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ABSTRACT 

We investigated the structural and functional plasticity associated with 

dance expertise in a cross-sectional pilot study, comparing ballet dancers to 

controls. Using fMRI, the whole-brain functional activation maps of dancers and 

controls engaged in motor imagery of dance movements were compared. 

Controls were found to show greater activity in numerous regions relative to 

dancers, including in the superior frontal gyrus, hippocampus, and cerebellum. 

Anatomically, dancers exhibited greater cortical thickness in areas such as the 

inferior occipital gyrus, inferior frontal gyrus, and superior temporal gyrus. We 

also found years of dance training to be correlated with cortical thickness in 

various regions, including positive correlations being reported in the fusiform 

gyrus and parahippocampal gyrus. These preliminary results suggest that dance 

expertise is associated with a functional reorganization that corresponds to the 

reduced activity reported in other motor expertise groups, as well various putative 

changes in structure.  
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1. Introduction 

1.1 Investigating the Plasticity Associated with Motor Expertise through 

Dance 

Neuroplasticity, the ability of the brain to modify itself or through 

experiences with the external environment (Moreno and Bidelman, 2014), is of 

major interest in modern neuroscience, particularly due to its ability to provide 

insight into the fundamental mechanisms of learning and memory (Jancke, 

2009). Today, as to what phenomena constitute as being a form of 

neuroplasticity is wide in scope, and can refer to various complex processes 

studied from a molecular, cellular, synaptic or network levels approach in 

animals, to a systems and cognitive levels approach in humans (Herholz and 

Zatorre, 2012). Accordingly, brain plasticity has been studied through a variety of 

experimental paradigms. With respect to humans, one of the most influential 

models to study experience-related plasticity has been that of probing the 

structural and functional changes that occur as a result of motor skill learning and 

expertise (Hamaide et al., 2015; Luft and Buitrago, 2002).  

Motor skill learning may be defined as the process by which movements 

are executed more quickly and accurately with practice to achieve proficiency 

(Willingham, 1998). One way in which this has been studied in humans includes 

having subjects in a laboratory setting learn simple motor tasks, which although 

offers strict experimental control, often includes little practice needed to reach 

asymptotic levels in performance, and places little demand on cognitive 

resources; this makes it difficult to generalize the findings from such studies to 
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the more complex motor skills that humans are capable of (Wulf and Shea, 

2002). In contrast, other studies have focused on the plasticity associated with 

the learning and expertise of more complex motor skills that take extensive time 

and practice to learn, such as the ability to play an instrument (Hill and 

Schneider, 2006; Yang, 2015). Such studies, particularly those that have studied 

musicians, have been pivotal in elucidating the neuroplastic changes associated 

with motor expertise. Yet, many of these studies have focused on expert groups 

whose motor expertise is commonly restricted to finger or single limb 

movements. Thus, there has been a noted lack of studies, particularly in the 

context of functional neuroimaging, that have investigated the plasticity 

associated with motor expertise in skills that require whole-body movements 

(Bezzola et al., 2012; Hetu et al., 2013; Wei and Luo, 2010). A group that may be 

used to investigate such questions on the plasticity associated with expertise in 

complex whole-body movements is that of dancers.  

Dance may be defined as the act of one or more bodies moving in a 

rhythmic manner through space, often cued by music. Even in its simplest form, it 

requires a complex and simultaneous engagement in various physical and 

cognitive domains, and in order to become an expert in requires extensive 

training over long periods of time (Hanggi et al., 2010). It thus provides an 

advantageous, yet underutilized model to study the structural and functional 

plasticity associated with motor expertise in complex whole-body movements. 

Studies have investigated the relationship between dance expertise and various 

behavioral measures, including with specific memory domains (Hufner et al., 
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2011; Smyth and Pendleton, 1994; Starkes et al., 1987), as well as with physical 

fitness performance such as posture control (Rein et al., 2011; Simmons, 2005) 

and balance (Bruyneel et al., 2010; Crotts et al., 1996; Gerbino et al., 2007). 

However, few studies have investigated the neural basis of dance expertise 

(Karpati et al., 2015). Here, we sought to investigate the structural and functional 

plasticity associated with dance expertise through a cross-sectional comparison 

between professional ballet dancers and controls.  

 

1.2 A Brief History on Neuroplasticity  

The term plasticity itself has been used in the field of brain sciences for 

well over a century, and although it has undergone significant evolution over that 

time to adapt to new postulations and discoveries, it has generally been used to 

refer to the suspected neural reorganization that occurs in relation to the 

modification of behaviour under various circumstances (for a detailed review on 

the history of the term, see Berlucchi and Buchtel, 2009). The historical roots of 

the term plasticity, in context of the brain, can be traced back to William James 

(1890), who first used it in reference to the association between changes in 

nervous pathways and habitual behaviour in animals. Other milestones in the 

development of the term include the work of Eugenio Tanzi (1893), who first 

postulated that in the context of learning and memory, the connections between 

neurons, which would later become known as synapses, may be possible sites of 

plasticity, and Santiago Ramon y Cajal (1894), who hypothesized that neural 

plasticity may be the result of new connections being formed between neurons 
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(Berlucchi and Buchtel, 2009). Although the idea of neural and synaptic plasticity 

would attenuate earlier on in the 20th century (Berlucchi and Buchtel, 2009), 

Donald Hebb is often credited for revitalizing the notion in his The Organization of 

Behavior (1949), which featured his famous postulation that is now commonly 

referred to as "Hebbian learning" (Draganski and May, 2008; Jancke, 2009).  The 

pith of Hebb's theoretical framework, in the context of adult learning, was that an 

increase in synaptic strength, via growth processes or metabolic changes, occurs 

between neurons that fire together (Buonomano and Merzenich, 1998), an idea 

which is now commonly expressed in the maxim "neurons that fire together wire 

together" (Jancke, 2009). In the following years after Hebb’s reintroduction of the 

term, brain plasticity would become a focus of experimental investigation, 

although early studies focused on plasticity in the context of development. This 

was due to staunch support for the notion that the brain was highly transmutable 

during the development stage of an organism, particularly during epochs known 

as critical periods, but that the adult brain was static, meaning that whatever 

neural connections were formed during development were fixed post 

development (Jancke, 2009; Ramachandran et al., 1992). However, it would 

eventually be found that the adult brain is not static, but instead plastic 

throughout ones life (Boyke et al. 2008; Jancke, 2009; Pascal-Leone et al., 

2005).  

Initial studies to uncover that the adult brain was indeed plastic 

investigated the effects of altered sensory and motor experiences on the adult 

animal brain, such as through lesions or micro-stimulation, and found substantial 
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neural reorganization of related cortical maps to occur as a result (Jenkins et al., 

1990; Nudo and Milliken, 1996; Nudo et al., 1990). Early studies pertaining to 

adult brain plasticity in humans followed similar paradigms, focusing on patients 

who had undergone limb amputations, and similar to their animal study 

counterparts, were able to show massive cortical reorganization as a result of the 

amputations, reinforcing the notion that the brain was plastic in adulthood (Cohen 

et al., 1991; Ramachandran et al., 1992). From the studies discussed thus far, it 

may seem implied that brain plasticity is restricted to occurring as a response to 

injury or disease; such studies were indeed critical in investigating the 

phenomenon that is neural plasticity, particularly in the adult brain. However, 

other different experimental models have also been employed to study 

experience-dependent plasticity. Of such, one of the most insightful paradigms 

has been that of investigating how life experiences, and specifically skill learning, 

can induce neural reorganization (Draganski and May, 2008).  

 

1.3 Studying Neuroplasticity in the Context of Skill Learning and Expertise  

The experimental paradigm of skill learning has been paramount in the 

field of brain plasticity. Skill learning can be generally defined as a change, often 

an improvement, in perceptual, cognitive or motor performance that comes about 

as a result of training (Green and Bavelier, 2008), with expertise being achieved 

through extensive periods of deliberate and intensive practice, ultimately leading 

to proficiency in the related skill (Debarnot et al., 2014; Ericsson, 2008). 

Numerous studies have revealed the singular finding that training in an activity 
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not only changes one’s related performance, but can alter the neural correlates 

subserving the activity.   

Early evidence for learning-dependent plasticity were based on animal 

studies (Black et al., 1990; Kleim et al., 1998), but faced limitations due to the 

techniques used, which were of an invasive nature and spatially restrictive, in 

that they were only capable of examining neural changes in very localized 

regions (Draganski and May, 2008). It was not until the advent of modern 

neuroimaging techniques, which allowed for imaging of the human brain in vivo, 

that the field of brain plasticity in the context of humans quickly burgeoned 

(Jancke, 2009); in particular, magnetic resonance imaging (MRI) became a 

mainstay imaging technique due to its ability to provide both structural and 

functional information across the entire human brain in a non-invasive manner 

(Draganski and May, 2008; Hamaide et al., 2015; Zatorre et al., 2012). Studies in 

this field have commonly utilized cross-sectional or longitudinal designs in order 

to infer just how the brain may be altered in correspondence to the training of a 

skill or task, with the use of various expert groups or training regimens.  The 

fundamental takeaway from such studies is that the brain can change in a 

pertinent fashion in response to the environmental demands, with examples from 

seminal papers including the enlargement of the hippocampus in taxi drivers 

being attributed to their dependence on navigational skills and thus spatial 

representation of the environment (Maguire et al., 2000), and changes in regions 

involved in visuo-motor coordination following training in juggling (Draganski et 

al., 2004). Such studies have also established that the potential for plastic 
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changes to occur via training is not restricted to earlier ages as once was 

thought, but can occur in adulthood as well (Boyke et al. 2008; Jancke, 2009; 

Pascal-Leone et al., 2005). It is important to note that the term skill learning is 

broad in scope and used here to include the various forms that skill learning can 

take. Indeed, it is not difficult for one to imagine the various tasks that may fall 

under such a definition, and accordingly, this field of research is profuse with the 

use of various types of tasks. However, studying the plasticity associated with 

training and expertise in motor skills has been one of the most influential models 

in brain plasticity research (Hamaide et al., 2015; Luft and Buitrago, 2002), 

providing insight into how the learning and achieved expertise of a motor task 

can induce structural and functional plasticity on both cortical and subcortical 

levels (Chang, 2014; Dayan and Cohen, 2011; Debarnot et al., 2014).  

 

1.4 Neuroplasticity Associated with Motor Skill Learning and Expertise 

1.4.1 Properties of Motor Skill Learning  

Motor skill learning may be defined as the process by which movements 

are executed more quickly and accurately with practice (Willingham, 1998), with 

the ultimate goal being to achieve automaticity of said movements (Debarnot et 

al., 2014). Motor skill learning itself is often studied in two disparate forms (Doyon 

and Benali, 2005); one is referred to as motor sequence learning, and involves 

the incremental acquisition of movements and proficient execution of said 

movements in a set sequence (e.g. learning to play a specific sequence of notes 

on a piano) (Dayan and Cohen, 2011; Ungerleider et al., 2002). The other 
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paradigm is referred to as motor adaptation, and involves adaptation to 

environmental changes (Ungerleider et al., 2002), which often comes in the form 

of externally induced perturbations while subjects are engaged in executing 

simple motor tasks (Dayan and Cohen, 2011). Of the two, motor sequence 

learning has played a much larger role in studying the neuroplasticity associated 

with motor skill learning and expertise (Dayan and Cohen, 2011), particularly due 

to its greater emphasis on learning taking place over multiple training sessions 

(which may span long intervals of time such as months depending on the task) in 

order to become proficient in the motor skill. Thus, from here on forward, our 

discussion on motor expertise and neuroplasticity will be in the context of motor 

sequence learning.   

Motor skills are typically learned slowly over multiple training sessions, 

accompanied by a continuous reduction in reaction time and number of errors 

made (Ungerleider et al., 2002), until performance in the specific tasks reaches 

near asymptotic levels (Dayan and Cohen, 2011). These explicit gains achieved 

in motor skill learning can be divided into two stages: fast and slow learning. Fast 

learning consists of the typical significant improvements that occur in a single 

training session, whereas slow learning refers to the incremental gains that are 

achieved over multiple training sessions (Dayan and Cohen, 2011; Doyon and 

Benali, 2005; Ungerleider et al., 2002). These two stages are seen as being 

followed by an implicit consolidation stage, in which spontaneous improvements 

in performance occur while one is not engaged the practice of the task, an 

automatic stage, in which the learned motor skill behaviour can be executed with 
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minimal cognitive resources, and finally a retention stage, in which the motor skill 

can be executed as desired without the need for continuous practice of the task 

(Doyon and Benali, 2005). It is important to note that for the stages described 

above, particularly that of fast and slow learning, the temporal scale of events 

must be interpreted in the context of the task being learned; for example, the fast 

learning of a simple keyboard sequence may only last a few minutes, whereas 

the fast learning stage of a much more complex musical piece may last for 

months (Dayan and Cohen, 2011).  

Although the exact mechanisms behind such motor skill learning remains 

unknown, various models have been proposed to provide a general framework of 

which brain regions are involved in initial motor skill learning. An influential model 

proposed by Doyon et al. (2003; 2005), primarily based on functional 

neuroimaging studies, suggests that during fast motor learning, both a cortico-

striatal and cortico-cerebellar system are recruited, regardless of whether the 

task is of a motor sequence learning or motor adaptation nature. The specific 

structures believed to be involved include the striatum, cerebellum, limbic areas, 

and motor, prefrontal and parietal cortical regions, and the interaction between 

such regions is suggested to be necessary for successful motor learning in the 

early stages (Doyon and Benali, 2005). Following this early learning period, 

consolidation of the motor skills begins to occur, but the motor representation of 

a learned motor sequence shifts to the striatum, where as the representation of a 

learned adaptation shifts to the cerebellum (Doyon and Benali, 2005, Penhune 

and Steele, 2012). Once slow learning has passed and retention is successful, 
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the representation of a learned motor sequence is supported by a unique cortico-

striatal network, consisting of the striatum, motor cortical regions, and parietal 

cortices, whereas a learned motor adaptation is supported by a unique cortico-

cerebellar network, consisting of the cerebellum, motor cortical regions, and 

parietal cortices (Doyon and Benali, 2005). Another prominent framework 

provided by Hikosaka et al. (2002) suggests that for early sequence motor skill 

learning, two parallel circuits are involved in the learning of what are two distinct 

features of a motor skill: the spatial (or sequential) order of movements and the 

actual motor movements, with the former involving a cortico-striatal circuit, and 

the latter a cortico-cerebellar circuit. Ultimately, the general theme in such 

models is that the learning of a motor skill depends on the dynamic interaction 

between various cortical and subcortical networks, and such interactions change 

over the learning period (Dayen and Cohen, 2011; Hikosaka et al., 2002). 

The experience-dependent plasticity associated with motor expertise in 

humans has often been studied through investigating how extensive training and 

expertise in a motor skill is associated with neural reorganization (Debarnot et al., 

2014). Researchers have commonly utilized cross-sectional or longitudinal 

designs, where comparisons are either drawn between experts (e.g. musicians) 

and controls, or over time as one becomes proficient in a motor task, allowing 

inferences to be made on the neural changes that occurs with becoming an 

expert in said motor skill (Jancke, 2009). Some of the first studies on 

neuroplasticity associated with complex motor expertise investigated the cortical 

representation of digits that were deemed to be pertinent in musical-related 
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motor skills; for example, a five day period of training on a piano finger exercise 

was found to lead to an enlargement of cortical motor areas related to the long 

finger flexor and extensor muscles (Pascual-Leone et al., 1995); another study 

found an enlargement of the finger cortical representations in string instrument 

players compared to controls (Elbert et al., 1995). However, as previously noted, 

it was not until the emergence of whole-brain neuroimaging techniques, and in 

particular MRI, that research on brain plasticity and motor expertise would 

flourish (Hikosaka et al., 2002). Through the use of MRI, how the brain changes 

as a result of motor training has primarily been studied through the two distinct 

but complementary perspectives of structural and functional plasticity. Structural 

neuroimaging provides great insight into the structural plasticity, or anatomical 

changes, associated with motor training and expertise. Due to only requiring 

subjects to remain stationary, structural neuroimaging has allowed researchers to 

study practically any motor expertise group, allowing insight into the broad 

structural changes that are associated with motor training and expertise. 

However, it cannot provide insight into the activity of the brain during a motor 

task, and how such activity changes over the course of learning to the point 

where expertise is achieved. Functional neuroimaging in contrast can provide 

such insight into how the activity of the brain during performance of a motor task 

changes as one learns and eventually achieves expertise in said task. Both have 

been instrumental in unveiling the finding that expertise in complex motor skills 

can be associated with substantial neuronal reorganization, on both a structural 

(Draganski et al., 2004; Gaser and Schlaug, 2003; Hanggi et al., 2010; Jancke et 
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al., 2009) and functional level (Doyon and Benali, 2005; Haslinger et al., 2004; 

Lotze et al., 2003). We first discuss the structural plasticity associated with motor 

expertise, and then shift focus to that of functional plasticity.  

 

1.4.2 Structural Plasticity Associated with Motor Expertise   

A prevalent finding associated with extensive motor skill learning and 

expertise is the occurrence of structural plasticity. Initial animal studies have 

shown motor skill learning to be associated with various neural structural 

changes, including the reorganization of task-related cortical maps (Kleim et al., 

1998) as well as synaptogenesis in motor cortices (Black et al., 1990; Jones et 

al., 1999; Kleim et al., 1996; Kleim et al., 2002). Through the use of MRI, studies 

with humans have also demonstrated complex motor skill learning and expertise 

to be associated with significant structural changes, as commonly measured 

through changes in gray matter (Draganski and May, 2008; May, 2011). Here, 

the relationships between various types of motor expertise, such as proficiency in 

the playing of a musical instrument, and brain anatomy have been investigated. 

For example, Gaser and Schlaug (2003) found the gray matter volume of various 

regions to be significantly greater in keyboard musicians compared to non-

musicians, including in the auditory, sensorimotor and premotor cortex, as well 

as in the cerebellum. Indeed, musicians, due to being a popular model to study 

neuroplasticity (Herholz and Zatorre, 2012; Wan and Schlaug, 2010), have 

commonly been reported to exhibit significantly greater amounts of gray matter in 

comparison to controls, including greater gray matter volume in the primary 
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sensorimotor cortex and cerebellum (Han et al., 2009), as well as greater gray 

matter volume and cortical thickness in the auditory cortex (Bermudez et al., 

2009; Bermudez and Zatorre, 2005; Schneider et al., 2002). Aside from the 

ability to play a musical instrument, the structural correlates of expertise in a 

variety of other motor skills have also been investigated. Examples include:  

skilled golfers exhibiting increased gray matter volumes in parietal and premotor 

cortices (Jancke et al., 2009), the enlargement of gray matter volume in the 

vermian lobules VI-VII of the cerebellum (Park et al., 2009) and the striatum 

(Park et al., 2011) in basketball players, competitive judo players having 

increased gray matter volumes in the frontal and prefrontal cortex (Jacini et al., 

2009), time as a professional typist being positively correlated with an increase in 

gray matter volume in regions such as the cerebellum (Cannonieri et al., 2007), 

professional divers having greater cortical thickness in the right orbitofrontal 

cortex, right parahippocampal gyrus and the left superior temporal sulcus (Wei et 

al., 2011), and professional handball players exhibiting increased gray matter 

volume in the SMA, cingulate motor area, right primary motor area, 

somatosensory cortex, and intraparietal sulcus (Hanggi et al., 2015). It is 

however important to note that the studies listed above are cross-sectional, and 

face the dilemma of being incapable of discerning whether such changes in 

structure are a direct consequence of training or due to some sort of 

predisposition; however, longitudinal studies have provided similar findings as 

those reported by their cross-sectional counterparts.  
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In their seminal work, Draganski et al. (2004) investigated the training 

effects of learning to juggle on the brain structure of young adults. Subjects were 

scanned at baseline prior to learning how to juggle, once after 3 months of 

training, and 3 months after training and practice had ceased. At the end of the 3-

month training period, there was an expansion of gray matter in the mid-temporal 

area (MT/V5) and posterior intraparietal sulcus, areas involved in motion 

perception and visuomotor processing, and thus likely heavily involved in the 

complex visuo-motor task that is juggling. However, 3 months after training had 

ceased, the expansions in gray matter decreased back to near baseline levels, 

suggesting the increase and decrease of juggling skill to be tied to increases and 

decreases of gray matter in areas related to the task. Such results have also 

been supported by other studies using the same juggling paradigm, including the 

finding the juggling can induce gray matter expansion in the MT/V5 as early as 

after seven days of practice (Driemeyer et al., 2008), and that older adults show 

a similar expansion of gray matter in the MT/V5 after 3 months of juggling 

training, as well as in the hippocampus and nucleus accumbens (Boyke et al., 

2008). In regards to musicians, Hyde et al. (2009) conducted a longitudinal study 

investigating the effects of musical instrument training on brain structure in 

children. Following 15 months of training, children who learned to play an 

instrument were found to exhibit greater relative voxel size in areas including in 

the right precentral gyrus (primary motor area), corpus callosum and the right 

primary auditory region; such changes were also found to be correlated with 

improvements in musically relevant motor and auditory skills, suggesting that 
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training is not only capable of inducing significant changes to brain structure, but 

such structural changes are also related to improvements in the skills being 

trained in. Other longitudinal studies have also shown an expansion of gray 

matter to occur following training in a complex motor task, including the increase 

of gray matter volume in frontal and parietal regions following 2 weekly practice 

sessions of a whole-body balancing task (Taubert et al., 2010), and 40 hours of 

golf training being associated with an increase of gray matter in areas deemed as 

task-relevant, including in sensorimotor regions and areas part of the dorsal 

stream (Bezzola et al., 2011).  Thus, evidence from both cross-sectional and 

longitudinal studies suggest that motor expertise is associated with an increase 

in gray matter in regions deemed as pertinent to the motor skill that expertise is 

achieved in (Chang, 2014; Debarnot et al., 2014). However, there are studies, 

albeit few, that have reported the opposite finding that motor expertise is related 

to a decrease in gray matter (Draganski et al., 2006). Hanggi et al. (2010) 

compared the brain structure of professional ballet dancers to controls, and found 

dancers to exhibit decreased gray matter volumes in the left premotor cortex, 

SMA, putamen, and superior frontal gyrus, areas reported as key structures 

involved in dancing.  It has also been suggested that gray matter increases or 

decreases may depend on factors such as the motor skill trained in, the brain 

region of interest, and the time spent training; for example, James et al. (2014) 

compared gray matter volume between controls, amateur musicians, and 

professional musicians, and found changes in gray matter to be function of 

expertise level; greater musical training experience was associated with an 
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increase of gray matter volume in regions related to higher-order cognitive 

processing, but associated with a decrease of gray matter volume in regions 

related to sensorimotor functions. Thus, although most studies suggest motor 

expertise to be associated with an increase of gray matter in task-relevant 

regions, there are studies that suggest this may not always be the case. Indeed, 

the question of whether training should be associated with an increase or 

decrease of gray matter in pertinent brain regions remains unclear due to the 

complex relationship that exists between brain structure and function (Zatorre et 

al., 2012).  

 

1.4.3 Functional Plasticity Associated with Motor Expertise 

Studies have shown skill training and expertise to be associated with 

substantial functional reorganization of the skill-related functional activity 

patterns, but such studies are not in agreement as to what these changes should 

consist of. Both increases and decreases of activity in task-related regions have 

been reported to be associated with practice of a skill, as well as changes in what 

regions are involved in performing the skill once expertise is achieved (Kelly and 

Garavan, 2005). In the context of motor skills, initial motor skill learning is 

believed to involve interactions between cortical and subcortical regions, 

including the motor and pre-motor cortical areas, striatum, cerebellum, as well as 

parietal and limbic areas (Doyon and Benali, 2005; Penhune and Steele, 2012). 

The interactions between such regions are also believed to change over the 

training period as the motor skill improves (Doyon et al., 2009; Hikosaka et al., 
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2002). Thus, how activation patterns of a motor skill change due to intensive 

training, and once expertise is achieved, remains unclear due to inconsistent 

findings (Penhune, 2013; Reithler et al., 2010; Wiestler and Diedrichsen, 2013; 

Yang, 2015). To investigate such changes, functional neuroimaging has 

commonly been used to provide insight into the spatial activation patterns that 

arise when one is engaged in a motor task, and how such patterns differ as a 

function of expertise.  

Longitudinal studies have tracked the functional patterns of activity 

associated with sequential motor task training, such as a finger-tapping task, as 

well as how such patterns change during the training period. Such studies have 

shown motor skill training to be associated with an increase of activity in task-

related regions, including in the primary motor cortex (Floyer-Lea and Matthews, 

2005; Karni et al., 1995), primary somatosensory cortex (Floyer-Lea and 

Matthews, 2005), putamen (Floyer-Lea and Matthews, 2005; Lehericy et al., 

2005), striatum (Penhune and Steele, 2012), and SMA (Lehericy et al., 2005). 

However, there have also been contradictory reports that training in a motor skill 

leads to a general decrease of activity in task-related areas, including in regions 

such as the SMA (Reithler et al., 2010; Steele and Penhune, 2010), intraparietal 

sulcus (Reithler et al., 2010), insula (Reithler et al., 2010), premotor cortex 

(Gobel et al., 2011), precuneus (Gobel et al., 2011; Steele and Penhune, 2010), 

basal ganglia (Steele and Penhune, 2010), and the cerebellum (Lehericy et al., 

2005; Steele and Penhune, 2010). It may also be that both increases and 

decreases, depending on the region, occur with motor training (Lafleur et al., 
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2002; Lohse et al., 2014; Steele and Penhune, 2010), or the motor network 

related to the skill itself changes, recruiting different sets of brain regions (Kelly 

and Garavan, 2005). It is important to note that in an attempt to encompass the 

entire training period needed to achieve proficiency, such longitudinal studies 

commonly employ finger-tapping tasks, which consists of training periods that are 

often limited to several days or weeks. Such training is not entirely analogous to 

the more complex motor tasks that humans are capable of, such as the playing 

of an instrument, which can take years to become proficient in (Dayan and 

Cohen, 2011). In order to address this, cross-sectional studies have been 

conducted to compare novices to experts who have had extensive training in 

their motor skill of expertise.   

Cross-sectional studies have commonly compared brain activity during 

relevant task performance between experts, who have trained intensively in the 

related motor skill for an extensive amount of time, and novices (Yang, 2015). 

The functional activity of musicians, and particularly pianists, have commonly 

been compared to matched non-musicians while executing finger-tapping motor 

tasks that highly resemble that of playing a piano. The common finding here is 

that musicians exhibit general patterns of reduced activity, in that they usually 

display fewer areas of activity or smaller hemodynamic responses in task-related 

areas compared to controls during motor execution; this includes in regions such 

as the primary motor cortex (Jancke et al., 2000; Krings et al., 2000), premotor 

cortex (Haslinger et al., 2004; Krings et al., 2000; Meister et al., 2005), SMA 

(Haslinger et al., 2004; Jancke et al., 2000; Krings et al., 2000; Meister et al., 
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2005), and temporoparietal junction (Berkowitz and Ansari, 2010), as well in the 

prefrontal cortex, cerebellum, insula, and basal ganglia (Haslinger et al., 2004). 

Similar findings of experts exhibiting lesser activity compared to novices during 

motor execution have also been reported in other expertise groups, including in 

violinists (Lotze et al., 2003) and professional racecar drivers (Bernardi et al., 

2013).  

Findings from both longitudinal and cross-sectional studies suggest that 

expertise in a motor skill is associated with a general decrease of activation in 

task related regions during execution, as well as fewer areas of activity. 

However, it is important to note that certain regions may show greater activity as 

a result of expertise; this has been a common finding in particular for the 

striatum, which is believed to be critical for the long term retention of well-learned 

sequence of movements (Debarnot et al., 2014; Doyon and Benali, 2005; Doyon 

et al., 2009; Lacourse et al., 2004; Lohse et al., 2014; Penhune and Steele, 

2012; Yin et al., 2009). The reduced pattern of activity commonly associated with 

motor expertise is often attributed to the notion of neural efficiency; expertise 

may lead to increased motor efficiency in the task at hand, and thus reduced 

neural activity is needed to perform the related motor movements (Baeck et al., 

2012; Bezzola et al., 2012; Diedrichsen and Kornysheva, 2015; Haslinger et al., 

2004; Jancke et al., 2000; Jancke, 2009; Krings et al., 2000). It has also been 

suggested that such lower levels of activation found in experts may be related to 

the lesser involvement of attentional and executive resources needed to commit 

the motor movements, or may be due to task difficulty differences found between 
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experts and novices (Floyer-Lea and Matthews, 2005; Landau and D’esposito, 

2006; Yarrow et al., 2009).  

Various studies, including those mentioned above, have commonly drawn 

comparisons between experts and novices while engaged in simple motor 

exercises, such as finger tapping. This is in part due to such tasks being easy to 

perform while being confined in a MRI scanner, as well as not being associated 

with large movement artefacts (Bezzola et al., 2012). This offers the advantage 

of having subjects physically engaged in the motor task during neuroimaging, 

and depending on the expert group, such tasks can be extremely similar to those 

that are related to their area of expertise, such as pianists engaging in a finger-

tapping task on a keyboard (Haslinger et al., 2004; Jancke et al., 2000; Meister et 

al., 2005). Investigating functional activation patterns during performance of more 

complex motor movements however can be problematic due to physical 

limitations of what a person can do while undergoing neuroimaging (Bezzola et 

al., 2012; Yarrow et al., 2009); this has been a critical reason as to why research 

on neuroplasticity and motor skill expertise has favoured structural neuroimaging 

over functional (Hamaide et al., 2015). Thus, groups with motor expertise in 

complex whole-body movements have commonly been overlooked due to such 

reasons. Yet, principles derived from studies using simple motor tasks may not 

generalize to the more ecological and complex motor skills humans are capable 

of (Wolf and Shea, 2002), thus reinforcing the need to independently investigate 

the functional activity associated with engagement in complex motor tasks 

compared to simpler tasks. In order to make such inquiries, the use of motor 



21 
	
  

imagery, a state in which one simulates an action mentally without producing any 

physical body movement (Debarnot et al., 2014), has been proposed as a tool to 

do so. This is due to substantial evidence that motor imagery of a movement 

produces similar functional activation patterns as when physically executing the 

same movement (Jeannerod and Frank, 1999; Lacourse et al., 2005; Lafleur et 

al., 2002; Lotze and Halsband, 2006; Meister et al., 2004; Pfurtscheller and 

Neuper, 1997; Porro et al., 1996). Other evidence includes motor imagery 

evoking similar physiological responses as those found in physical execution of a 

movement (Milton et al., 2008), as well as the functional activity changes that 

occurs following physical training to be also found during the motor imagery of 

the same trained movement (Lafleur et al., 2002). Indeed, motor imagery has 

been shown to consistently recruit large fronto-parietal networks in addition to 

subcortical and cerebellar regions, patterns congruent to those found during 

physical execution of the imagined motor movements (although there is still 

debate around the activation of the primary motor cortex during motor imagery; 

see Munzert et al., 2009) (Hetu et al., 2013). Accordingly, motor imagery has 

been used to probe the functional plasticity associated with expertise in complex 

motor skills. Milton et al. (2007) compared the functional activity during motor 

imagery of a pre-shot golf routine between expert golfers and novices, and 

reported the task-related network in experts to be more focused and efficiently 

organized, based on reduced overall brain activation and fewer regions involved 

during the motor imagery task compared to novices. Motor imagery has also 

been used to investigate the task-related functional activity differences between 
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controls and high jumpers (Olsson et al., 2008), divers (Wei and Luo, 2010), 

archers (Chang et al., 2011), as well as to explore how such functional patterns 

change via training in shooting (Baeck et al., 2012) and golf (Bezzola et al., 

2012), with some of these studies supporting the notion of neural efficiency being 

associated with motor training (Bezzola et al., 2012; Chang et al., 2011). 

However, even some of these studies which have used motor imagery have only 

studied groups whose motor skill of expertise primarily involves the upper-limbs 

(e.g. archery and shooting); there remains a noticeable lack of studies that have 

investigated the functional plasticity associated with expertise in whole-body 

movements (Hetu et al., 2013; Wei and Luo, 2010).  

 

1.5 Current Study  

In the current study, we sought to investigate the important but 

understudied research topic of plasticity associated with whole-body movements 

by investigating both the functional and structural neural correlates associated 

with expertise in ballet dance. This gap in research is particularly prominent in 

the context of functional plasticity, where much of the literature has focused on 

elucidating the differences between experts and novices when engaged in the 

motor imagery of simple motor tasks (e.g. movements with fingers or certain 

limbs). Dance offer an advantageous model to study such neuroplasticity due to 

the intensive and long-term training it requires in whole-body movements (Di 

Nota et al., 2016; Hanggi et al., 2010; Karpati et al., 2015; Olshansky et al., 
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2015), with such training placing a great demand on both cognitive and physical 

abilities (Blasing et al., 2012; Sevdalis and Keller, 2011).  

In the context of functional neuroimaging, dancers have been used to 

investigate topics such as the neural basis of dance (Brown et al., 2006), as well 

as the neural correlates of action observation (Calvo-Merino et al., 2005; Cross 

et al., 2006). However, to our knowledge, no study has yet explored how the 

functional activity of expert dancers and controls differ during the performance of 

dance movements. To investigate this, we had both expert ballet dancers and 

controls perform motor imagery of dance movements while undergoing 8 minutes 

of functional neuroimaging. Due to dance being a highly complex motor and 

cognitive task, both groups were expected to recruit an extensive functional 

network that included motor-related cortical and subcortical areas, as well as 

fronto-parietal regions during motor imagery (Hetu et al., 2013). We also 

compared the functional activity maps of motor imagery of dance movements 

between the dancers and controls to investigate any potential differences. In line 

with the neural efficiency reported in other studies on motor expertise (Berkowitz 

and Ansari, 2010; Bernardi et al., 2013; Chang et al., 2011; Haslinger et al., 

2004; Jancke et al., 2000; Krings et al., 2000; Lotze et al., 2003; Meister et al., 

2005), we predicted expert dancers to demonstrate a general pattern of reduced 

functional activity relative to controls during the motor imagery of dance 

movements.  

We also investigated the structural correlates associated with dance 

expertise by comparing the cortical thickness between dancers and controls. 
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Various studies have reported motor learning and expertise to be associated with 

alterations in gray matter, with the common finding being an increase in gray 

matter in regions believed to be task relevant (Bezzola et al., 2011; Draganski et 

al., 2004; Gaser and Schlaug, 2003; Jancke et al., 2009). To our knowledge, only 

two studies have investigated gray matter differences between dancers and 

controls. One of these conducted a region-of-interest analysis, focusing solely on 

the hippocampus (Hufner et al., 2011). The other reported the aberrant finding of 

dancers showing a reduction in gray matter volume in various regions compared 

to controls (Hanggi et al., 2010). Thus, we also decided to investigate any 

potential structural differences between dancers and controls through cortical 

thickness, an alternative to volume for measurement of gray volume, which has 

not been examined in dancers to our knowledge.  
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2. Methods  

2.1. Participants 

The current MRI dataset pool had a total of 22 participants. For the expert 

dancer group, 17 professional ballet dancers (6 females, mean age = 19.00, SD 

= 1.17 years old, range = 18 - 22 years old, mean years of dance experience = 

11.25, SD = 3.21 years, range = 6 - 16 years) were included. The expert dancers 

were recruited from three separate cohorts of the National Ballet of Canada's 

Apprenticeship Program. At the initial time of scanning, each cohort was set to 

learn and rehearse a new, and thus unfamiliar, dance piece in the upcoming 

semester. The current control group consisted of 5 subjects, recruited from the 

York University community (2 females, mean age = 26.00, SD = 10.07 years old, 

range = 18 - 43 years old, with no self-reported dance experience). It is important 

to note that a partial set of data in this thesis (5 functional scans from 5 subjects) 

was sampled from the 46 functional scans in Bar and DeSouza (2016). 

Independent sample t-test through SPSS confirmed a significant difference 

between both groups for years of dance experience, t (20) = 7.74, p < 0.001, as 

well as for age, t (20) = -2.97, p = 0.007. Exclusion criteria for both groups 

included any history of neurological disorders, and for the control group, any self-

reported professional dance experience or training.  

 

2.2. Functional Task Procedure 

Prior to the fMRI scanning procedure, participants received a 20-45 

minute tutorial on motor visualization, in which they learned the difference 
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between visualizing movements from an internal (kinesthetic motor imagery) and 

external (visual motor imagery) perspective; this was done to ensure that the 

participants engaged in the motor imagery task from an internal perspective, 

which has been shown to induce similar activation patterns as when actually 

physically executing the same task (Jeannerod and Frank, 1999; Lotze and 

Halsband, 2006). The tutorial also included time for the participants to practice 

motor visualization from an internal perspective, such as being asked to visualize 

common dance movements.  

Participants were then placed in the MRI scanner to undergo the 

visualization task. While in the scanner, participants wore a pair of headphones, 

which allowed them to hear the piece of music that they had no experience 

performing to, but one that the dancers were going to learn in the upcoming 

semester (J.S. Bach’s Concerto in C Major for the first dance cohort, Marius 

Petipa’s Raymonda for the second dance cohort, and D. Shostakovich’s Allegro 

Non Troppo for the third dance cohort). Participants were instructed to visualize 

themselves dancing to the music from an internal perspective. Scanning followed 

a block design, consisting of five 60 second long dance imagery task blocks, 

interleaved by six 30 second long rest blocks.  

Following the scanning session, participants completed two items, a post-

scanning questionnaire and a visualization test, in order to gauge how accurately 

participants thought they visualized themselves dancing to their respective piece 

of music, if visualization was done from an internal or external perspective, if 
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visualization was continuous and timed to the music, and whether eyes were 

open or closed during visualization.  

 

2.3 fMRI Acquisition  

The following is a description of the fMRI acquisition that was used at the 

Sherman Health Science Research Centre, York University. A 3T Siemens Tim 

Trio MRI scanner was used to acquire functional and anatomical images using a 

32-channel head coil. T2*-weighted echo planar imaging using parallel imaging 

(GRAPPA) with an acceleration factor of 2X with the following parameters was 

used: 32 slices, 56 Å~ 70 matrix, 210 mm Å~ 168 mm FOV, 3 Å~ 3 x 4 mm slice 

thick, TE = 30 ms, flip angle of 90°, volume acquisition time of 2.0 seconds. 

Based on previous scanning following a similar paradigm, there were a total of 

240 volumes per scan. High-resolution (1 mm3) anatomical scan of each 

subject’s brain was taken at the end of each scanning session (spin echo, TR = 

1900 ms, TE = 2.52 ms, flip angle = 9°, 256 X 256 matrix). Each subject’s head 

was restrained while in the scanner with padded cushions to reduce movement 

artefacts. A vitamin E capsule was also placed near the right ear to clearly 

indicate later on the right hemisphere.  

 

2.4 fMRI Data Preprocessing 

All preprocessing steps for the functional data were done using tools from 

the FMRIB software library (FSL, version 5.0.4). For the anatomical data, non-

brain tissue was removed using FSL’s Brain Extraction Tool. Preprocessing of 
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the functional data for each subject followed the standard procedure as 

implemented in FSL’s FEAT. A high pass filter of 90 seconds was applied, based 

on the total length of the rest and task block combined. Functional images were 

motion corrected using MCFLIRT, corrected for slice timing  (with the option of 

interleaved applied due to how the functional data was collected), spatially 

smoothed using a Gaussian kernel of full-width half-maximum of 5 mm, and high 

pass filtered.  Independent component analysis (ICA), as implemented through 

MELODIC in FSL, was applied to the preprocessed data of each subject in order 

to further denoise the data of any remaining artifacts, with the goal to improve the 

results of FEAT. Here, components were visually inspected, and classified as 

either noise or signals of interest, based on each component’s activation map, 

time course and corresponding power spectrum, with judgement based on 

established criteria of what noise artefacts may appear as (Kelly et al., 2010). 

Components that were of particular interest for removal included those related to 

physiological noise, head movements, ventricle activity, and scanner artifacts.  

Such components that were classified as noise were then removed from each 

individual’s functional data.  

 The functional data was then co-registered with its corresponding BET 

processed anatomical image. The anatomical images were also registered to 

standard structural Talairach standard images, defined by the Montreal 

Neurological Institute (MNI) standard brain; the same transformation matrices 

used for the structural to standard transformation were then applied to the 

functional images, resampled at 2 x 2 x 2 mm, to bring them into standard space.  
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2.5 fMRI Data Analysis  

As previously mentioned, the expert dancer group consisted for 17 

participants in total. However, for the motor imagery fMRI analysis, 3 participants 

from this group were excluded, due to being first scanned at the second time 

point, when all expert dancers had gained movement experience performing to 

the music pieces used for the motor imagery task. In order to avoid the musical 

pieces evoking any previously learned choreography during motor imagery, 

comparisons between dancers and controls were done with music that neither 

group had any experience performing to. Thus, these three dancers were 

excluded.  

Primary statistical analysis of the functional data was through FSL’s FEAT; 

specifically, a whole-brain general linear model was used to investigate the 

overall functional activation patterns that occurred during motor imagery in expert 

dancers and controls, and how the two groups differed during this task. For the 

first level analysis (individual subject level), the motor imagery block was defined 

as an explanatory variable for each subject, and was contrasted with the rest 

blocks. Cluster detection thresholding, which includes intrinsic correction for 

multiple comparisons, was applied, with a cluster p threshold of p = 0.05 and Z 

threshold of 2.3. For the second level analysis (group level), the group related 

explanatory variables defined were the effects of the groups (expert dancers vs. 

controls). Age was also added as a covariate and treated as a nuisance variable. 

Thus, a two-sample unpaired t-test was conducted, using mixed effects through 

FSL's FLAME, in order to compare the functional activation between the two 
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groups during the motor imagery task. Group activation maps were produced for 

four different experimental contrasts: two for the mean activation of each group 

for the motor imagery > baseline contrast, and two to assess any differences 

between the groups for this motor imagery contrast (contrasts: dancers > controls 

and controls > dancers). All resulting Z statistic images were thresholded using 

clusters determined by Z > 2.3 and a corrected cluster significance threshold of p 

= 0.05, and overlaid on a MNI305 high-resolution template (through the 

MRIcroGL software) for visualization purposes in the neurological convention (left 

= left).  

We also analyzed the functional data using Partial Least Squares (PLS), a 

multivariate technique that identifies whole brain patterns of activity that are 

correlated with the experimental design (i.e. Task-PLS) (Krishnan et al., 2011; 

McIntosh and Lobaugh, 2004). Whereas univariate methods (as used in the initial 

analysis described above) are optimal for the identification of signal changes at 

specific points in time or space, multivariate methods allow insight into whole-

brain network patterns across space and/or time (McIntosh and Lobaugh, 2004). 

Thus, both were used here as they not only complement each other, but in 

particular, there has been a lack of studies assessing distributed whole-brain 

networks associated with motor expertise and motor imagery (Debarnot et al., 

2014).  

For this analysis, we specifically used the non-rotated version of Task-PLS, 

which allows the user to specify a priori contrasts (Krishnan et al., 2011; 

McIntosh and Lobaugh, 2004). Here, three different contrasts were used. The 
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first contrast examined any group main effect, the second examined any task 

main effect, and the third examined any interaction between group (dancers vs. 

controls) and task (motor imagery vs. rest). The interaction contrast allowed us to 

potentially identify brain networks that showed a cross-over interaction (i.e. 

regions recruited by controls during motor imagery and by dancers during 

baseline, or vice-versa). PLS identifies a set of spatial patterns, or latent 

variables (LV), that optimally relate the exogenous data and the functional 

imaging data. The statistical significance of each LV is assessed through 

permutation testing. Also, the reliability of the voxel weights, or salience, which 

characterizes the whole brain pattern identified by each LV, is estimated through 

a bootstrapping procedure, expressed as a bootstrap ratio (BSR).  Each salience 

has a weighted value that can either be positive or negative, depending on 

whether the voxel exhibits a positive or negative relation to the specified contrast 

(Addis et al., 2012). Finally, brain scores for each condition in each contrast for 

each subject are also derived. These scores indicate how much of the 

spatiotemporal brain pattern is expressed by a subject within a specific condition. 

From these individual brain scores, a mean brain score with confidence intervals 

for each group for each condition is calculated. This allows one to assess how 

reliable each condition in each group is when contributing to the spatiotemporal 

pattern associated with the contrast (Addis et al., 2012). It also allows insight into 

whether separate groups express the pattern to differing degrees (as based on 

whether the confidence intervals of each group overlap or not). Here, statistical 

significance of the LVs were determined through 1000 permutation tests. 
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Reliability of the voxel saliences were computed independently using bootstrap 

estimation, which was also carried out 1000 times. A cluster threshold of 50 

voxels was set, and only voxels which had a BSR of great than ± 3 (equivalent to 

a Z-score of 3, and a p-value of p < 0.003) were considered reliable and were 

included in the results. The resulting maps were then overlaid on a MNI305 high-

resolution template (through the MRIcroGL software) for visualization purposes in 

the neurological convention (left = left). 

 

2.6 Structural Data Analysis  

Along with the functional analyses, we also set out to investigate if dance 

expertise was associated with any gray matter structural differences.  For this 

analysis, all 22 participants were included to test for group differences, as time 

point of when the dancers were scanned would not influence this analysis. The 

relationship between motor expertise and gray matter has commonly been 

investigated through VBM, which provides measurements of gray matter volume.  

To our knowledge, only two studies have investigated the gray matter volume 

correlates of dance expertise, with one study being a region-of-interest analysis 

on the hippocampus (Hufner et al., 2011), and the other being a whole brain 

analysis, but reporting the peculiar finding of reduced gray matter volume in 

dancers when compared to controls (Hanggi et al., 2010). An alternative gray 

matter measurement to volume is that of assessing cortical thickness, which has 

also been shown to be sensitive to the effects of training (Engvig et al., 2010; 

Wei et al., 2010).  Some have suggested that cortical thickness may be more 
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precise than VBM in detecting changes in gray matter, due to reasons including 

that VBM results may be erroneously influenced by the degree of smoothing, 

registration techniques and choice of template (Bookstein, 2001; Jones et al., 

2005; Li et al., 2015; Pereira et al., 2010). To our knowledge once again, no 

study has investigated potential differences in cortical thickness between expert 

dancers and controls. Thus, our primary goal here was to assess the relationship 

between dance expertise and gray matter, as measured through cortical 

thickness measurements.  

We used Freesurfer (version 11.4.2) to compare the cortical thickness 

across the whole brain between dancers and controls. As previously mentioned, 

due to the focus of the analysis being on the gray matter structure and thus 

cortical thickness, subcortical structural differences were not analyzed here. The 

standard Freesurfer preprocessing pipeline was applied for each subject (Dale et 

al., 1999; Fischl and Dale, 2000). In brief, the preprocessing steps for cortical 

reconstruction of each subject included the removal of non-brain tissue, an 

automated Talairach transformation, intensity normalization, skull stripping, the 

segmentation of white matter, the generation and tessellation of the white matter 

surface, providing a boundary between white and gray matter, the deformation of 

the white matter surface into a pial surface, and the automatic correction of any 

defects in the surface. The whole cortex was then visually inspected, with manual 

corrections to surface errors made if warranted. Extensive detail on the 

Freesurfer pipeline has been published elsewhere (Dale et al., 1999; Fischl and 

Dale, 2000). The cortical reconstruction was used to create a cortical thickness 
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map for each subject. Thickness measurements at each vertex were based on 

the mean of the shortest distance between the gray/white matter surface and the 

pial surface, and from the pial surface to the gray/white matter surface (Fischl 

and Dale, 2000). Surface-based registration was then used to align all individual 

cortical thickness maps to a common surface, which was then smoothed with a 

Gaussian kernel of full-width half-maximum of 20 mm, with the resulting group 

maps submitted for statistical analysis.  

For the between groups analysis, a surface-based independent t-test 

analysis was done using Freesurfer's GLM tools, allowing the comparison 

between the cortical thickness of each group on a vertex-by-vertex basis. Age 

was included as a nuisance covariate in the GLM. A threshold of p < 0.01 was 

used to define clusters; to correct for multiple comparisons, the resulting cortical 

thickness maps were thresholded with an expected false discovery rate of 0.05.  

A separate correlation analysis was done to assess the relationship between 

cortical thickness and years of dance experience; only the professional ballet 

dancers were included in this analysis (n = 17; mean years of dance experience 

= 11.25, SD = 3.21 years, range = 6 - 16 years; Shapiro-Wilk Test p-value = 

0.178). Once again, a threshold of p < 0.01 was used to define the initial clusters, 

which were then corrected for multiple comparisons by the application of a 

threshold with an expected false discovery rate of 0.05.   
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3. Results 

3.1. Activation During Motor Imagery in Dancers and Controls 

 We first assessed the whole brain functional activation that the controls 

and dancers exhibited in the context of the motor imagery > baseline contrast. 

Both groups demonstrated similar activation patterns (Figure 1, Table 1 and 

Table 2), which included the bilateral activation of the temporal gyrus, and motor-

related cortical activation that included the SMA, a consistent area of activity in 

motor imagery (Hetu et al., 2013). However, a notable difference was that for the 

contrast of motor imagery > baseline, expert dancers exhibited bilateral activation  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Significant activation for the motor imagery > baseline contrast in both the control and 
expert ballet dancer groups (p < 0.01 corrected for multiple comparisons using cluster detection). 
Areas in red correspond to the contrast activation map of the dancers, and areas in green for the 
controls. Areas in yellow represent an overlap of the activation maps for each group (this was 
simply done for visualization purposes, and was not a statistical conjunction analysis). Axial slices 
are reported with their Z MNI coordinates in the neurological convention (left = left).  
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of the cerebellum, whereas the controls showed no significant cerebellar activity. 
 
Table 1. Cluster list for the mean activation map of controls for the contrast of motor 
imagery > rest (cluster correction with Z > 2.3 and p < 0.05). Coordinates are reported in 
MNI space. Regions associated with their respective coordinates were determined 
through the use of the SPM Anatomy Toolbox. 

Cluster 
Index 

Total Voxels 
for Cluster 

Index 

Region X 
(mm) 

Y 
(mm) 

Z 
(mm) 

Z-
max 

2 6793 Left Middle Temporal 
Gyrus 

-66 
 

-32 
 

2 
 

9.80 
 

2 
 

 Left Superior Temporal 
Gyrus 

-66 
 

-16 
 

2 
 

8.69 
 

2  - -64 -28 6 8.07 
2  - -46 0 -6 7.37 
2  Left Precentral Gyrus -44 -2 58 7.85 
2  Left SMA 0 -10 64 6.87 
       

1 2017 Right Postcentral Gyrus 66 -10 14 10.6 
1  - 64 -12 18 7.5 
1  Right Rolandic Operculum 56 0 6 10.1 
1  - 52 0 0 8.89 
1  - 62 -14 14 8.45 
1  Right Superior Temporal 

Gyrus 
60 -28 10 8.29 

 
 
 
3.2. Differences in Activity During Motor Imagery in Dancers and Controls 

The between-group analysis was done to assess the potential brain 

activity differences between controls and dancers during the motor imagery task. 

The controls were found to exhibit significantly greater activity in numerous brain 

regions during motor imagery of dance movements when compared to the expert 

dancers (Figure 2). These areas included the superior frontal and medial gyrus, 

anterior cingulate cortex, hippocampus, precuneus, and left cerebellum (Table 3). 

In contrast, no regions were found to be significantly more active in the expert 

dancers during the motor imagery task relative to controls.  



37 
	
  

Table 2. Cluster list for the mean activation map of expert ballet dancer for the contrast of 
motor imagery > rest (cluster correction with Z > 2.3 and p < 0.05). Coordinates are 
reported in MNI space. Regions associated with their respective coordinates were 
determined through the use of the SPM Anatomy Toolbox. 

Cluster 
Index 

Total 
Voxels for 

Cluster 
Index 

Region X 
(mm) 

Y 
(mm) 

Z 
(mm) 

Z-
max 

5 4525 Left Superior Temporal 
Gyrus 

-44 -26 10 5.96 

5  - -50 -12 0 5.30 
5  - -50 -12 4 5.08 
5  - -56 -32 14 5.03 
       

4 2989 Right Superior Temporal 
Gyrus 

52 -6 2 6.29 

4  - 64 -28 12 4.76 
4  - 58 -18 8 4.74 
4  - 70 -20 10 4.61 
4  Right Temporal Pole 54 4 -4 5.19 
       

3 2620 Right SMA 14 0 60 3.69 
3  Left SMA -10 2 68 3.67 
       

2 1147 Right Cerebellum 41 -55 -42 4.26 
2  - 34 -58 -24 4.24 
2  - 20 -64 -26 4.00 
2  - 40 -42 -32 3.72 
2  - 31 -36 -40 3.69 
2  - 34 -64 -56 3.65 
       

1 489 Left Cerebellum -16 -66 -26 4.26 
1  - -24 -48 -28 4.07 
1  - -16 -64 -30 3.29 
1  - -28 -62 -24 3.17 

 

3.3. Non-rotated PLS Analysis – Task, Interaction, and Group Effects 

For the non-rotated Task-PLS analysis, three contrasts of interest were 

defined a priori; one for a group main effect, the second for a task main effect, 

and the third for an interaction effect between group (dancers and controls) 
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Figure 2. Areas of significant activation for the contrast of controls > expert dancers during motor 
imagery (p < 0.01 corrected for multiple comparisons using cluster detection). No areas were 
found to be significantly more active in the dancers compared to the controls during motor 
imagery; thus, only the control > dancer contrast is shown. Axial slices are reported with their Z 
MNI coordinates in the neurological convention (left = left).  
 
and task (motor imagery and rest conditions). Thus, three latent variables were 

produced, one for each contrast. However, it is crucial to note that none of the 

latent variables were found to be significant, as determined through permutation 

testing (task main effect: p < 0.426; interaction effect: p < 0.994; group main 

effect: p < 0.827), which may have been due to the small sample size of the 

control group (Button et al., 2013). Nonetheless, the results are still interpreted 

below.  

The first LV (p < 0.426), accounting for 59.96% of the covariance, was 

related to the contrast testing for a task main effect, and thus identified a set of  
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Table 3. Results of the functional group contrast, which consisted of comparing the motor 
imagery > baseline activation maps between dancers and controls (effects after cluster 
correction with Z > 2.3 and p < 0.05). Coordinates are reported in MNI space. Regions 
associated with their respective coordinates were determined through the use of the SPM 
Anatomy Toolbox. 
Contrast Cluster 

Index 
Total Voxels 
for Cluster 

Index 

Region X 
(mm) 

Y 
(mm) 

Z 
(mm) 

Z-
Max 

Controls > 
Dancers 

5 2053 Right Superior Frontal 
Gyrus 

18 62 24 4.65 

 5  Left Superior Medial 
Gyrus 

0 58 32 4.6 

 5  - 0 42 42 4.26 
 5  - 2 48 24 4.13 
 5  - 0 44 48 4.06 
 5  Left Anterior Cingulate 

Cortex 
-6 48 12 4.07 

        
 4 1037 Right Hippocampus 24 -16 -16 5.72 
 4  

 
Right Inferior Frontal 

Gyrus 
26 24 -16 4.00 

 4  Right Hippocampus 18 -10 -12 3.94 
 4  Right Insula Lobe 38 8 -12 3.93 
        
 3 

3 
3 
 

3 
3 
3 
 

2 
 

2 
 

2 
2 
2 
2 
 

1 
1 
1 
1 
1 
1 

623 
 
 
 
 
 
 
 

501 
 
 
 
 
 
 
 
 

463 

Left Hippocampus 
- 

Left Parahippocampal 
Gyrus 

- 
- 

Left Amygdala 
 

Left Middle Cingulate 
Cortex 

Right Middle 
Cingulate Cortex 
Left Precuneus 

- 
- 

Right Precuneus 
 

Left Cerebellum 
- 
- 
- 
- 
- 

-32 
-34 
-26 

 
-20 
-22 
-18 

 
-14 

 
16 

 
-10 
-4 
-6 
2 
 

-16 
-16 
-22 
-8 

-28 
-20 

-12 
-18 
-38 

 
-22 
-28 
-6 
 

-48 
 

-46 
 

-50 
-48 
54 
-50 

 
-80 
-82 
-78 
-78 
-70 
-90 

 

-16 
-16 
-14 

 
-22 
-20 
-16 

 
38 

 
34 

 
36 
38 
38 
50 

 
-26 
-22 
-32 
-16 
-38 
-26 

 

4.38 
4.16 
4.10 

 
4.05 
3.79 
3.98 

 
4.33 

 
4.04 

 
3.96 
3.27 
3.19 
3.28 

 
4.72 
4.71 
4.49 
3.25 
3.04 
2.46 

 
Dancers > 
Controls 

- - - - - - - 



40 
	
  

disparate brain regions that in both groups, either showed greater activity during 

the motor imagery task or baseline (Table 4, Figure 3). The functional network  

Figure 3. Latent variable 1 from the non-rotated Task-PLS, representing the contrast between 
motor visualization and baseline across both controls and dancers. The axial slices (reported with 
their z-coordinates in MNI space) represent which regions (minimum voxel threshold of 50 and 
bootstrap ratio of ± 3) exhibited greater activity during the motor visualization task (cool colours 
and associated with negative mean brain scores), and in contrast, regions which showed greater 
activity during baseline (warm colours and associated with positive mean brain scores). The 
graph below provides the mean-centered mean brain score of each group for this latent variable 
(with error bars representing 95% confidence intervals).  
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Table 4. Results of the functional non-rotated PLS analysis, testing for a task main effect. 
Results listed are clusters that were at least 50 voxels in size and had a minimum bootstrap 
ratio of ± 3. Coordinates are reported in MNI space. Bootstrap ratio reported is that of the peak 
voxel in each cluster. Regions associated with their respective coordinates were determined 
through the use of the SPM Anatomy Toolbox. 

Region Voxel Size X 
(mm) 

Y  
(mm) 

Z 
(mm) 

Bootstrap 
Ratio 

Right Superior Medial Gyrus 175 14 52 20 7.23 
Left Middle Frontal Gyrus 199 -23 47 15 5.51 

Left Superior Temporal Gyrus 3453 -54 -11 9 -11.59 
Right Middle Cingulate Cortex 1023 10 -10 44 -6.90 

Right Caudate Nucleus 73 10 7 5 -5.93 
Right Rolandic Operculum 402 54 -8 10 -5.84 

Right Postcentral Gyrus 198 40 -32 50 -5.58 
Right Supramarginal Gyrus 129 54 -25 24 -5.21 

Right Cerebellum 68 28 -55 -20 -4.95 
Right Middle Frontal Gyrus 58 44 42 30 -4.38 

 
of brain regions that were found to exhibit greater activity during the motor 

imagery task included the bilateral activation of the frontal gyrus and temporal 

lobes, as well as the right cerebellum, right caudate nucleus and right middle 

cingulate cortex; such areas have commonly been reported to be a part of the 

motor imagery functional network (Hetu et al., 2013). Only two clusters were 

found to be associated with the baseline condition: the right superior medial 

gyrus and the left middle frontal gyrus. Both the expert dancers and controls 

expressed the motor visualization and baseline networks (Figure 3) in a similar 

manner, as indicated by the overlapping confidence intervals between each 

group for each condition.  

The second latent variable (p < 0.994), which accounted for 26.77% of the 

covariance, was related to the contrast that tested for an interaction effect 

between group (expert dancers and controls) and condition (motor visualization 

and baseline) (Table 5 and Figure 4). This contrast was of particular interest, due 

to potentially identifying brain networks that were recruited by the expert dancers 
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Figure 4. Latent variable 2 from the non-rotated Task-PLS, testing for an interaction between 
group (expert dancers and controls) and condition (motor visualization and baseline). The axial 
slices (reported with their z-coordinates in MNI space) represent brain regions identified by the 
interaction contrast (minimum voxel threshold of 50 and bootstrap ratio of ± 3). The graph below 
provides the mean-centered mean brain score of each group for this latent variable (with error 
bars representing 95% confidence intervals). Regions in warm colours (associated with positive 
mean brain scores) were regions that were recruited by the controls during baseline and by the 
dancers during motor visualization. Regions in cool colours (associated with negative mean brain 
scores) were regions that were recruited by the controls during motor visualization and by 
dancers during baseline.  
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Table 5. Results of the functional non-rotated PLS analysis, testing for an interaction effect 
between task and group. Results listed are clusters that were at least 50 voxels in size and had 
a minimum bootstrap ratio of ± 3. Coordinates are reported in MNI space. Bootstrap ratio 
reported is that of the peak voxel in each cluster. Regions associated with their respective 
coordinates were determined through the use of the SPM Anatomy Toolbox. 

Region Voxel Size X 
(mm) 

Y 
(mm) 

Z 
(mm) 

Bootstrap 
Ratio 

Left Inferior Frontal Gyrus 150 -32 4 28 5.57 
Left Superior Parietal Lobule 201 -19 -63 40 5.33 
Right Middle Frontal Gyrus 90 34 30 22 5.27 

Right Cerebellum 54 8 -52 -10 4.95 
Right Superior Medial Gyrus 433 10 38 44 -7.75 

Left Rolandic Operculum 118 -40 -18 24 -7.18 
Left Precentral Gyrus 85 -50 -6 22 -4.74 

 
during motor imagery and by controls during baseline,and vice-versa.  Regions 

associated with the baseline activity in controls and motor imagery in dancers 

(corresponding to warm colours and positive mean brain scores in Figure 4) 

included the left inferior frontal gyrus, left superior parietal lobule, right middle 

frontal gyrus, and right cerebellum; both groups engaged in this network of 

activity in a similar manner during their respective conditions, as implicated by 

the overlapping confidence intervals. Regions associated with motor imagery 

activity in controls and baseline activity in expert dancers (corresponding to cool 

colours and negative mean brain scores in Figure 4) included the right superior 

medial gyrus, left rolandic operculum and left precentral gyrus, and once again, 

both groups engaged in this network in a similar manner due to overlapping 

confidence intervals.  

The third latent variable (p < 0.827), which accounted for 13.27% of the 

covariance, reflected the group main effect contrast (Table 6 and Figure 5). A 

spatial pattern was found which showed greater activity in controls for both the 

motor visualization and baseline task (regions in warm colours in Figure 5). This 
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Figure 5. Latent variable 3 from the non-rotated Task-PLS, representing a group main effect. The 
axial slices (reported with their z-coordinates in MNI space) represent brain regions that were 
associated with either the controls or the expert dancers, regardless of task (minimum voxel 
threshold of 50 and bootstrap ratio of ± 3). The graph below provides the mean-centered mean 
brain score of each group for this latent variable (with error bars representing 95% confidence 
intervals). Regions in warm colours (associated with positive mean brain scores) were regions 
that were recruited by the controls during both the baseline and motor visualization. Regions in 
cool colours (associated with negative mean brain scores) were regions that were recruited by 
the expert dancers during both conditions.  
 
included the right superior medial gyrus, right precuneus, left middle cingulate 

cortex, and right middle frontal gyrus. Both the motor imagery and baseline  
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Table 6. Results of the functional non-rotated PLS analysis, testing for a group main effect. 
Results listed are clusters that were at least 50 voxels in size and had a minimum bootstrap ratio 
of ± 3. Coordinates are reported in MNI space. Bootstrap ratio reported is that of the peak voxel 
in each cluster. Regions associated with their respective coordinates were determined through 
the use of the SPM Anatomy Toolbox.  

Region Voxel Size X 
(mm) 

Y 
(mm) 

Z 
(mm) 

Bootstrap 
Ratio 

Right Superior Medial Gyrus 234 8 50 24 8.57 
Right Precuneus 310 4 -50 45 5.55 

Left Middle Cingulate Cortex 52 -8 12 33 5.25 
Right Middle Frontal Gyrus 75 30 45 25 5.03 
Left Middle Frontal Gyrus 587 -38 20 44 -12.50 

Right Middle Frontal Gyrus 140 24 15 45 -9.32 
Left Middle Frontal Gyrus 420 -34 44 10 -8.45 

Right Middle Frontal Gyrus 80 42 20 44 -8.00 
Left Precentral Gyrus 58 -44 -2 48 -5.53 

Left Middle Cingulate Cortex 55 -8 12 33 -5.19 

 
 

conditions in the control group expressed this pattern of activity in a similar 

manner based on the overlapping of confidence intervals. The regions that were 

associated with an increase in activity during both conditions in the expert dancer 

group are shown in cool colours in Figure 5, and include the left and right middle 

frontal gyrus, left precentral gyrus, and the left middle cingulate cortex. However, 

it is important to note that neither of these two conditions reliably contributed to 

this spatial pattern of activity, based on their confidence intervals crossing zero.    

 
3.4. Cortical Thickness Differences between Dancers and Controls 
 
 The cortical thickness between dancers and controls was compared 

through a whole-brain (vertex by vertex) analysis. Eleven significant clusters 

were found (p < 0.01) (Figure 6), with each exhibiting greater cortical thickness in 

dancers compared to controls. No regions were found to show thinner cortical 

thickness in dancers relative to controls. However, it is important to note that 

none of these clusters survived the correction for multiple comparisons 
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Figure 6. Results of surface-based cortical thickness analysis contrasting for significant 
differences between dancers and controls. Results are those of an uncorrected p-value of p < 
0.01. No clusters survived the correction for multiple comparisons. Figure A) presents the eleven 
distinct clusters that were found to be thicker in dancers compared to controls. No regions were 
found to be thinner in dancers compared to controls. Results are displayed on the FSaverage 
inflated surface, with the Desikan-Killiany cortical atlas overlaid to allow visual distinction between 
regions. Figure B) provides a dot plot visualization of the cortical thickness measurements of 
each subject in the eleven regions that were found to be significantly different between the two 
groups. The white line represents the mean cortical thickness for each group. The number in 
brackets for each cluster on the x-axis correspond to the number labels found in figure A), which 
were determined through the use of the SPM Anatomy Toolbox. The order of clusters on the x-
axis is in descending order from greatest cluster size (mm2) to least.  

 
through the application of a false discovery rate of 0.05. Regions with greater 

cortical thickness (p < 0.01, uncorrected for multiple comparisons) in dancers 

compared to controls included the right inferior occipital gyrus (surface area of 

cluster = 607 mm2), right precuneus (surface area of cluster = 486 mm2), right 
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inferior frontal gyrus (surface area of cluster = 187 mm2), right superior temporal 

gyrus (surface area of cluster = 142 mm2), left middle orbital gyrus (surface area 

of cluster = 136.7 mm2), left middle temporal gyrus (surface area of cluster = 35 

mm2), right primary motor area (surface area of cluster = 18 mm2), right 

postcentral gyrus (surface area of cluster = 11 mm2), left precentral gyrus 

(surface area of cluster = 6 mm2), right middle frontal gyrus (surface area of 

cluster = 3 mm2), and right anterior cingulate cortex (surface area of cluster = 2 

mm2).  

 

3.5. Correlation between Cortical Thickness and Years of Dance Experience 

in Dancers 

 A correlation analysis was completed between cortical thickness and 

years of dance experience in the expert dancer group (n = 17). Seven clusters 

were found to be significant at a p-value of p < 0.01 (Figure 7); however, once 

again, none of these clusters survived the correction for multiple comparisons 

through the application of a false discovery rate of 0.05. Regions that exhibited a 

positive correlation between years of dance experience and cortical thickness 

included the left middle frontal gyrus (surface area of cluster = 81 mm2), left 

middle occipital gyrus (surface area of cluster = 19 mm2), left fusiform gyrus 

(surface area of cluster = 302 mm2), right parahippocampal gyrus (surface area 

of cluster = 29 mm2), and the right inferior temporal gyrus (surface area of cluster 

= 7 mm2). Regions of negative correlation included the right superior temporal 



48 
	
  

gyrus (surface area of cluster = 79 mm2) and the right middle frontal gyrus 

(surface area of cluster = 66 mm2).  

 

 
 

 
 
 

 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 7. Correlation analysis results between cortical thickness and years of dance experience 
in expert dancers. Seven regions were found to exhibit a correlation, including both positive and 
negative relationships. Scatter plots for each one of these regions are provided. Results are those 
of an uncorrected p-value of p < 0.01. No clusters survived the correction for multiple 
comparisons. Results are displayed on the FSaverage inflated surface, with the Desikan-Killiany 
cortical atlas overlaid to allow visual distinction between regions. Regions were determined 
through the use of the SPM Anatomy Toolbox.  
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4. Discussion  

4.1 Functional Activity Associated with Motor Imagery of Dance Movements 

in Dancers and Controls  

 The initial within-group fMRI analysis revealed the functional activation 

patterns associated with motor imagery of dance movements in both controls and 

expert dancers (Figure 1); many of these regions were found to be common in 

both groups, which was also implied by the task-PLS results (which were 

however non-significant) (Figure 3). Interestingly, the list of regions reported as 

being associated with the motor imagery of dance movements in both groups 

(Tables 1, 2, and 4) were similar to those reported by Brown et al. (2006), to 

which to our knowledge, is the only study which has investigated the functional 

activity associated with physical execution of dance movements within a scanner. 

Prominent regions that were common between experts and controls in our study 

(as implied by the overlap from the GLM analysis, as well as the task-PLS 

analysis), which also happened to be reported by Brown et al. (2006), included 

the superior temporal gyrus and the SMA (Brodmann’s area 6).  

Activity of the superior temporal gyrus as found in both groups can be 

partially attributed to the participants listening to musical pieces while in the 

scanner. The superior temporal gyrus is believed to be involved in the auditory 

processing of various features found in musical stimuli, including metre, rhythm, 

and melody (Brown et al., 2006; Chen et al., 2008; Liegeois-Chauvel et al., 1998; 

Zatorre et al., 2007). The superior temporal gyrus has also been proposed to be 

involved in auditory-motor interactions by disentangling the complex features 
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found in music, and selecting which features of the stimuli are motor relevant and 

thus needed to be transformed into motor representations by other brain regions, 

a feature that would be evoked during the imagery of movements cued by music 

(Zatorre et al., 2007).  

Both groups also exhibited significant activation of the SMA during motor 

imagery, a region of particular interest due to its various functions that are 

relevant to the imagery of dance movements. The SMA is one the most 

consistently reported regions to be active not only during motor execution, but 

also during motor imagery, including during imagery of both simple (Guillot et al., 

2008; Guillot et al., 2014; Hanakawa et al., 2003; Hetu et al., 2013; Lacourse et 

al., 2005; Lotze et al., 1999; Munzert et al., 2009; Naito et al., 2002) and complex 

motor movements (Baeck et al., 2012; Bezzola et al., 2012; Chang et al., 2011; 

Lotze et al., 2003; Meister et al., 2004; Olsson et al., 2008; Szameitat et al., 

2007). The SMA is believed to hold various functional motor roles, including 

being involved in motor action planning (Baeck et al., 2012; Guillot et al., 2012; 

Lotze and Halsband, 2006), choosing the correct motor response to specific 

conditions or cues (Nachev et al., 2008), internally generated movements 

(Nachev et al., 2008), as well as in executing actions that involve performing a 

sequence of movements (Nachev et al., 2008; Tanji and Shima, 1994; Zatorre et 

al., 2007). With the critical role of the SMA in motor action initiation and 

performance of sequential movements, all while keeping in mind the extensive 

functional activity similarity between motor imagery and execution (Guillot et al., 
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2014; Lotze and Halsband, 2006), the activation of the SMA during imagery of 

dance movements in both groups is not be surprising.  

Although explored to a lesser extent in the literature, the SMA has also 

been proposed to be involved in the visuo-spatial transformations required in 

tasks such as mental rotation (Leek and Johnston, 2009). An example of such 

transformations may include the rotation of limbs during a motor imagery task 

(Hetu et al., 2013), which may represent another relevant role of the SMA in the 

context of imagery of dance movements, which commonly requires the mental 

manipulation of the spatial orientation of bodies (Blasing et al., 2012). The SMA 

activation found in both groups may also be related to its somatotopic properties. 

The SMA contains a somatotopically arranged map of the body, with movements 

of the hindlimbs being elicited from the caudal areas of the SMA, while forelimb 

movements from rostral areas (Nachev et al., 2008; Picard and Strick, 1996). 

Accordingly, Brown et al. (2006) suggested that the functional activation of the 

SMA during performance of dance movements (which in their study consisted of 

strictly bipedal movements) was related to the leg representation found in this 

region, and thus involved in the encoding of the parameters related to muscle 

group, contractile force, beginning and ending position, and movement direction. 

As previously mentioned, SMA activity has most commonly been reported during 

motor imagery of complex upper-limb motor movements (Baeck et al., 2012; 

Bezzola et al., 2012; Chang et al., 2011; Lotze et al., 2003; Meister et al., 2004; 

Olsson et al., 2008; Szameitat et al., 2007). However, in their meta-analysis, 

Hetu et al. (2013) noted that activation of the SMA was consistently found in 
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studies requiring the motor imagery of only lower-limb movements, whereas its 

activity was sparse in studies involving motor imagery of only upper-limb 

movements. This distinction may in part be due to the representation of upper-

limb movements not only being restricted to the SMA, but may also be found in 

the premotor cortex (Graziano, 2006). However, if examining the SMA activity 

reported in this study solely in the context of its somatotopic properties, the 

activity found in both groups was likely related to both upper and lower limb 

movement imagery due to participants being instructed to engage in whole-body 

dance movements.  

Other regions that were identified (although from non-significant results) 

as being common between the two groups during motor imagery included the 

middle cingulate cortex and cerebellum, regions previously shown to be active 

during the execution of dance movements (Brown et al., 2006). Both of these 

regions have also been consistently reported to be a part of the motor imagery 

network associated with both simple and more complex tasks (Hetu et al., 2013). 

Aside from being involved in the prediction of movement outcomes, temporal 

processing of movements, and the correction of movements based on feedback, 

the cerebellum may also be involved in the internal representation of movement, 

a crucial cognitive process during motor imagery (Guillot et al., 2014). The 

cingulate cortex is often implicated to be involved in motor control (Paus, 2001), 

corroborated by it having direct anatomical and functional connections to motor 

regions including the ventral horn of the spinal cord, the primary motor cortex, 

and premotor cortex (Amiez and Petrides, 2014). Its activity in the context of this 
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study was perhaps influenced by the complexity of the motor movements that 

were imagined by subjects; although active in more basic motor tasks, the 

cingulate cortex has also been shown to be modulated by the complexity of the 

motor task, with complex spatial motor coordination tasks eliciting greater activity 

in this region compared to when engaged in simpler tasks (Wenderoth et al., 

2005). Aside from their individual functions described above, the cerebellum and 

cingulate cortex, along with the SMA, have also been suggested to be involved in 

supporting the coordination of different limbs during complex movements such as 

the playing of an instrument or engaging in dance movements (Brown et al., 

2006; Jancke et al., 2000).  

 

4.2 Functional Activity Differences between Dancers and Controls During 

Motor Imagery of Dance Movements  

In the context of functional neuroimaging and motor expertise, much of the 

current literature has focused on investigating the functional activity differences 

between experts and novices when engaged in the execution or motor imagery 

of simple motor movements. In contrast, such comparisons in the context of 

expertise in complex whole-body movements, like dance, have been noticeably 

lacking (Hetu et al., 2013; Wei et al., 2010). Accordingly, the primary goal of this 

study was to investigate how the functional activity during motor imagery of 

dance movements potentially differs between expert ballet dancers and controls. 

The preliminary findings here support our hypothesis, with expert dancers 

exhibiting a general pattern of reduced functional activity compared to controls 
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during the motor imagery task. No regions were found to be significantly more 

active in dancers compared to controls, whereas various regions, including the 

superior frontal gyrus, hippocampus, middle cingulate cortex, and the left 

cerebellum (Figure 2, Table 3), were found to be more active in controls relative 

to dancers during the imagery of dance movements.  

Controls were found to exhibit greater activity relative to the expert 

dancers during the imagery task in various frontal regions, particularly in the 

superior frontal gyrus and anterior cingulate cortex, regions that are thought to be 

jointly involved in cognitive control and attention during motor tasks (Debarnot et 

al., 2014). Although not a consistent finding in the pertinent literature, there are 

some studies that have reported a similar finding of a reduced or more focused 

activation of frontal regions being associated with motor expertise (Chang et al., 

2011; Wei and Luo, 2010). Such results are in agreement with longitudinal 

studies that have reported slow motor skill learning to be characterized by a shift 

in functional activity from anterior to more posterior regions (Dayan and Cohen, 

2011; Floyer-Lea and Matthews, 2005). However, such patterns of change in the 

frontal cortex may not be strictly related to motor expertise, but may instead 

reflect a more general pattern of functional change associated with general skill 

learning and expertise. It has been proposed that when faced with novel 

demands during unskilled performance, a particular set of regions involved in 

general attention and control tasks, including the prefrontal cortex and anterior 

cingulate cortex, are recruited and actively engaged in as a way to cope with 

such demands (Kelly and Garavan, 2005). Thus, a coordinated increase of 
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activity in such areas is associated with the performance of a new task. However, 

as one practices the task and proficiency is achieved, this pattern of frontal 

activity is reduced, as activity is shifted predominately towards pertinent posterior 

regions of the brain, such as in motor cortical regions for a motor skill. This 

reduction in frontal activity associated with skill expertise is ultimately thought to 

reflect a decrease in dependence on attention-related resources and executive 

functioning (Dayan and Cohen, 2011; Kelly and Garavan, 2005). Indeed, skilled 

performance is often defined by an increase in automaticity, a state in which 

relevant processes are rapid, smooth and require little attentional capacity 

(Yarrow et al., 2009). To reiterate, such changes in frontal activity are believed to 

be associated with the general acquisition and learning of all types of skills, 

which includes those that are motor-related. Thus, such activity differences may 

be related to the expert dancers placing a lesser demand on attentional and 

executive functioning resources due to their extensive practice in performing 

dance movements. In contrast, controls would be expected to extensively recruit 

these frontal attention and control regions due to the novel demands placed on 

them during the imagery task.  

The middle cingulate cortex and precuneus were also a part of another 

significant cluster that was found to be more active in controls relative to dancers, 

with both regions being previously reported to be active during physical execution 

of dance movements (Brown et al., 2006). As previously mentioned, activity of 

the cingulate cortex may be modulated by the complexity of a motor task, with 

complex spatial motor coordination tasks inducing greater activity of the cingulate 
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cortex compared to simpler tasks (Wenderoth et al., 2005). However, previous 

studies have also shown an inverse relationship to exist between activity of the 

cingulate cortex and expertise level, with lower motor skill being associated with 

greater activity, and vice versa for those with motor expertise (Jancke et al., 

2000; Milton et al., 2007). It follows that although the cingulate cortex was active 

in both groups, as would be expected due to the complexity of the motor imagery 

task as well as being a region shown to be active during the performance of 

dance movements (Brown et al., 2006), the difference in activity in this region 

may ultimately reflect the difference in dance skills between the two groups. This 

finding must be qualified however by the possibility that this difference in activity 

may not be strictly associated with a difference in dance motor skill between the 

two groups, but may instead be related to the motor imagery ability of each 

group. Individuals can vary greatly in motor imagery ability, which is based on 

criteria such as vividness and ability to match the temporal characteristics of the 

actual movements during imagery (Guillot et al., 2008). In contrast to skilled 

imagers, poor imagers have been found to exhibit different functional activation 

patterns when engaged in the same imagery task, including the recruitment of 

the cingulate cortex (Guillot et al., 2008). With the extensive use of motor 

imagery in dance training (Blasing et al., 2012), it is possible that this functional 

activity difference between the two groups in the cingulate cortex may not only be 

a reflection of dance motor skill, but may also reflect a difference in motor 

imagery ability, or even a conflation of these two potential explanations.  
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The activity of the cerebellum was found to be different between controls 

and dancers during the motor imagery task, with controls exhibiting greater 

functional activity relative to dancers. This was expected as a reduction of 

cerebellar functional activity in experts relative to novices, as was reported here, 

is one of the most consistent findings associated with motor expertise (Yang, 

2015). Longitudinal studies involving simple finger-tapping tasks learned over a 

span of 5 days have shown the cerebellum to be significantly active during the 

early learning phase when the task is new, but over long term, as familiarity and 

proficiency in the task is achieved, a decrease in activity occurs  (Parsons et al., 

2005; Steele and Penhune, 2010). Cross-sectional studies between novices and 

motor experts have also reported experts to show lesser cerebellar activity when 

engaged in their task of expertise, including pianists during performance of finger 

movements (Haslinger et al., 2004; Koeneke et al., 2004), and archers during 

motor imagery of archery shooting (Chang et al., 2011). As previously 

mentioned, the cerebellum is involved in various processes related to motor 

performance, including motor learning, prediction of movement outcomes, 

temporal processing of movements, and the correction of movements based on 

feedback (Guillot et al., 2014). However, our findings, along with those 

mentioned above, suggest that cerebellar activity differs as a function of 

expertise in the motor task being performed (or imagined). This difference is in 

agreement with prominent models of motor skill learning in which the involvement 

of the cerebellum changes over the course of learning (Dayan and Cohen, 2011; 

Doyon and Benali, 2005; Doyon et al., 2003; Doyon et al., 2009). When first 
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performing and learning a novel motor task, regardless if the task is of a 

sequential learning or adaptation nature, a general motor-learning network is 

recruited, which includes motor cortical regions, prefrontal, parietal, and limbic 

areas, the striatum, and the cerebellum (Doyon and Benali, 2005). However, as 

learning of a sequential motor skill continues and retention and proficiency is 

achieved, the representation of the skill shifts to only include the basal ganglia 

and associated motor cortical regions, as the cerebellar functions related to 

motor learning, timing, and correction of movements minimized, thus leading to a 

reduction in activity (Doyon et al., 2009). That is not to say the cerebellum 

completely ceases to be active during motor execution a practiced motor skill. 

Brown et al. (2006) reported significant bilateral cerebellar activity in amateur 

dancers while physically executing bipedal dance movements, as did our 

dancers when performing motor imagery of dance movements. Rather, the 

cerebellum simply exhibits a reduction in activity over time as proficiency in the 

motor skill is achieved (Dayan and Cohen, 2011), which our findings support. 

The expert dancers in our study had extensive training, and were likely extremely 

familiar with the movements they imagined, having had years to practice and 

perform them. In contrast, the controls had no previous dance experience, and 

thus presumably no experience in performing ballet movements, which would 

have led to greater cerebellar functional activity compared to the dancers during 

imagery of dance movements, as was found in the results of our study. It is also 

important to note that there was a laterality effect found, with the cluster of 

functional activity difference between dancers and controls being found 
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specifically in the left cerebellum. Although some previous cross-sectional 

comparisons between novices and motor expert groups have found novices to 

exhibit greater activity bilaterally in the cerebellum (Chang et al., 2011; Haslinger 

et al., 2004), it has also been hypothesized that the left cerebellum is particularly 

influential only in the early stages of motor skill learning (Gaser and Schlaug, 

2003; Hu et al., 2008). Longitudinal studies involving learning of bimanual 

coordination tasks have found cerebellar decreases to occur during learning, but 

only in the left side (Debaere et al., 2004). Other studies have also reported that 

novice performance is associated with bilateral activation of the cerebellum, 

where as only right cerebellar activity is found in motor experts (Koeneke et al., 

2004). Thus, our findings seem to support the notion that not only is the 

cerebellum a region of functional activity difference between motor experts and 

controls, but this difference may be confined to the left cerebellum.  

A surprising finding was that of greater activity in the hippocampus of 

controls relative to dancers during the motor imagery task. The hippocampus has 

been noted as playing a role in the encoding and consolidation of new sequential 

motor skills, but only during the very early stages of learning (i.e. first 24 hours) 

(Albouy et al., 2008). No studies to our knowledge have reported differences in 

hippocampal activity when comparing controls to motor experts, with recent 

meta-analyses on this topic also failing to report such findings (Hardwick et al., 

2013; Hetu et al., 2013; Yang, 2015). An exception comes from Lacourse et al. 

(2005), who did find greater activity in the hippocampus of participants when first 

performing imagery of a novel button-pressing task compared to when they 
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imagined performing the same task following a week of practice, once again 

suggesting that hippocampal activity is only significant during the very early stage 

of learning. However, the task was a simple finger motor task that involved only 

one weeks worth of practice, making it inappropriate to compare with other 

studies that include complex motor expert groups who have trained in their skills 

for an extensive period of time. It is unlikely that the difference in hippocampal 

activity is an exclusive reflection of the dancers’ motor expertise. If this were 

indeed the case, other studies with different motor expert groups should have 

reported similar differences in the hippocampus, but no such findings are to be 

found. Instead, the difference in hippocampal activity might be a reflection of how 

each group engaged in topographical representations during the imagery of 

dance movements.  

Motor imagery of dance requires not only the visualization of appropriate 

limb movements, but also the imagining of one's body moving through space, 

which requires one to be aware of their orientation with respect to their mental 

surroundings (e.g. visualizing dancing on a performance stage) (Blasing et al., 

2012). This is a unique feature of dance that may not be found in the other motor 

expert groups that have been studied thus far, such as musicians. Thus, it is 

possible that the imagery task in this study led to participants engaging in spatial 

mental imagery in order to create an internal representation of their orientation in 

an environment that they imagined moving through. Accordingly, the 

hippocampus is believed to be a crucial structure in such topographical 

processing (Poirel et al., 2010). This suggested role of the hippocampus in 
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topographical representations is primarily based on place cells being found in the 

hippocampus, which are neurons that the activity of are modulated based on the 

spatial position of an animal in its environment (Moser et al., 2008). We 

speculate that the difference in hippocampal activity may not be related to the 

motor expertise of the dance group, but rather to their familiarity of the 

environment in which they were likely imagining their dance movements. Wolbers 

and Buchel (2005) reported that during the initial spatial learning of a complex 

environment, subjects exhibited significant hippocampal activity. However, as the 

environment became better known and navigational performance improved, 

hippocampal activity decreased, implying it was only necessary when learning 

and incorporating new spatial information. Other studies have also suggested 

that the hippocampus is required only during the consolidation stage of 

topographical information (Barrash et al., 2000), as well as only being required 

when engaging in spatial memory of recently learned environments, and not for 

recalling spatial information that was encoded long before (Rosenbaum et al., 

2004). Due to the extensive use of mental rehearsal in dance training (Blasing et 

al., 2012), it may be that during the motor imagery task, the dancers visualized 

their movements in the familiar environment of their dance school. This spatial 

familiarity may have thus led to lesser hippocampal activity in the dancers 

compared to controls, who may have imagined their movement in spatial 

environments that they are not familiar with.    

The finding of controls exhibiting greater activity during imagery of dance 

movements relative to the dancers is in agreement with the hypothesis that motor 
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expertise is associated with neural efficiency, or a reduction in functional activity, 

a finding which has been commonly reported in other motor expert groups 

(Berkowitz and Ansari, 2010; Bezzola et al., 2012; Bernardi et al., 2013; Chang 

et al., 2011; Haslinger et al., 2004; Jancke et al., 2000; Krings et al., 2000; Lotze 

et al., 2003; Meister et al., 2005; Milton et al., 2007). The neural efficiency 

hypothesis suggests that individual motor regions act in a more efficient manner 

during automatic and proficient motor performance, thus requiring less energy 

(Doyon et al., 2009). The exact mechanisms behind such a reduction of 

functional activity remain unknown, but various theories have been proposed to 

account for such findings. It may be that as a motor skill increases, more 

effectors are continuously linked, thus reducing the number of individual motor 

elements to be controlled via motor commands. This linkage of motor elements 

through practice may allow complex movements to occur in a much more 

automatic and efficient manner, which would be reflected by experts having 

smaller and less active neural networks while engaged in the motor task 

(Bezzola et al., 2012; Jancke, 2009). Diedrichsen and Kornysheva (2015) 

propose a similar model to potentially account for this reduced functional activity; 

motor skill learning involves various levels of the motor hierarchy, including that 

of the selection level, which represents movement goals. It is the selection level 

that activates the appropriate motor primitives, or the spatial and temporal 

patterns of muscle activity that occur across a wide range of desired complex 

movements. When first learning a motor task, the selection level can be a time 

and energy consuming process, due to the need to first consider various 
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alternatives of performing an action, and then eventually choosing the most 

appropriate set of motor primitives. However, as one becomes proficient in a 

motor skill, a dynamic network may emerge which consists of the different motor 

elements necessary for the desired movement linked together. Thus, when an 

expert wishes to initiate such a motor skill, only this single network “stream” 

needs to be activated, meaning minimum input from the selection level is 

required, which may ultimately result in a reduction of functional activity 

compared to the earlier stages of learning (Diedrichsen and Kornysheva, 2015).  

 Although we believe our findings support the hypothesis of neural 

efficiency being associated with complex motor skill expertise, it is important to 

note that the use of this term has drawn criticism. When referring to neural 

efficiency in the context of functional neuroimaging, it is often used to refer to the 

result that experts exhibit fewer areas of activity, or smaller hemodynamic 

responses in task-related areas, compared to novices. The findings of a 

reduction of functional activity are not necessarily the issue; instead, the criticism 

is primarily directed at how stating that one group demonstrates “neural 

efficiency” compared to another simply redescribes the data without providing an 

explanation as to the biological basis of such differences, which unfortunately are 

currently unknown (Poldrack, 2015). In an attempt to explain such results, one is 

faced with the confound that such differences may not actually reflect differences 

in efficiency, as in motor experts are using less neural energy to execute the 

same task as compared to controls, but may be related to each group engaging 

in a different set of cognitive processes or different neural computations for the 
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same task (Poldrack, 2015). The lack of a single verified explanation affirms the 

difficulty in interpreting the functional plasticity associated with skill learning. 

Recent animal studies have however taken a step towards providing evidence 

that the reduced functional activity associated with motor expertise may indeed 

reflect neural efficiency.  Picard et al. (2013) had primates learn a sequential 

motor task for up to 6 years, with their performance then compared between the 

learned task and an untrained motor task. Recordings of neuronal firing and 

metabolic activity via 2DG ([14C] 2-deoxyglucose) uptake were taken in the 

primary motor cortex. Although neuronal firing was found to be similar between 

the two tasks, metabolic activity was significantly reduced during performance of 

the practiced motor skill, suggesting that motor training and expertise may lead to 

a state in which less synaptic activity is required to generate a given amount of 

neural activity while engaged in the practiced skill (Picard et al., 2013). Of 

particular importance is how such findings are translational to the field of fMRI 

and motor expertise; the authors noted the tight coupling that previous studies 

have demonstrated between metabolic processes and hemodynamic measures, 

and thus suggested that functional activity measured via the BOLD signal should 

be modulated in a similar fashion by motor expertise (i.e. a reduction of functional 

activity) as was their 2DG measurements, giving credence to the often-made 

conclusion that reduced functional activity (as measured by fMRI) in motor 

experts may indeed be a reflection of achieved neural efficiency (Picard et al., 

2013), as was implied by the results of our study.  
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4.3 Dance Expertise and Cortical Thickness: Differences Between Dancers 

and Controls, and Correlation with Dance Experience 

Several studies have investigated the structural differences between 

motor experts, such as musicians or athletes, and novices, with the common 

finding being greater gray matter in various regions, often deemed to be task-

relevant, in the motor expert group (Bermudez et al., 2009; Bermudez and 

Zatorre, 2005; Gaser and Schlaug, 2003; Hanggi et al., 2015; Jacini et al., 2009; 

Jancke et al., 2009; Park et al., 2009; Park et al., 2011; Schneider et al., 2002; 

Wei et al., 2010). Here, we also explored for structural differences between 

expert ballet dancers and controls, with the results supporting our initial 

hypothesis as dancers were found to exhibit greater cortical thickness in various 

regions relative to controls; no regions were found to be thinner in dancers. 

Dance training involves the learning and correction of movements, thus leading 

to the consistent recruitment of regions that are related to functions such as 

motor control, timing and synchronization, visuo-motor imagery, spatial 

transformations, and action observation and imitation (Blasing et al., 2012). The 

regions found to differ in cortical thickness between dancers and controls, which 

included the right inferior occipital gyrus, right precuneus, right inferior frontal 

gyrus, and right superior temporal gyrus, correspond well with the functions 

described above that would be critical in achieving dance expertise.  

The extensive use of motor imagery in dance training may have influenced 

the greater cortical thickness found in the precuneus and inferior occipital gyrus 

of dancers. Visual imagery, which has in common many of the neural substrates 
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found in kinaesthetic imagery, has been noted to elicit activity in occipital regions 

and in the precuneus, particularly when performed by skilled imagers (Guillot et 

al., 2009). It is possible that dancers, who may be skilled imagers due to their 

training (Blasing et al., 2012), extensively recruit these regions when they 

themselves are engaged in visual imagery of dance movements. The precuneus 

in particular has been shown to be implicated in various types of mental imagery 

tasks, including in motor imagery, where it is believed to be involved in the 

processing of spatial relationships for body movement control (Cavanna and 

Trimble, 2006; Hanakawa et al., 2003; Wenderoth et al., 2005). Outside the 

context of imagery, significant activity of the precuneus has also been reported 

during both the execution and preparation of spatially guided behaviours, with its 

activity particularly pronounced during tasks that require the coordination of 

multiple limbs while following complex spatiotemporal patterns (Astafiev et al., 

2003; Cavanna and Trimble, 2006; Hanakawa et al., 2003). For example, 

Wenderoth et al. (2005) reported greater activity of the precuneus during a 

spatially complex bimanual coordination task compared to a unimanual 

coordination task, suggesting its activity to be influenced by the complexity of the 

motor task. Interestingly, not only was the precuneus one of the regions to have 

a greater cortical thickness in dancers, but it was also one of the regions in our 

functional study to exhibit reduced functional activity in dancers during motor 

imagery compared to controls. Accordingly, with being a region to differ on both 

structural and functional measures between dancers and controls, as well as its 

various implied roles in mental imagery and complex motor movement execution, 
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the precuneus may be one of the more pronounced regions to undergo plasticity 

via dance training.  

Dancers were also found to exhibit greater cortical thickness in the frontal 

lobe, specifically in the left middle orbital frontal gyrus and right inferior frontal 

gyrus (pars opercularis). An increase of gray matter in such regions has 

previously been reported in other motor expertise groups, including in judo 

players (Jacini et al., 2009), divers (Wei et al., 2010), golfers (Bezzola et al., 

2011), and musicians (James et al., 2014). Such similar region-specific structural 

plasticity reported across a wide variety of motor expert groups may reflect the 

involvement of critical frontal associative regions in the higher-order cognitive 

aspects required in the learning and consolidation of complex motor skills (Doyon 

and Benali, 2005). Structural plasticity of the middle orbital frontal gyrus has been 

found to be associated with long-term training and expertise in complex motor 

skills such as diving or playing of an instrument (James et al., 2014; Wei et al., 

2010), but recent studies also imply that it is one of the initial regions to exhibit 

significant gray matter expansion following short-term motor training. Taubert et 

al. (2010) had participants train on a complex whole-body balancing task, and 

only after 6 weeks of practice (with one 45-minute session each week), they 

reported an increase of gray matter volume in various frontal regions, including in 

the left middle orbital frontal gyrus. Considering a balancing task used by Taubert 

et al. (2010) as their motor skill of interest, their results provide an intriguing 

overlap with the increased cortical thickness of the left middle orbital frontal gyrus 

found in our results, as dance requires extensive balancing ability, as 
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corroborated by various studies that have found dancers to perform significantly 

better than non-dancers on various measures of balance (Bruyneel et al., 2010; 

Crotts et al., 1996; Gerbino et al., 2007). Taubert et al. (2010) suggested that the 

gray matter expansion reported in the orbital frontal gyrus might reflect a building 

and maintenance of a learned optimal strategy for proficient task execution, 

which in this case was a balancing task. However, it is ultimately difficult to 

assess the potential role of the orbital frontal gyrus in dance training or even in 

general motor expertise, as it is considered one of the more least understood 

regions, with no consensus yet achieved as to its exact functions (Cavada and 

Schultz, 2000; James et al., 2014). Studies thus far have suggested it to be 

implicated in a variety of different functions, including in the control of mood, 

memory, processing and regulation of response to rewards and punishment, as 

well as in other emotional and social behaviours (Bechera et al., 2000; Cavada 

and Schultz, 2000; Kringelbach, 2005; O’Doherty et al., 2001).  

The inferior frontal gyrus (pars opercularis) was also found to exhibit 

greater cortical thickness in dancers compared to controls, with similar reports of 

gray matter increase in this region being associated golf (Bezzola et al., 2011) 

and musical instrument (Gaser and Schlaug, 2003; James et al., 2014; Sluming 

et al., 2002) training. In the context of dance, the increase of cortical thickness in 

the inferior frontal gyrus may reflect its consistent involvement in action 

observation and imitation (Molnar-Szakacs et al., 2005), with it being consistently 

reported as a major node in the primate (human and non-human) mirror neuron 

circuit (Kilner et al., 2009; Rizzolatti et al., 1996). In such a network, it has been 
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suggested that the inferior frontal gyrus (pars opercularis) may be critical for the 

organization of higher-level and complex motor actions, including the selection or 

inhibition of action chunks (Schubotz and von Cramon, 2004; Zatorre et al., 

2007). Accordingly, this region, along with other mirror neuron-related areas, 

have been shown to exhibit increased functional activity in dancers when viewing 

dance movements that they have previously learned, or movements similar to 

their style of dance expertise, in comparison to movements that they are not 

familiar with (Calvo-Merino et al., 2005; Cross et al., 2006). Similar domain-

specific expertise effects have also been reported in musicians, who have been 

found to exhibit greater activity in mirror neuron related brain regions, including in 

the inferior frontal gyrus, during the perception of music compared to non-

musicians (Bangert and Schlaug, 2006).  Although only speculation, it may be 

that dance training requires a consistent engagement in this mirror-neuron 

network, and thus the inferior frontal gyrus, due to action observation and 

imitation being a crucial component in the learning of dance movements (Blasing 

et al., 2012; Sevdalis et al., 2011). This would be in contrast to non-dancers who 

putatively would not engage in motor learning through action observation and 

imitation to the same extent as professional dancers in their daily lives.  

 Greater cortical thickness was also found in the right superior temporal 

gyrus and left middle temporal gyrus of dancers relative to controls. Aside from 

music perception, the superior temporal gyrus is also involved in auditory-motor 

interactions through disentangling the complex features found in an auditory 

stimuli like music, and selecting which features of the stimuli are motor relevant 
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and thus needed to be transformed into motor representations by other brain 

regions (Zatorre et al., 2007). One of these regions that the superior temporal 

gyrus directly projects to includes the inferior frontal gyrus (Pandya and Yeterian, 

1996). Such auditory-motor transformations are undoubtedly a critical component 

in dance, as dance movements are often executed in a temporal pattern while in 

synchrony to music (Brown et al., 2006; Sevdalis et al., 2011). However, another 

feature of the superior and medial temporal cortices that may be relevant to 

dance training is their critical role in biological motion (Saygin, 2007; Vaina et al, 

2001).  Following the functional plasticity reported in biological motion related 

regions of dancers during action observation (Calvo-Merino et al., 2005), as 

dancers become more proficient at the perception of body movements, structural 

plasticity may also occur in such areas as in the superior and medial temporal 

gyrus. 

 Finally, we turn to the correlation analysis, in which we investigated the 

relationship between years of dance training and cortical thickness. Of particular 

interest were the positive correlations found between years of dance experience 

and cortical thickness in the right parahippocampal gyrus and left fusiform gyrus. 

In a subcortical focused region of interest analysis, Hufner et al. (2011) 

compared the gray matter volume between professional dancers and slackliners, 

and found greater volume in dancers in regions such as the parahippocampal 

gyrus and the fusiform gyrus (Hufner et al., 2011). In our cross-sectional cortical 

thickness comparison, neither of these regions were found to differ between 

dancers and controls. However, our correlational results still imply a similar 
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relationship to that found by Hufner et al. (2011) between the structure of these 

regions and dance, as the cortical thickness of both the parahippocampal gyrus 

and fusiform gyrus were found to be positively correlated with dance experience. 

In comparison to the hippocampus, the parahippocampal gyrus has consistently 

been reported to be active in human navigational studies (Poirel et al., 2010). 

Although the exact type of navigational representation processed by the 

parahippocampal gyrus is still unclear, it is most often implicated in the 

perception and mental imagery of spatial scenes and places (Poirel et al., 2010), 

and in particular the acquisition (Aguirre et al., 1996; Epstein et al., 1999) and 

retrieval (Ekstrom et al., 2003; Gron et al., 2000) of spatial information. In a 

similar fashion, the fusiform gyrus is also believed to play a critical role in visually 

guided spatial memory (Shipman and Astur, 2008). Drawing from fMRI studies as 

well, the functional activity of the right parahippocampal activity has been 

reported as being modulated by expertise, with dancers exhibiting greater activity 

in this region when observing familiar dance movements versus those that are 

unfamiliar (Calvo-Merino et al., 2005). Similarly, it was also reported as a region 

of activity difference between dancers and novices during imagery of dance 

movements in our fMRI study. During dance movement rehearsal over 5 weeks, 

the fusiform gyrus and parahippocampal gyrus were also found to increase in 

activity over the training period during dance simulation (Cross et al., 2006). 

Thus, it appears as though the parahippocampal gyrus and fusiform gyrus are 

two regions that demonstrate pronounced structural and functional plasticity in 

relation to dance training and expertise.     
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 Our main result of expert ballet dancers exhibiting greater cortical 

thickness in various regions corresponds well with other studies which have 

reported motor learning and expertise to be associated with greater gray matter 

in various regions (Bermudez et al., 2009; Bermudez and Zatorre, 2005; Gaser 

and Schlaug, 2003; Hanggi et al., 2015; Jacini et al., 2009; Jancke et al., 2009; 

Park et al., 2009; Park et al., 2011; Schneider et al., 2002; Wei et al., 2010). 

Extending beyond experience-dependent structural plasticity in the strict context 

of motor training, the learning of skills in other various domains has also been 

found to be associated with increases in gray matter (Aydin et al., 2007; Engvig 

et al., 2010; Kuhn et al., 2014; Maguire et al., 2000; Mechelli et al., 2004), 

suggesting that in general, skill learning is associated with an increase of gray 

matter in what are believed to be task-relevant regions (May, 2011). It is 

important to note that the underlying biological mechanisms responsible for the 

increases in cortical gray matter as reported through MRI are currently unknown; 

potential candidates include neurogenesis, gliogenesis, synaptogenesis and 

other changes in other cellular properties, with any one of these potentially 

capable of influencing MRI signals (May, 2011; Zatorre et al., 2012). These 

potential candidates are derived from animal studies which have found various 

types of skill learning, including motor-related, to be associated with a 

quantitative increase in distinct neural properties and processes, including as 

previously listed, neurogenesis (Gould et al., 1999; Tronel et al, 2010), 

gliogenesis (Dong and Greenough, 2004), and synaptogenesis  (Black et al., 

1990; Chklovskii et al., 2004; Holtmaat et al., 2006; Jones et al., 1999; Kleim et 
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al., 1996; Kleim et al., 2002), with it being possible, if not likely, that increased 

gray matter as detected through MRI is due to a combination of these factors 

(Zatorre et al., 2012).  

Although a vast majority of studies have found motor expertise to be 

associated with an increase of gray matter, there are some studies, albeit few, 

that have reported the aberrant finding that motor expertise is associated with a 

decrease of gray matter in various task-related regions (James et al., 2014; 

Vaquero et al., 2016). An example of such a study is that by Hanggi et al. (2010), 

who by comparing professional ballet dancers to non-dancers, found decreased 

gray matter volumes in the premotor cortex, SMA, putamen, and superior frontal 

gyrus of dancers. Indeed, their peculiar result was a motivating factor in us 

investigating for potential structural differences between controls and the dancers 

in our study, to determine whether dance expertise is unique in that it is 

associated with a reduction of gray matter. However, our findings of dancers 

exhibiting greater cortical thickness relative to non dancers is in contradiction to 

the findings reported by Hanggi et al. (2010), and instead corresponds well to 

what a majority of the literature suggests, and that is motor expertise is 

associated with an increase of gray matter in what are believed to be task-

relevant regions (Bermudez et al., 2009; Bermudez and Zatorre, 2005; Gaser 

and Schlaug, 2003; Hanggi et al., 2015; Jacini et al., 2009; Jancke et al., 2009; 

Park et al., 2009; Park et al., 2011; Schneider et al., 2002; Wei et al., 2010).  In a 

follow up analysis not reported here, we also compared the gray matter volume 

between dancers and controls, which was the same measurement used by 
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Hanggi et al. (2010), and similar to our cortical thickness results, we only found 

greater volume in various regions of dancers relative to controls, with no regions 

exhibiting smaller volumes in dancers.  

As for their unusual finding, Hanggi et al. (2010) suggested that potential 

factors may include the weight of the dancers, or what stage of training they were 

in, although as admitted by the authors, such reasons were unlikely to drastically 

influence the brain anatomy of the dancers in their study. For example, the 

particular stage of training a motor group is at may affect whether any significant 

anatomical differences are found between such a group and controls. By 

comparing the brain anatomy of professional golfers, nonprofessional golfers, 

and novice or non-golfers, Jancke et al. (2009) reported greater gray matter 

volumes in the nonprofessional golfers in comparison to the novice golfers, but 

found no differences between professional and nonprofessional golfers. It may 

be that significant gray matter changes only occur in the early stages of training, 

with no significant structural changes occurring past this point, regardless of time 

spent training or proficiency gained in the motor skill (Driemeyer et al., 2008). It 

has also been suggested that depending on the brain region, smaller increases 

in gray matter are associated with greater performance improvements (Taubert 

et al., 2010). Such studies only suggest that the potential for gray matter increase 

may plateau or even return to baseline once past the initial training period and 

expertise is achieved, but do not offer support for motor expertise to be 

associated with a decrease of gray matter relative to baseline (Hanggi et al., 

2010). Others have suggested that whether an increase or decrease of gray 
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matter occurs following training depends on various factors such as the brain 

region, stage of training, and the motor skill itself that is being trained in (James 

et al., 2014). If dance expertise is truly associated with a decrease of gray matter, 

one potential confound that may have influenced our main result is the difference 

in age between our dances and controls, with the controls being significantly 

older. Thinner cortical thickness has been reported in middle aged adults across 

various areas compared to younger adults (Salat et al., 2004), but the process of 

cortical thinning itself may begin during the teenage period and may continue to 

decrease into adulthood depending on the region (Shaw et al., 2008). It is 

possible that the result of greater cortical thickness being found in the dancers 

compared to controls was influenced by the significant difference in age between 

the two groups. Having said that, our results ultimately supported our hypothesis 

that expertise in ballet dance, a complex sensorimotor skill that requires 

extensive and intensive practice to become proficient in, is associated with an 

increase of gray matter. 

 

4.4 Limitations and Future Directions 

 There are various limitations associated with the present work that must 

be kept in mind. Arguably the most glaring is the sample size of the control 

group, which only had five subjects. Low sample sizes can diminish the statistical 

power of a study, thus negatively affecting the likelihood that a significant finding 

is a reflection of a true effect (Button et al., 2013). In the context of neuroimaging, 

suggestions for the optimal sample size to detect an appropriate effect include 
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between 16 to 32 subjects (Friston, 2012), if not more (Yarkoni, 2009). 

Regardless, the control group size did not meet such proposed standards, which 

may have influenced the various non-significant results that were found, 

specifically from the PLS and cortical thickness analyses. Other issues included 

the control group being significantly older than the dancer group, including an 

adult with the age of 43 as one of the five control subjects. This may have 

obscured both the structural and functional analysis. As previously discussed, 

cortical thinning of various regions is associated with aging, and may begin to 

occur during early adulthood (Salat et al., 2004; Shaw et al., 2008). In the context 

of the functional analysis, the older age of subjects in the control group may have 

also influenced their motor imagery ability (Schott, 2012). Different features of 

motor imagery, such as accuracy and timing of movements, have been reported 

to be well persevered in older adults during the imagery of simple motor tasks. 

However, the motor imagery ability of older adults may be potentially worse when 

imagining complex and difficult movements (Saimpont et al., 2013), which dance 

may be considered as. In regards to functional activity during motor imagery, 

older adults have also been reported to exhibit similar areas of activity, but 

greater activity in such regions when compared to younger adults (Zwergal et al., 

2012). Another potential confound that other studies focusing on the plasticity 

associated with motor expertise often fail to mention is that of exercise. With a 

typical ballet dance training session capable of evoking physiological responses 

that correspond to aerobic intensities levels that range from moderate to 

extremely strenuous (Schantz and Astrand, 1984), the aerobic fitness of dancers 
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has been noted to be similar to that of other non-endurance athletes (Cohen et 

al., 1981). There is now substantial evidence that exercise can induce both 

structural and functional plasticity (Hillman et al., 2008), predominantly in frontal 

and parietal regions (Colcombe et al., 2004; Colcombe et al., 2006) as well as in 

medial temporal lobe structures (Erickson et al, 2011). Thus, when investigating 

the plasticity associated with motor expertise in a skill that is also an athletic 

activity, it is possible that some differences may be attributable not to the 

complex sensorimotor learning involved in the motor skill, but perhaps to the 

fitness-related training that the motor skill requires.   

The use of a motor imagery task in this study also carries several caveats. 

If the requested motor task to be imagined is simple, and participants have 

previous experience performing such actions, there is confidence to be had in 

that all participants imagined similar movements. However, as the movements to 

be imagined become more complex, there is in a sense, a greater degree of 

freedom for subjects in regards to which movements they may imagine during 

the task. In this study, although general guidelines were provided in regards to 

the ballet movements to be imagined, it is possible that the participants 

performed different movements throughout the task. It would also be expected 

that dancers, due to their training, would have a greater repertoire of dance 

movements, and thus potentially performed a greater variety of movements, 

some of which the controls had no knowledge of. Extending on this, there are 

also potential issues when comparing experts with controls who have no prior 

experience in the motor skills that the expert group has expertise in. With 
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complex motor skills, it may be the case that controls are not capable of 

performing such movements, making it difficult to address how experts and 

controls differ when engaged in the movement of interest (Jancke, 2009). As 

alluded to previously, there is also the potential confound related to the 

participant’s skill in motor imagery. Individuals may differ in regards to their motor 

imagery ability, with those considered as having either poor or expert motor 

imagery ability having been found to exhibit slightly different functional activation 

patterns when engaged in the imagery of the same movement, including poor 

imagers recruiting the cerebellum and cingulate cortex (Guillot et al., 2008).  

However, motor imagery skill can also be improved through consistent practice 

(Milton et al., 2008). Motor imagery is frequently used in dance training as an aid 

with the learning and optimizing of movements, as well as with the mental 

rehearsal of such movements (Blasing et al., 2012). Due to their extensive use of 

motor imagery, dancers may be better at it than controls that have not engaged 

in motor imagery to the same extent. This then leads to a potential confound in 

regards to the functional activity differences found between dancers and controls, 

as to what extent was this finding influenced by differences in motor imagery 

ability between the two groups.  

Another limitation included the lack of recording of muscle activity during 

imagery. As stated previously, motor imagery is commonly defined as a state in 

which one simulates an action mentally without producing any physical body 

movement (Debarnot et al., 2014). Thus, if there is an actual motor output during 

the imagery task, some regard this as not being actual motor imagery (Hetu et 
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al., 2013). To control for muscle activity during motor imagery, the recording of 

electromyography activity has been proposed; however, to date, very few 

neuroimaging motor imagery studies have done so due to the technical 

complications that arise when attempting to acquire electromyography recordings 

during MRI scanning (Hetu et al., 2013). It is important to reiterate that we did 

engage in visual inspection of potential motor movements during scanning with 

video recordings, a procedure that has been used in the literature to control for 

movements in motor imagery studies (Sharma et al., 2006). Finally, the study 

design itself was that of a cross-sectional, which ultimately carries the limitation 

of being unable to distinguish whether functional and structural differences found 

were due to dance training or to a predisposition (Zatorre et al., 2012).  

Dance remains an advantageous but underutilized model to investigate 

the plasticity associated with complex motor expertise, and thus there are 

numerous future directions of interest that may be taken. One critical step going 

forward would be to conduct a longitudinal study to investigate the functional and 

structural plasticity associated with dance training (Bar and DeSouza, 2016). As 

previously mentioned, cross-sectional studies cannot discern whether any 

differences found between expert groups and controls are due to training or 

some sort of predisposition, a limitation that longitudinal studies can overcome. 

Attempting to conduct such a study however is faced with the logistical 

challenges of having to scan the same participants over very long periods of 

time. Unlike simple motor tasks that can be learned over the course of minutes or 

days, to achieve expertise in a complex motor skill like dance requires extensive 
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and intensive practice that usually takes place over the course of years (Hanggi 

et al., 2010). 

 In the context of functional neuroimaging, our primary questions of 

interest were evaluated through conventional univariate fMRI analysis, meaning 

each voxel was independently assessed in regards to its modulation by the task 

design, and thus there was no consideration for interregional relationships. 

Future studies may investigate the difference between expert dancers and 

controls during imagery of dance movements from a network perspective; for 

example, based on the areas that were found to more active in controls relative 

to dancers during the imagery task, functional connectivity analyses can be 

conducted with these regions of interest. This would elucidate how the functional 

networks associated with these regions potentially differs between dancers and 

controls when engaged in imagery of dance movements, and ultimately provide 

further insight into the functional plasticity associated with dance expertise. 

 It is also imperative for future studies to correlate the changes in structure 

and function associated with dance training to various dance-related behavioural 

measures, in an attempt to establish relationships between the neural changes to 

the changes in behaviours and skills associated with dance. The significance of 

neuroplasticity being associated with expertise is often hindered by a lack of 

pertinent behavioural correlations that can help establish relationships between 

changes in the brain and behaviour (Zatorre et al., 2012). Dance training has 

been found to be associated with various changes in both cognitive (Hufner et 

al., 2011; Smyth and Pendleton, 1994; Starkes et al., 1987) and motor measures 
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(Bruyneel et al., 2010; Crotts et al., 1996; Gerbino et al., 2007; Rein et al., 2011; 

Simmons, 2005), and thus provides an abundance of behavioural measures that 

can be used in future studies to correlate with changes in brain function and 

structure, with the goal to ultimately elucidate the brain-behaviour relationship 

associated with dance expertise.    

 

4.5 Conclusion 

 In this thesis, we explored the functional and structural plasticity 

associated with dance expertise by comparing expert ballet dancers to controls in 

a cross-sectional fashion. This was done in part to address the noticeable lack of 

studies investigating the neuroplasticity associated with expertise in motor skills 

that require complex whole-body movements, particularly in the field of functional 

neuroimaging. It is important to once again reiterate that the control group was 

undersized by only having 5 subjects, and thus the results here are of a 

preliminary nature and must be interpreted with caution. Many of the findings 

reported in this study were either not significant, or were only so when 

uncorrected for multiple comparisons. Nonetheless, our findings still supported 

our hypothesis; dancers were found to demonstrate reduced functional activity 

relative to controls during the motor imagery of dance movements, and dancers 

were found to exhibit greater cortical thickness in various regions compared to 

controls. Both of these findings correspond with the current literature, which 

suggests that motor expertise is associated with neural efficiency, or reduced 

functional activity, during engagement in the relevant motor skill (Berkowitz and 
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Ansari, 2010; Bezzola et al., 2012; Bernardi et al., 2013; Chang et al., 2011; 

Haslinger et al., 2004; Jancke et al., 2000; Krings et al., 2000; Lotze et al., 2003; 

Meister et al., 2005; Milton et al., 2007), and an increase of gray matter in task-

relevant regions (Bermudez et al., 2009; Bermudez and Zatorre, 2005; Gaser 

and Schlaug, 2003; Hanggi et al., 2015; Jacini et al., 2009; Jancke et al., 2009; 

Park et al., 2009; Park et al., 2011; Schneider et al., 2002; Wei et al., 2010).   

 As continuously asserted throughout this thesis, the neuroplasticity 

associated with motor expertise, and skill expertise in general, can be studied 

from both a functional or structural perspective, with each providing a distinct 

insight into how the brain changes by means of training. An encompassing 

question in this field then becomes what is the relationship between the structural 

and functional changes that are associated with motor skill learning and 

expertise. Some have coupled the reduction of functional activity with decreased 

gray matter, suggesting that the expertise-related reduction in functional activity 

reflects an improved efficiency in regions involved in the task, which in turn, leads 

to a reduction of gray matter as some sort of optimization response (Hanggi et 

al., 2010; James et al., 2014; Vaquero et al., 2016). Although our study did not 

investigate any potential relationships between the patterns of functional and 

structural differences found between dancers and controls, we still explored both 

of these neural properties independently, and our results suggest that although 

dance expertise is associated with neural efficiency in the context of functional 

activity, this decrease in activity is not accompanied by a reduction of gray 

matter; instead, expertise in dance is associated with an increase of cortical 
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thickness in various regions which may or may not have shown any functional 

activity differences. Ultimately, this thesis attempted to address a gap in the field 

of motor expertise and neuroplasticity by investigating both the functional and 

structural plasticity associated with dance expertise, as well as provide an initial 

first step to using dance as a model to study experience-dependent plasticity and 

to gain insight into the relationship between the brain and behaviour.   
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