimulation of endogenous reward systems
indicates that music may be of significant benefit to our mental and physical
wellbeing. Kuhl6 has stressed the importance of the emotional social contact for
optimal language acquisition in infants, and infants pay more attention
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when their mothers are singing than when they are speaking. In pre-literate
societies, singing and music are incorporated in everyday activities like working,
dancing and storytelling, and music may enhance the memory capacity in societies
with no written records. Listening to and practising music have profound effects
not only on the developing but also on the adult brain, and studies on music have
provided us with many examples on brain plasticity.7–11

Brain plasticity

The concept of brain plasticity implies that the brain is adaptable, and includes
all the mechanisms responsible for the brain capacity to change in response to
incoming stimulation, our activities and thoughts.12 That neuronal circuits are
tuned in close interaction to the environment is evident from the global variations
in customs, languages and culture and is in fact an old concept. In The Principles
of Psychology (1890), William James defined the word plasticity as the possession
of a structure weak enough to yield to an influence, but strong enough not to yield
all at once, and he wrote ‘we may without hesitation lay down as our first
proposition that the phenomena of habit in living beings are due to the plasticity’.
Ramón y Cajal, who considered piano playing as the most demanding of all human
skills, requiring many years of mental and physical practice, wrote in his book
Textura del Sistema Nervioso (1904) that in order fully to understand this complex
phenomenon it was necessary to admit, in addition to the reinforcement of
pre-established organic pathways, the formation of new pathways through
ramification and progressive growth of the dendritic arborization and the nervous
terminals. In this early era the idea of plasticity was also subject to scientific
interest in Italy.13 However, it was the Canadian psychologist Donald Hebb who,
in the middle of last century, in line with the early idea of Ramón y Cajal, proposed
that neuronal cortical connections are strengthened and remodelled by our
experience, and he experimentally demonstrated that this is indeed the case.14 His
work inspired many later scientists to study biochemical, behavioural and
morphological effects of experience, learning, activities and specific training.15–18

Another aspect of brain plasticity, first demonstrated in animals in the 1980s,
is that cortical representation areas, ‘cortical maps’ can be modified by sensory
input and training19–21 suggesting that additional neurons can be recruited when
needed. Rapid and transient alterations of cortical representation areas are
seen during learning tasks.22 Flexible short-term modulations are important
in the acquisition of new skills, and can lead to structural changes in the
intra-cortical and sub-cortical network as the skill becomes more established and
automatic.23
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Figure 1. A few weeks exposure to a stimulating environment alters the
neurons in the cortex of the brain. To the left (a) is a nerve cell from a rat
housed in a standard laboratory cage. The nerve cell to the right (b)
demonstrates the effect of 3 weeks housing in a larger cage with more rats
and the opportunity for various activities. In addition to more branches there
are more small outgrowths, which are where the communication with other
neurons take place. From B.B. Johansson and P.V. Belichenko (2001)
Environmental influence on neuronal and dendritic spine plasticity after
permanent focal brain ischemia, in: N.G. Bazan, U. Ito, V.L. Marcheselli, T.
Kuroiwa and I. Klatzo (eds) Maturation Phenomenon in Cerebral Ischemia
IV (Berlin, Heidelberg: Springer-Verlag), pp. 77–83. Printed with
permissions from Springer-Verlag.

Methods applied in studies on music and the brain

In new-born infants, dichotic discrimination and other auditory tests has been
evaluated with a sucking response.24 Fluctuations in brain activity can be studied
during various test situations with positron emission tomography (PET), and
functional magnetic resonance (fMRI).25,26 Neuronal activity gives rise to very
weak magnetic fields, which after shielding the much stronger magnetic fields of
the earth can be registered at many points on the scalp simultaneously with
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Figure 2. The somatosensory cortex of the hand of a monkey before (A) and
after (B) repetitive specific tactile stimulation of the tip of the second finger
(black areas). From W.M. Jenkins, M.M. Merzenich, M.T. Ochs, T. Allard
and E. Guic-Robles (1990) Functional reorganization of primary
somatosensory cortex in adult owl monkeys after behaviorally controlled
tactile stimulation. Journal of Neurophysiology, 63, 82–104. Printed with
permission from the American Physiological Society.

magneto-encephalography (MEG27). The temporal resolution varies from minutes
in PET to seconds in fMRI and milliseconds (ms) in MEG, making MEG an online
method capable of measuring the temporal spatial pattern of brain activity – that
is, where and when the activation starts – and its temporal spreading to other
regions. Similarly, registration of small voltage fluctuations during neuronal
activity, event related potentials (ERP), can be performed with multiple electrodes
placed on the skull, a method that can be used even in infants.6,28 Another online
technique that has been applied to language and speech is trans-cranial magnetic
stimulation (TMS), in which a pulsed magnetic field can excite or inhibit synaptic
efficiency in specific areas and thereby temporarily alter brain function.29

Woxel-based morphometry,3,31 a computational technique developed to identify
subtle regional differences in grey or white matter between groups of scans, and
tensor imaging MRI, used to study the brain white matter32 have substantially
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improved our abilities to study the anatomy of the living brain in health and disease
and improved the ability to correlate function with anatomy after brain lesions.
The design of the studies and the control situations applied are crucial for the
interpretation of the data, and individual differences depending on training,
previous exposure, personal preference, and emotional involvement have to be
considered.35

Music processing in the brain

Based on studies of patients with brain lesions and some very early brain imaging,
a right hemisphere dominance was proposed for brain processing of music
(relatively independent of musical knowledge and training), and a variable
dominance was proposed for musical perception, to be ascribed to the right
hemisphere in musically naı̈ve subjects, developing into a left hemisphere
dominance in the case of musically sophisticated people.34 The earlier concept of
music as predominantly a right hemispheric function has been considerably
modified. Music is composed of many components that involve both hemispheres
as well as sub-cortical regions and the hindbrain. There is probably no other
activity that activates so many neuronal networks as music. It been proposed that
cortical asymmetries have been developed as a solution to the need to optimize
processing of the acoustic environment in both temporal and frequency domains.
The left hemisphere is superior in temporal processing and the right for spectral
processing (pitch, prosody) with the left auditory areas preferentially extracting
information from short (20–50 ms) integration windows, and the right homo-
logues preferentially from 150–250 ms integration windows.35,36 Temporal
differences as small as 20 ms may be needed for perception of consonants in
language, whereas melodies with note durations shorter than about 160 ms are
difficult to identify.37 However, there is disagreement regarding where this takes
place, whether in the primary auditory cortex35 or whether processing is roughly
the same in the left and the right auditory cortices and the temporal and spectral
asymmetry is generated by small differences in the further analysing of the time
and spectral domain in the two hemispheres.36

Some workers favour a modular view of music processing with music-specific
neuronal networks,38,39 an alternative view points to significant overlap between
neuronal structures used for language and music processing.40–43 Studies with
patients with brain lesions have been taken in support of the modular view; several
studies in healthy individuals indicate that cortical language networks are also
involved in the processing of music, albeit often with a right hemispheric
dominance in the musical domain and with a left hemispheric dominance in the
language domain.
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There is a constant dynamic interaction that can be either inhibitory or
excitatory within a hemisphere and also between the two hemispheres via
the bundle of nerve fibres that connect the two hemispheres. Mammalian cortical
neurons form behaviour-dependent fluctuations or oscillations across a broad
range of frequencies and spatial scales.44 Network oscillations temporally link
neurons into assemblies and facilitate synaptic plasticity, mechanisms that
support temporal representation and long-term consolidation of information.
Synchronization in the gamma-band ( � 30 Hz) has been shown to play an
important role in various higher cognitive functions by binding spatial and
temporal information in different cortical areas to achieve a coherent perception.
While listening to music, the degrees of gamma band synchrony over distributed
cortical areas have been found to be significantly higher in musicians than in
non-musicians with no significant difference between the groups for other
conditions. The degree of spatial synchrony was also increased and proposed
to be a manifestation of a more advanced memory in musicians in binding
together several features of the intrinsic complexity of music in a dynamic
way.45

Developmental plasticity of the brain in infants and children

Sounds in the environment of a pregnant woman can penetrate the tissue and fluid
surrounding the head of the foetus and stimulate the inner ear during the last
trimester of the pregnancy. This allows the foetus to react to vowels, whereas
consonants that are higher in frequency and less intense than vowels are largely
unavailable to them. Rhythmic patterns of music are probably detected. New-born
babies show a preference for the voice of their mother and to musical pieces that
she has been listening to during the late pregnancy, indicating a capacity of
implicit learning during foetal life.46 Neonates and infants show a right ear
(i.e. left hemisphere) advantage for speech and a left ear (right hemisphere)
advantage for music.47 Infants pay more attention to their mothers when they sing
than when they talk to them.6,48 Increasing musical exposure attenuates the effects
of culture-general factors while amplifying the influence of culture-specific
factors.49

The effortless learning to talk and to sing while being exposed to language and
music is an example of developmental plasticity. There is a considerable capacity
for cross-modal plasticity in infancy and early childhood. Loss of one sensory
modality leads to neural reorganization of the remaining modalities. Early-blind
individuals, who cannot get any spatial information from vision, can localize
sounds in the peripheral space better than sighted subjects, and their pitch
discrimination is superior.50–52
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Training induced plasticity

Learning to play an instrument needs practice and is an example of
training-induced plasticity, a plasticity that is most pronounced in children but can
be induced throughout the life-span in a healthy brain. Musical training involves
complex motor and auditory and other cognitive skills, often requiring
memorizing long, complex bimanual finger sequences, and translating musical
symbols into motor sequences during sight-reading. Continued practice of
complicated bimanual motor activity leads to changes in the brain structure
and representation of the brain auditory, cortical motor and sensory functional and
cortical functional reorganization, ‘cortical maps’.

In adult subjects with musical training since early childhood, the brain white
matter, consisting of fibres that connect nerve cells in different part of the brain,
differs significantly from control subjects in other areas, suggesting the cognitive
and motor effects of early musical training.54,55 The anterior part of the corpus
callosum, consisting of nerve fibres connecting regions crucial for the
coordination of bimanual motor activity in the two cerebral hemispheres, is larger
in male keyboard and string players who started musical training early, usually
before the age of 7 years, than in a musicians who started later, or in
non-musicians.8,55,56 Male keyboard players in addition have a larger cerebellum
than non-musicians.57 These anatomical differences are not seen in female
musicians, possibly related to basic gender differences with a tendency for a more
symmetric organization in the female human brain and the fact that, in relation
to their body weight, women have a larger cerebellum than men. Likewise, a few
studies have indicated a gender difference in the processing of some musical
components. In a pitch memory task, male subjects had greater lateralized
activation (left � right) during the perceptual as well as during the memory phase
of the test, and the cerebellar activation tended to be higher than in females
although there was no gender difference in performance.65 A bilateral electrical
correlate of music-syntactic processing (response to inappropriate harmonies
within a musical sequence) has been observed in females whereas a right
hemispheric predominance was seen in males.66 When comparing professional
male musicians (keyboard players) with matched amateur musicians and
non-musicians with the more sensitive voxel-based morphometry method, several
differences in regions related to motor, auditory and visuo-spatial functions are
noted with a strong association between structural differences, musical status and
practice intensity.58

In addition to anatomical differences, functional differences in cortical
representation areas have been demonstrated in musicians. Examples are the
increased representation for the little finger of the left hand in (right-handed) string
players that correlates with the age at which the person started training,59 and the
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increased representation areas in the auditory cortex for tones, pitch and timbre
in musicians.60,61

The question of whether the observed differences between musicians and
non-musicians are exclusively acquired through training or are at least in part
genetically determined has been discussed. To investigate if there are pre-existing
neural, cognitive, or motor markers for musical abilities, 5- to 7-year-olds
beginning piano or string lessons were compared with children of the same age
not beginning musical training. All children received a series of visual-spatial,
non-verbal reasoning, verbal, motor and musical tests and fMRI. No neural,
cognitive, motor or musical differences were found between the groups, nor any
correlation between musical perceptual skills and any brain or visual-spatial
measures. However, correlations were found between musical perceptual
skills and non-verbal reasoning and phonemic awareness, most likely due to
innate abilities or implicit learning during early development. This baseline
study is part of an ongoing longitudinal study addressing the effects of
intensive musical training on brain and cognitive development.62 Electro-
physiological changes related to enhanced perception of timbre are specific for
the timbre of the instrument played, suggesting that training at least is an important
factor. Thus, trumpet players have a specific response to trumpet tones and
violinists show larger responses to violin tones.61 An example of how extensive
training can shape cognitive auditory processes also in the adult brain is the
superior auditory spatial tuning in conductors, compared to non-musicians and
pianists.63 Furthermore, volunteers who began to learn to play a stringed
instrument at the age of 20–22 showed changes in activation and representation
sites for the left little finger after 6 months.64 Even mental practice can change
the cortical representation of finger flexors and extensor muscles in adult
non-musicians.10

The difference in activation pattern is seen when comparing professionals and
amateurs67 and musicians and non-musicians.68 In a study comparing activation
maps of professional violinists and amateurs during an actual performance and
imagery of a Mozart violin concerto, the professions showed higher and more
focused activation in several cortical areas.68

With MEG, brain activation and life simulating events can be studied online.
When trained musicians were presented with visual notes and instructed to image
the corresponding sounds, an enhanced activity of left and right occipital area was
seen 120–150 ms after the onset of the visual stimulus, then spreading to different
parts of the brain implying a complex temporal/spatial activation sequence of
multiple cortical areas when musicians recall firmly established audio-visual
association.69 When individuals with no musical training were listening to
authentic piano music characterized by a clearly defined rhythm and melodic
structure not earlier known to the subjects (an etude by Liszt), the activity
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in motor-related structures correlated with rhythmic components and with
distinct laterality depending on the musical expression. Frontal areas generally
responded to the music with slow time constants, i.e. a few seconds, reflecting
their more integrative mode70.

Does music or musical training enhance other cognitive functions?

It has been proposed that musical training, even of listening to music, has a
spillover effect on other cognitive functions. Whereas there is little scientific
support for a specific ‘Mozart effect’ arousal, mood effects of listening to music
may have transient effects on cognitive functions.71–73 Whether factors involved
in musical training such as bimanual motor coordination, learning to read music,
auditory and memory training, attention, concentration, and timing etc can transfer
to non-musical domains such as language, mathematics or spatial reasoning is
controversial. There is some evidence that it might be the case, and some examples
are given below.

In a study on early reading ability in 50 four-year-old and 50 five-year-old
Canadian children, music skills were found to correlate significantly with both
phonological awareness and reading development. Regression analyses indicated
that music perception skills were a contribution in predicting reading ability, even
when variance due to phonological awareness and other cognitive abilities
(mathematics, digit span, and vocabulary) had been accounted for.74 Music
training facilitates pitch processing in both music and language75 and is associated
with enhanced ability to perceive prosody in speech.76,77 Formal music training
has been shown to enhance verbal memory.78–80

Professional pianists after long-lasting practising have a superior tactile spatial
discrimination performance than non-musicians. In addition, in the musicians the
individual discrimination thresholds were linearly correlated with the daily
training duration. Despite an already high level of performance in pianists, after
three hours of training with a tactile co-activation protocol known to improve
spatial tactile acuity, the training gain in pianists was significantly larger than in
control subjects. The enhanced learning ability in pianists was proposed to
implicate a form of meta-plasticity in professional pianists.81 Likewise, studies on
trumpet players and controls have indicated that early training-induced
reorganization of the brains leads to a qualitatively different way of processing
multi-sensory information.82 Evidence that musical training improves proficiency
in mathematics83,84 and enhances IQ85 is so far modest and inconclusive. Many
of the above studies are based on a few individuals under specific test situations
and further studies are needed to evaluate to what extent the data can be
generalized.
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Maladaptive brain plasticity

Not all training-induced plasticity is beneficial. Some musicians develop a
disabling condition, focal hand dystonia or musicians cramp. A recent long-tem
outcome study on 21 violin and viola players with focal dystonia, an average 13.8
years after onset of symptoms, showed that only 38% had been able to maintain
their professional careers.86 Based on experimental data in animals87,88 and
confirming studies in musicians with this condition, it is now considered to be a
disorder of maladaptive plasticity.89–92 Frequent very rapid time-synchronous
movements during vigorous practising can cause a degradation of the sensory
feedback controlling fine motor movements, with the result that the distinct
cortical representation of the individual fingers may be fused. The aberrant
sensory representation interferes with motor control, and abnormal motor control
strengthens the sensory abnormality reinforcing the dystonic condition. The
sensory representation abnormalities parallel focal hand dystonia. Methods
based on relearning principles aimed at restoring the normal representation
areas of sensory feedback from the hand have been developed. Substantial
improvement has been reported from three centres including a one-year follow-up
study93–96; there is some evidence that a hereditary component may be
predisposing.97

A corresponding disorder has been observed in professional brass and
woodwind players involving abnormal non-coordinated movements and involun-
tary muscle contraction of lip, jaw, and tongue muscles used to control the
flow of air into a mouthpiece while playing.98 There is evidence that
abnormal somatosensory reorganization contributes to the disorder,99 which
often is so disabling that the musicians have to limit or give up their
occupation.

Concluding remarks

Playing an instrument is a very demanding task for the human brain and engages
many cognitive processes. We are still in an early stage of knowledge but the
discipline of neuroscience of music is progressing rapidly. It is evident that
musical activities have an extensive effects on the human brain. By studying music
we can learn much about human cognition and underlying brain mechanisms.
However, because music is a very personal experience influenced by a
combination of genetic and environmental factors, such as training, previous
exposure, personal preference, and emotional involvement there are obvious
limits to what neuroscience can achieve in understanding or explaining the
individual musical experience.
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