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INTRODUCTON
Symmetry is an everyday concept that we use when talking about patterns. For example, the human body has approximate left-right symmetry. We recognize other types of symmetry in shapes such as rectangles, squares and circles, and we recognize repetitive types of symmetry such as found in wallpaper patterns and music. Informally we can explain that a pattern is symmetric if the pattern is equal to itself when it is moved in some way. For example, a square is equal to itself if it is rotated 90 degrees. A circle is equal to itself if it is rotated any number of degrees. Both shapes are equal to themselves if they are picked up and turned over (in the case of a square it must be turned  over around one of 4 axes that go through the centre, in the case of the circle we can turn it over around any axis that goes through the centre). The wallpaper is equal to itself if it is shifted by the distance between repetitions of the pattern (in the direction that the pattern repeats itself).

We can extend this informal intuition about what symmetry is to give a more formal mathematical definition of symmetry:

Symmetry is a set of transformations applied to a structure, such that the transformations preserve the properties of the structure.

Music performance requires precise control of timing over extended periods to follow a hierarchical rhythmic structure. Music performance also requires control of pitch to produce specific musical intervals (frequency ratios) that are not relevant in speech (even tonal languages do not rely on specific intervals, but on pitch contours) and music makes unique demands on the nervous system. The auditory–motor interaction during musical performance illustrates feedback-feed forward interactions occurring in music performance and is exemplified in Fig. 1. The motor system controls fine movements that are needed for sound production and are described in more detailed below. Sound processed by auditory circuitry is then used to adjust motor output. Output signals from the premotor cortices influence responses within the auditory cortex, even in the absence of or prior to sound. Motor representations are active even in the absence of movement upon hearing sound. Therefore there exists a tight linkage between sensation and music production. 

Figure 1. Auditory–Motor Interactions During Musical Performance (after [1])
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Traditional patterns of education and training have largely been inadequate since they concentrate almost exclusively on the left hemisphere (e.g. developing powers of linguistic and numerical reasoning), and neglect the right hemisphere which controls perceptual, sensory, musical and intuitive abilities and therefore do no address issues and processes of functional physiological and anatomical asymmetries. All   education and training should develop procedures employing the paradigm of neurological asymmetry. Training of the whole brain is not only important for rehabilitation but also for education and the study of music and musicians in hearing and performance in ways that clearly illustrate that point .

BRAIN ASYMMETRY AS A NECEESARY INGREDIANT IN MUSIC PRODUCTION 
The Corpus Callosum
The morphometry of the corpus callosum (see Fig. 2) is of particular interest for studies examining brain asymmetry and interhemispheric exchange for several reasons. First, the corpus callosum is the main interhemispheric fiber tract and plays an important role in interhemispheric integration and communication and therefore symmetry. Morphometric studies that have revealed group differences in the size or shape of the corpus callosum are generally are viewed as based on differences in cerebral asymmetry and interhemispheric connectivity. [2-4]. We know also that callosum development is associated with the cycle of myelination and that its functional development extends into late childhood and early adolescence. [5]. In vivo imaging  reveals that increases in the mid-sagittal callosal size can be seen even beyond the first decade with a maximum change in size during the first decade of human life (see Table I). [6,7]. Further, for a long while, consensus has existed that the control of movement and coordination as well as inter-manual transfer of sensorimotor information improves gradually from ages 4 to 11 years, an age span coinciding with callosal maturation [8-11].  
Figure 2: The corpus callosum and its partitions
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Early and intensive training in keyboard and string players and the requirement for increased and faster interhemispheric exchange in order to perform bimanual complex motor sequences might lead to structural changes in the callosal anatomy. We know that there exist differences in the brains of musicians and non-musicians [12-14]. The examination of the differences in the brains of musicians and non-musicians  provides an ideal model to compare and examine functional and structural brain plasticity as musicians continuously practice complex motor, auditory, and multimodal skills. We also know that music training in children results in long-term enhancement of visual-spatial, verbal, and mathematical performance [15,16]. 

Figure 3: Corpus callosal differences in the brains of adult musicians and non-musicians. (A) Brains of adult musicians and (B) non-musicians demonstrate differences in the size of the anterior and mid-body of the corpus callosum, (C) demonstrates callosal subdivisions and locations of interhemispheric fibers that connect motor and hand regions of the right and left hemispheres and (D) represents areas of significant difference in voxel size over 15 months comparing instrumental and non-instrumental control children that are superimposed on an average image of all children. The changes found in the mid-body portion of the corpus callosum of parts that contain primary sensorimotor and premotor fibers.
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We have found that the brains of adult musician and non-musician (Fig. 3) show differences in the size of the anterior and mid-body of the corpus callosum. In particular, as exemplified in Fig. 1(D), areas of significant difference are noted in voxel size over a fifteen month period when comparing instrumental against non-instrumental control children. The changes are mostly noted in the mid-body portion of the corpus callosum of parts that contain primary sensorimotor and premotor fibers. Fig. 1(C) demonstrates the subdivisions and locations of interhemispheric fibers that connect motor and hand regions located in both the right and left hemispheres. 

Schlaug [17](2001) compared thirty professional musicians and matched non-musician controls and found that the anterior half of the corpus callosum was significantly larger in musicians as represented in Table I below. He noted that musicians possessed a significantly larger anterior corpus callosum with early musical training as compared to musicians who started their training later and both compared to controls.

Table I. Mid-sagittal area measurements of the corpus callosum (CC) in mm2 (mean ± SD) [after 17]
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CCArea  CCArea®  CCArea
All musicians (1 = 30) 68785 371246 314143
Musicians with commencement of 70981 s4ta2 321144
musical training <7 years of age
Musicians with commencement of mus- 637477 340443 297438
sical training >7 years of age
Nonmusician controls (n= 30) 649488 344t 305443

“Significant differences are those between controls and all musicians, between controls and
‘musicians with early commencement of musical training, and between the two subgroups of
‘musicians with or without early commencement of musieal training.




Previous anatomical studies found a positive correlation between mid-sagittal callosal size and the number of fibers crossing through the corpus callosum. The anterior part of the corpus callosum contains mainly fibers from frontal motor-related regions and prefrontal regions, [18] and the anterior corpus callosum matures the latest of all callosal sub-regions. Therefore, this anatomical difference in the mid-sagittal area of the corpus callosum has to be seen in the context for a requirement for increased interhemispheric communication subserving complex bimanual motor sequences in musicians. These reported brain changes clearly exemplify environmental influences on brain development and should be viewed in the context of both human development and rehabilitation.  
The Motor Cortex

As reviewed above, there is much evidence supporting the notion that plastic changes can be induced in the functional organization of the human sensorimotor cortex following sensory stimulation or following the acquisition of new motor skills. These functional changes after skill acquisition may be related to microstructural changes such as increased numbers of synapses per neuron [19], increased numbers of glial cells per neuron (Stefan et al. 2000), and/or more capillaries (Stefan et al. 2000) as has been shown in animal experiments.

Many parts of the brain participate in music making (Fig. 4). Musical sounds are processed in the auditory cortex. Pathways then carry music to areas of the brain that perform and anticipate harmonic and melodic changes, as well as feel, remember and read.

Figure 4: Many parts of the brain participate in music making. Musical sounds are processed in the auditory cortex (●). Pathways then carry music to areas of the brain that perform (●), anticipate harmonic and melodic changes (●), feel and remember (●), and read (●).
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Music production motor control systems requires abilities in timing which is related to the organization of musical rhythm,  sequencing,  related to playing individual notes on musical instruments and the spatial organization of movement that results in sensory-motor integration. Reviewed in greater detail by Melillo and Leisman [16], we know that cerebellar, basal ganglia, and pre-motor cortex involved patients have impaired ability on perceptual-motor timing tasks, as well as in the computation of movement prediction, in the control of movement trajectories.
We know that motor timing not controlled by single region of the brain but by regional networks that control movement. The high-level control of sequence execution at the least involves the basal ganglia and the pre-motor cortex, whereas fine-grain correction of individual movement is controlled by the cerebellum.
Motor sequencing, on the other hand, according to Melillo and Leisman [16] implicates the supplementary and pre-supplementary motor areas, cerebellum, parietal, and pre-frontal cortical areas. The cerebellum integrates individual movements into unified sequences. The pre-motor cortex is involved in tasks requiring the production of complex sequences contributing to motor prediction. 

Finally, spatial organization involves the parietal sensorimotor and pre-motor cortices that control movements when the integration of spatial, sensory & motor information is required. Fig. 5 indicates that when individuals with no musical training learn melody on keyboard, upon hearing a learned piece, exhibit expected activity in auditory cortex and premotor areas. On the other hand, no effect is noted when individuals listen to a melody in which there has been no training. When examining brain activity in musicians while listening to a piece that they could play, we can note a significant overlap of activity in auditory and premotor regions. The auditory and motor systems interact during music perception and production.
Figure 5. a) People with no music training learn melody on a keyboard after hearing the learned piece, exhibit expected activity in auditory cortex, and premotor areas. No effect is noted when listening to untrained melody (bar graph). b) Brain activity in musicians while listening to piece they could play (l. column) with activity playing same piece with no auditory feedback (Mid. column). Significant overlap is noted in auditory and premotor regions in each condition (r. column). Auditory and motor systems interact during perception & production (after [1]).
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We know [20]  that musical training is supported by brain plasticity. We can see, for example, that in Fig. 6 that training affects the arcuate fasciculus, and auditory-motor tract, enhanced by music training.

Figure 6. The (A) arcuate fasciculus [AF] of healthy 65-year old musician and  (B) AF of a 63-year-old non-musician, matched for handedness, gender, and IQ. The musician has a larger AF on the left as well as on the right hemisphere than the non-musician. The data supports the notion of plasticity of the AF in those undergoing instrumental training or therapy using tasks that involve auditory-motor mapping, a task that musicians do throughout life [see [20].
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CONCLUSIONS
The result of this plasticity evidenced in musical training is that a rational basis is provided for the employment of music in general cognitive growth and in the rehabilitation of cognitive skills in individuals with brain impairment (see Fig. 7)
Figure 7. Effects of music training on cognitive performance post-stroke.
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Acquired brain injury can result in problems with movement, language, sensation, thinking or emotion. Any of these may severely reduce a survivor’s quality of life. The use of rhythmic stimulation to aid movement and walking, singing to address speaking and voice quality, listening to music to reduce pain and the use of music improvisations to address emotional needs and enhance a sense of wellbeing. Shlaug’s group [17] has indicated that musical ability has been associated with left-right differences in brain structure and function. In vivo magnetic resonance morphometry of musician’s brains was shown to reveal atypical anatomical asymmetry of the planum temporale, a brain area containing auditory association cortex and previously shown to be a marker of structural and functional asymmetry. Musicians with perfect pitch revealed stronger leftward planum temporale asymmetry than non-musicians or musicians without perfect pitch. The results indicate that outstanding musical ability is associated with increased leftward asymmetry of cortex subserving music-related functions. That asymmetry is clearly associated with music production demonstrates it power in the rehabilitation of those with both acquired and non acquired brain injury. The basis for the potential therapeutic effect of music resides in its power to effect neuroplasticity.

Neuroplasticity allows the brain to adapt to the individual’s external environment. Experience-driven neuroplasticity of the kind resulting from  musical training and production has been explained by growth and improvement of new dendrites, synapses and neuron [21,22], and the disinhibition or inhibition of pre-existing lateral connections between neurons by sensory input. What we have seen is that anything from several minutes of training to life-long music production can induce changes in the recruitment of areas of the motor cortex or establish auditory–sensorimotor coupling understood in part on the basis of neural plasticity as well on the asymmetric function of the brain. This then serves an effective basis of rehabilitation. 
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