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Abstract

This research investigated structural brain changes associated with long-term professional ballet

dance training. The primary measure used was fractional anisotropy (FA), a diffusion tensor (DTI)

derived index of water molecule diffusion, which putatively quantifies main neural tract efficiency.

Dancers had higher FA (p = .062, FWE corrected), which ostensibly reflects greater axonal ability to

communicate. Dancers also had differing FA lateralization (p = .038, FWE corrected). Large percentages

(30% to 55%) of variability in these metrics were shared by years of dance training, implicating a

substantive impact of dance training on brain structure. Other DTI-derived indices where used to help

characterize FA (i.e. axial diffusion, radial diffusion, and mean diffusion), and the results implicate

enhanced conduction from altered tract properties, perhaps increased myelination. In addition, dancers

had greater global grey matter and white matter volume, large percentages in the variability of which

were also shared by years of training.



iii

ACKNOWLEDGEMENTS

This thesis would not have been possible without the inspiration and support of my supervisor Joseph

DeSouza. I would also like to thank Tuan Cao-Huu (Glendon Campus) who, on very short notice, kindly

accepted the role of advisor. In addition, lab associates Samantha Leung and Paula Di Noto were

extremely helpful in providing supportive study data.



iv

TABLE OF CONTENTS

Abstract…………………………………………………………………………….......................... ii
Acknowledgements………………………………………………………………………………… iii
Table of Contents…………………………………………………………………………………… iv
List of Tables……………………………………………………………………………………….. v
List of Figures………………………………………………………………………………………. vi

Chapter One: Introduction …………………………………………………………………………. 1
1.1 Diffusion imaging metrics and the diffusion tensor model…………………………….. 1
1.2 Anatomical landmarks of brain asymmetry……………………………………............. 5
1.3 FA analyses of tract asymmetry………………………………………………………… 8
1.4 Training-associated brain structure alterations………………………………………… 12
1.5 Objectives………………………………………………………………………………. 16

Chapter Two: Method
2.1 Subjects………………………………………………………………………………… 17
2.2 Imaging data acquisition……………………………………………………………….. 17
2.3 Imaging analysis……………………………………………………………………….. 18
2.4 Statistical analysis……………………………………………………………………… 19

Chapter Three: Results……………………………………………………………………………... 22
3.1 Results…………………………………………………………………………………... 22

Chapter Four: Discussion……………………………………………………………………………48
4.1 Discussion………………………………………………………………………………. 48
4.2 Limitations……………………………………………………………………………… 58
4.3 Future research………………………………………………………………………….. 59
4.4 Conclusion……………………………………………………………………………….60

References…………………………………………………………………………………...............62

Appendices
Appendix A……………………………………………………………………………... 72



v

LIST OF TABLES

Table 1: Tbss_sym FA between group analysis, leftward FA peak cluster output………................ 32

Table 2: Tbss_sym FA between group analysis, rightward FA peak cluster output………………. 33

Table 3: TBSS FA between group analysis, left hemisphere FA peak cluster output…………….. 38



vi

LIST OF FIGURES

Figure 1: FA color map…………………………………………………………………………….. 3

Figure 2: Probabilistic tractography reproductions of the arcuate fasciculus and cingulum……… 6

Figure 3: Superior longitudinal fasciculus aspects (SLF) reprinted from Makris et al. (2005)…… 7

Figure 4: SLF components reprinted from Catani et al. (2007)……………………………………..8

Figure 5: Global FA histograms……………………………………………………………………. 22

Figure 6: Box plots of global FA for dancer and control groups …………………………………. 24

Figure 7: Bar graphs of FA asymmetry for dancer and control groups…………………………….. 26

Figure 8: Between group global volume results bar graph of white matter and grey matter…….. 27

Figure 9: Between group tbss_sym FA asymmetry line graphs …………………………………… 29

Figure 10: Between group tbss_sym FA asymmetry analysis image, α= 0 .10……………………. 33

Figure 11: Between group TBSS FA line graph …………..………………………………………..35

Figure 12: Between group TBSS FA analysis images, α= 0.10 ……..…………………………… 37

Figure 13: Between group TBSS MNI max coordinate ………………..………………………….. 39

Figure 14: Between group TBSS 3D greater left CST/SLF FA in dancers at p < 0.06 …………. 40

Figure 15: Between group TBSS 3D greater left CST/SLF FA in dancers at p < 0.10…………. 41

Figure 16: Between group tbss_sym ATR asymmetry and hIP3 mask at p <0.05………………… 43

Figure 17: Between groups tbss_sym ATR 3D p < 0.05…………………………………………… 44

Figure 18: Tractography of the ATR reprinted from Wakana et al., (2007)………………………..45

Figure 19:  Mean tbss_sym and TBSS FA values…………………………………………………. 50

Figure 20: Mean tbss_sym and TBSS FA values by group……………………………………….. 51



1

Chapter One

Introduction

1.1 Diffusion Imaging Metrics and the Diffusion Tensor Model

The human brain has known structural asymmetries including the common human

macrostructural trait of the left frontal lobe and right occipital lobe patelias (in most individuals the left

frontal and right occipital lobes are larger than the contralateral counterparts) (Kennedy et al., 1999);

gross age-related perisylvian sulcal asymmetry, where adults show greater perisylvian asymmetry than

children (Sowell et al., 2002); and neuroanatomical asymmetry, language being a much studied example

(Damasio & Geschwind, 1984). The advent of diffusion magnetic resonance imaging (DTI) has facilitated

analysis of brain asymmetries, particularly of white matter asymmetries, by a variety of methods (e.g.

tractography, volumetric segmentation, mean diffusivity, FA, etc.). The structural asymmetric properties

of the brain are frequently characterized in research by DTI-derived FA analysis. Many studies assess FA

asymmetry of tracts or regional structures, others investigate T1-derived GM and WM volumetric

asymmetry (mainly GM), while yet others studies use a combination of metrics.

It is neurologically normal and virtually invariant for specific major fiber tracts to connect

different regions of the brain: e.g. SLF connects the frontal and posterior hemispheres; the uncinate

fasciculus connects the temporal and frontal areas; the corpus callosum connects the two hemispheres

(Huettel, Song, & McCarthy, 2009; Nolte, 2009). However, the integrity of these connections and that of

the multiplicity of other tracts varies between individuals. Development, aging and pathologies can

dramatically alter neural tract microstructure (Horsfield & Jones, 2002; Lim and Helpern, 2002; Neil et

al., 2002; Pagani et al., 2005). Of greater relevance to this investigation, training and expertise have been

reported associated with altered macrostructure (e.g. GM volume), altered microstructure (e.g. FA), or a

mixture of macro and microstructural changes (Bengtsson et al., 2005; Boyke, Driemeyer, Gaser, Buchel,

& May, 2008; Draganski et al., 2004; Driemeyer, Boyke, Gaser, Buchel, & May, 2008; Halwani, Loui,
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Ruber, & Schlaug, 2011; Hanggi, Koeneke, Bezzola, & Jancke, 2010; Imfeld, Oechslin, Meyer,

Loenneker & Jancke, 2009; Ilg et al., 2008; Keller & Just, 2009;  Koeneke, Hoppe, Rominger, & Hanggi,

2009; Nigmatullina, Hellyer, Nachev, Sharp, & Seemungal, 2013; Schmithorst & Wilke, 2002; Scholz,

Klein, Behrens, & Johensen-Berg, 2009; Takeuchi et al., 2010, Taubert et al., 2010). Such experience-

dependent changes are most demonstrative of the neuroplastic property of the brain (Pascual-Leone et al.,

2005). It must be underlined that alterations in function frequently stem from tract rather than cortical

gray matter alterations (Rudrauf, Mehta, & Grabowski, 2008) emphasizing that connectivity constrains

function.

Magnetic resonance diffusion tensor imaging (DTI) is recognized as a highly sensitive indicator

of microstructural changes in tissue, especially brain white matter (WM) neural tracts. DTI is (typically)

a pulsed-gradient spin-echo sequence (PGSE) of externally applied magnetic gradients that provide

magnitude and direction measures of water molecule diffusion in the brain. In the commonly used

diffusion tensor model (Fig. 1), each tensor includes eigenvectors V1, V2, and V3 that are perpendicular

to each other in Cartesian x, y and z fashion. The eigenvalues λ1, λ2, and λ3 describe the length of V1,

V2 and V3 eigenvectors. Diffusion along the main axis is termed axial diffusivity (AD) or λ1; radial

diffusivity (RD) occurs perpendicular to the main axis of diffusion and is the average of eigenvalues λ2,

and λ3 (λ2 + λ3/2).  The assumption is made that the main direction or more precisely the orientation of

diffusivity is an estimate of underlying tract (axon) orientation (Pierpaoli & Basser, 1996). Restriction of

water molecule diffusion is not uniform in all directions; diffusion progress is more restricted across than

along tracts. Such diffusion, then, is ostensibly affected by the microstructure of underlying tissue.

Two of the most commonly used DTI metrics of microstructural status and change are mean

diffusivity (MD) and FA. MD refers to isotropic-type diffusion, which is equivalent in all directions. The

elements of such diffusion result in a circular dispersion pattern.  MD is highest in regions with the least

restriction such as the cerebral spinal fluid.  It is defined by the equation MD= λ1+ λ2+ λ3/3. By contrast,

FA describes anisotropic diffusion; a diffusion pattern characterized by ellipsoid dispersion (Huttel, Song,

& McCarthy, 2008; Sotiropoulus & Anderson, 2014) that indicates a preferred direction of diffusion; it
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ostensibly quantifies the extent of underlying local tract structure directionality. It is widely defined by

the equation FA=√3/2√∑( λi – (λ)2/ ∑ λi2 , where i =1, 2, 3 (λ1, λ2, λ3). In essence, FA is a measure of

water diffusion variability; variability that is assumed to characterize underlying tract structure integrity

(Smith et al., 2006). High directionality or anisotropy approaches 1, while low anisotropy approaches 0 (0

≤ FA ≤ 1). Diffusion is facilitated along the main axis of a fiber bundle (V1) but hindered along an axis

perpendicular to the main fiber bundle (Moseley et al, 1990). Relative diffusivity is associated with the

degree of myelination (Beaulieu 2002; Song et al., 2005) and FA has been reported to generally increase

with age from birth to 18 years of age (Verhoeven et al., 2010). In diffusion-weighted imaging, statistical

variations in anisotropy are color/brightness coded and depend on both the duration and strength of

applied magnetic gradients as well as the strength of diffusion directionality (see Figure 1).

Figure 1. FA color map, top left; V1 top right; symmetrised FA skeleton lower left; V1 (red) and

perpendicular V2 (blue)

Of note, the pattern of reduced FA but increased MD within neural tracts can be an indication of axonal

damage and vasogenic edema (Charlton et al., 2006; Kim & Jang 2013). The dual microstructural indices
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of AD and RD have been used to help understand FA change mechanisms (Metwalli et al., 2010; Tang,

Lu, Fan, Yang, & Posner, 2012; Wheeler-Kingshott & Cercignani, 2009). It is expected that higher FA

would be associated with greater AD while lower FA would be associated with greater RD (Beaulieu,

2002). Moreover, antithetical implications of FA and RD can be gleaned from longitudinal data.  Between

6 and 68 years of age, and within the main white matter brain pathways, FA and RD show opposite

distribution shapes: RD follows a U-curve with progressing age while FA follows an inverted U-curve

(Hasan et al., 2010). Quite simply, the FA value can be due to a relative increase in AD, a relative

decrease in RD or both.

There is typically high homogeneity of structural fiber orientation in parts of several main neural

tracts (corpus callosum, cingulum, the SLF etc.). This is illustrated in top right image of Figure 1: the red

lines of the vector field (V1) are generally aligned with the underlying (hat-shaped) aspect of the corpus

callosum (normally a region of relatively high FA). Tractography connects the preferred direction of

vectors to form streamlines or pathways. However, with over a billion neurons, and the axons of many

exceeding 15cm in length, connectivity in the massive network that is the brain is complex; tracts fan-out

and intersect frequently. Further, it has been estimated that at least 2 different fiber tracts with non-

parallel orientations cross in about 1/3 of voxels (Tuch, Weisskoff, Belliveau, & Wedeen, 1999).

Returning to Figure 1, this too is represented where the main (hat-shaped) segment of the corpus callosum

intersects with other tracts; the vector orientations of such crossing tract areas are clearly heterogenic.

When multiple tracts pass through a voxel, as would be expected where tracts cross, multiple intra-voxel

fiber orientations result which can’t be individually resolved with the tensor model; the tensor model’s

single main eigenvector (V1) can infer only a single primary direction of diffusion  (Tuch, 2002). As

such, a general criticism of the diffusion tensor model is its assumption of homogeneity of axon

orientation- the assumption of a Gaussian tract distribution within a voxel.

To resolve and separate intersecting tracts within a voxel and infer the directions of maximal

diffusivity (maximal FA) high angular resolution diffusion imaging (HARDI) was developed (Tuch et al.,

1999; Tuch, 2002). The HARDI method of inferring tract orientation was pioneered by Tuch et al. (1999)



5

and involves the orientation distribution function (ODF). ODF is a mixture of finite Gaussians that solves

for eigenvectors with the smallest error between observed and predicted diffusion signals (for details see

Tuch, 2004). Several methods that use HARDI have been developed to infer heterogeneous fiber

directions (Alexander, 2005; Özarslan & Mareci, 2003; Özarslan et al., 2006: Wedeen, Hagmann, Tseng,

Reese, & Weisskoff, 2005). For a review of HARDI acquisition analysis methods, see Barnett (2009). In

general, HARDI is an unquestionably valuable acquisition method but it is computationally expensive

and requires greatly extended scanning times to acquire the necessary data. In addition, one of the most

used HARDI image processing methods, known as q-ball imaging, has been demonstrated to yield a poor

level of ODF accuracy (Barnett, 2009).

Tract-based spatial statistics (TBSS; Smith et al., 2006), (part of FMRIB’s software library v5.0,

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki), approach to voxel heterogeneity in diffusion data analysis includes

the use of a mean FA “skeleton” (shown in Figure 1, lower left image) which reduces comparisons and

hence family wise errors (FWE) as well as extremes making the distribution more Gaussian. Of greater

import in this regard, is the non-parametric permutation approach adopted which relaxes the Gaussian

requirement for tensor model data. For example, the test statistic of choice (usually a t-test on a cluster of

voxels) can be tested against the null distribution values of randomly permuted data across the entire FA

skeleton (Smith et al., 2006).

1.2 Anatomical landmarks of brain asymmetry

Leftward SLF asymmetry (L > R) epitomizes lateralization, and SLF research is extensive. Our

engagement in language tends to be strongly leftward lateralized mainly within the frontal and temporal

areas connected by SLF fibers.  Classically, language has been described as a function of the SLF-linked

Wernicke – Broca neuroanatomy (Geschwind & Levitsky, 1968).  By contrast, our sense of location and

spatial orientation tends to be rightward lateralized, and dominated by the right parietal cortex (Carlson,

2008), and disruption of a right temporoparietal element – the right supramarginal gyrus (SMG) - by

transcranial magnetic stimulation (TMS) was recently found to impair perception of spatial orientation

(Kheradmand, Lasker & Zee, 2013).  Components of the SLF association bundle serve both these
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asymmetries: Wernicke-Broca connectivity is largely served by the AF portion of the SLF, an inferior

aspect of the SLF (SLF-IV) also referred to as the direct SLF segment (Catani et al., 2005). Fibers of the

superior portion of the SLF serve the angular (SLF-II) and supramarginal (SLF-III) gyri of the parietal

cortex (Makris et al., 2005).

Both the SLF and cingulum are regarded as among the most prominent of association fibers; they

are bi-directional, and fan-out throughout their course (Nolte, 2008). The cingulum is a medial limbic

system component that courses within the cingulate gyrus and surrounds the corpus callosum. Its long

fibers run between the temporal and frontal lobes, the longest of which courses between the anterior

temporal and orbitofrontal cortices. Its shorter fibers connect aspects of the cingulate cortex as well as

medial occipital, parietal, temporal and frontal areas (Catani et al., 2008). Left and top view reproductions

of the cingulum are shown in Figure 2. Probabilistic tractography has shown that lesions of the left

cingulum (hippocampal processes) but not right cingulum impair visuospatial processing (Rudrauf et al.,

2008).

Figure 2. The left view shows the U-shaped configuration of the cingulum fibers connecting the cingulate

cortex regions and medial aspects of the occipital, parietal, temporal and frontal lobes. The top view
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shows the medial positioning and anterior- posterior expanse of the cingulum. Reprinted from Catani et

al., (2008)

The SLF courses between frontal and posterior hemispheres above the insula; it fans out at the

occipital, parietal and temporal lobes. But the anatomy of the SLF has been further refined, with the

conventionally designated AF as the primary but not only component of the SLF. Differing parcellations

of the SLF are depicted in Figures 3 (Makris et al., 2005) and 4 (Catani et al., 2007). The SLF long direct

segment is frequently also referred to as the AF and it has been most often depicted (e.g. in tractography)

as the dominant language pathway (see Figure 3, color-coded red), and as exclusive to the left hemisphere

(Catani et al., 2007).

Figure 3. The lower rows (T2-weighted EPI images) show the topographical locations of the SLF

subcomponents. SLF-I (corresponds to the anterior indirect segments of Catani et al. (2005 [color-coded

green in Figure. 4]), SLF-II, and SLF-III (green) run anterior-posterior; the arcuate (AFv) seen in the

middle frame (blue) runs mostly inferior-superior (contrary to the more traditional tractography
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reconstruction of the arcuate long direct segment depicted in red in Figure 4 connecting Wernicke’s and

Broca’s areas exclusively in the left hemisphere. Reprinted from Makris et al. (2005).

In a variation of the conventional AF configuration, research by Makris et al. (2005) characterized the AF

orientation (virtually a z-direction rather than y-direction) and termination differently . The deterministic

tractography findings of Bernal et al. (2010) support the Makris model: AF rostral end projections points

fell in the precentral gyrus, not reaching Broca’s area in 7 of 12 subjects (58.3%).

Figure 4. Superior longitudinal fasciculus (SLF) tractography reconstruction (A) of language pathways.

The red long direct segment (arcuate fasciculus [AF]) connects Wernicke’s and Broca’s (B) areas only in

the left hemisphere, and is medial to the indirect segments; bilaterally the posterior indirect yellow

segment connects Wernick’s area [superior posterior temporal cortex] and the inferior parietal lobe

(Geschwind’s territory); bilaterally the green anterior indirect segment connects the inferior parietal lobe

(Geschwind’s territory)  with Broca’s area in the inferior frontal cortex. B-D dissections of single brains

(overlap maps) show leftward asymmetry only in the direct segment (AF). Reprinted from Catani et al.

(2007).



9

However, in support of the Catani et al. (2005; 2007) findings and the more conventional AF

configuration, recent probabilistic tractography has traced the AF through crossing fiber regions (AF and

corticobulbar) to link Wernicke’s and Broca’s area seed points (Li et al., 2013). It warrants underlining,

that probabilistic tractography was found more effective than deterministic tractography in tracing the

entirety of the AF pathway (Li et al., 2013). Coursing parallel to the arcuate but ostensibly still part of the

SLP is a dual segmented indirect pathway: the posterior portion connects the Wernicke’s area to the

inferior parietal lobe (Geschwind’s territory) and the anterior segment connects the inferior parietal lobe

with Broca’s area (Catani, Jones & Dominic, 2005).

1.3 FA analyses of tract asymmetry

Of the main tracts, the AF (Buchel et al., 2004; Powell et al., 2006; Catani et al., 2007; Choi et

al., 2010; Lebel and Beaulieu, 2009; O’Donnell et al., 2009; Oechslin et al., 2010; Upadhyay et al., 2008;

Rodrigo et al., 2007; Takao, Hayashi, & Ohotomo, 2011) and cingulum (Gong et al., 2005; Kubicki et al.,

2003; Park et al., 2004; Wang et al., 2004; Wakana et al., 2007; de Groot et al., 2009; Takao et al., 2011)

are the most consistently reported tracts with leftward FA asymmetry.  Buchel et al. (2004) found

leftward FA asymmetry of AF in a group of healthy right-handed subjects (p < 0.05; n=15; age range 23-

43; 4 females) as well as in a second group comprised of both healthy left-handed and right-handed (p <

0.05; n=28; age range 21-40; 9 left-handed, 19 right-handed; 14 females) subjects. Overall, the highest

FA values were found in the left hemisphere AF and in the right hemisphere inferior parietal cortex.

Powell et al. (2006) (n=10; age range 23-50; right-handed) reported greater overall leftward and AF FA (p

< 0.05).  Oechslin et al. (2010) reported leftward FA of the AF in perfect pitch-discerning musicians (p

<0.016), while musicians without perfect pitch were bilaterally symmetric (n = 26, mean age 24.6 ± 3.3;

13 HCs). Catani et al. (2007) found leftward FA asymmetry of the AF (p = 0.035; n= 40 healthy right-

handed subjects; 20 male, 20 female; age range 18-22). Choi et al. (2010) found AF leftward asymmetry

in males and females collectively (p <0.001; n=43; mean age 25.5 ± 3.69; healthy right-handed; 21

females) as well as in female (p= 0.019) and male groups independently (p=0.008). In a large study
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(n=183; age range 5-30, mean age 16.3 ± 6.8; healthy, right-handed; 86 females) Lebel and Beaulieu

(2009) reported leftward FA asymmetry of the AF in children, adolescents and young adults (p < 0.001).

In addition, the number of AF streamlines left lateralized approximated 84% (153/183; laterality index >

0); in 30 subjects streamlines were right lateralized. Lateralization was unaffected by age or gender. O’

Donnell reported FA leftward asymmetry of the AF (p < 0.005; n=35; right-handed) that was associated

with the lowest λ3 (smallest eigenvalue) value but highest λ1 (largest eigenvalue) value. Another much

smaller study (n=4; mean age 32.25 ± 8.5; healthy, right-handed males) from Upadhyay et al. (2008)

reported the use of diffusion spectroscopy of N-acetyl aspartate to reveal leftward FA asymmetry of the

AF (p <0.002) not evidenced using the standard water-based diffusion tensor analysis. Rodrigo et al.

(2007) reported AF leftward FA asymmetry (p < .001; n=18, 5 males, 13 females; mean age 24 ± 3.3;

healthy, right-handed), with the uncinate and inferior occipital fasciculi contributing to the left lateralized

AF asymmetry. Perlaki et al. (2013) in a study restricted to only left handed subjects (n= 16, 16 female;

mean age 21 ± 1.7), reported that greater FA in the in left angular gyrus, left superior parietal lobe, and

left SLF was associated with left hemisphere language lateralization, while reduced FA was associated

with atypical language lateralization, the latter included language lateralization in the right precentral and

inferior right frontal gyri (p < 0.05). Takao et al. (2011), in a study with a very large number of healthy

subjects (n=857; age range 24.9-84.8; 310 females; handedness not disclosed), reported leftward FA

asymmetry of the AF (range: p < .025 – p < .0001). The collective white matter FA asymmetry of all

tracts was 39.9% rightward (22, 118 voxels) and 33% leftward (18,300 voxels).

De Groot et al. (2009), in a study with a large number of right-handed subjects (n=500; mean age

54.9 ± 5.52; 260 females), found greater leftward asymmetry of the anterior cingulum but greater

rightward FA asymmetry in the posterior cingulum (p- value range < .05 - < .001).  Kubicki et al.(2003),

reported that right-handed schizophrenic patients had reduced bilateral FA compared to healthy controls

(n= 16 schizophrenics; n=16 controls; age range 18-55). Park et al. (2004) found leftward FA  asymmetry

of the cingulum bundle in right-handed schizophrenia patients as well as right-handed healthy controls

(HCs), though the leftward asymmetry was less pronounced in schizophrenia patients (age range: HCs 30-
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55 ± 6.2; patients 28-53 ± 7.2; p < .005). Wakana et al. (2007) reported leftward asymmetry of the upper

cingulum in 10 healthy subjects (5 female; mean age 26.1± 5.48; p < .05), and the Takao et al. (2011)

study, referred to above (n= 857; age range 24.9 – 84.8; 310 females; handedness not reported) , reported

leftward asymmetry of the anterior cingulum (range: p < .025 – p < .0001).

AF rightward FA asymmetry has been reported (Oechslin et al., 2010; Park et al., 2004), though

less frequently than rightward asymmetry of the anterior indirect SLF segment and other main tracts

(Catani et al., 2007; Hasan et al., 2010; Thiebaut de Schotten et al., 2011). In 32 right-handed HCs (age

range 30-55 ± 6.2), Park et al. (2004) found rightward asymmetry of the AF (reported as including both

the long direct SLF segment and the inferior longitudinal fasciculus [IL]), the anterior limb of the internal

capsule (ALIC; [includes the anterior thalamic radiations and frontopontine fibers]), internal capsule and

uncinate fasciculus (UN) (p < 0.005). In the same study, a similar pattern was reported for schizophrenic

patients (n = 23; age range 28-53 ± 7.2). Oechslin et al. (2010), in a study involving musicians, reported

rightward FA of the AF in HCs (p = 0.016; n = 26, mean age 24.6 ± 3.3; 13 HCs).

Rightward asymmetry of the anterior indirect segment of the SLF has also been reported with

some frequency. Catani et al. (2007) found rightward asymmetry of the anterior indirect SLF (p = 0.001;

n= 40 healthy right-handed subjects; 20 male, 20 female; age range 18-22), a segment previously mapped

and defined the by Catani et al. (2005). Additionally of note in this study was the finding that those with

bilaterally symmetrical language networks achieve higher performance in words learned through semantic

association.  Hasan et al. (2010) reported rightward FA asymmetry of the frontoparietal and

frontotemporal AF segments (which seem to correspond to the SLF indirect segments [Catani et al., 2005]

or SLF-I [Makris et al., 2005]) for 77 right-handed healthy adults (p < 0.0001; 45 females, mean age 38 ±

13.5; 32 males, mean age 36.7 ± 13.5) as well as rightward FA asymmetry of just the frontoparietal AF in

42 right-handed healthy children and adolescents (p < 0.0001; 20 females, mean age 10.3 ± 2.9; 22 males,

mean age 11.7  ± 3.2) . Thiebaut di Schotten et al. (2010), in a study involving 40 young healthy adults

(n= 20 males, n=20 females; age range 18-22) reported rightward FA asymmetry of the SLF anterior

indirect segment (p < 0.001) and optic radiation (p < 0.001) as well as overall leftward AF (tractography)
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streamline asymmetry but rightward streamline asymmetry of the indirect anterior SLF and inferior

fronto-occipital fasciculus, findings generally consistent with those of Catani et al. (2007).

1.4 Training-associated brain structure alterations

Most germane to the current study, and as noted at the outset,  FA asymmetry and WM/GM

volumetric asymmetries and alterations are associated with training and expertise (Bengtsson et al., 2005;

Boyke, Driemeyer, Gaser, Buchel, & May, 2008; Colcombe et al., 2006; Draganski et al., 2004;

Driemeyer, Boyke, Gaser, Buchel, & May, 2008; Halwani, Loui, Ruber, & Schlaug, 2011; Hanggi,

Koeneke, Bezzola, & Jancke, 2010; Imfeld, Oechslin, Meyer, Loenneker & Jancke, 2009; Ilg et al., 2008;

Koeneke, Hoppe, Rominger, & Hanggi, 2009; Nigmatullina, Hellyer, Nachev, Sharp, & Seemungal,

2013; Schmithorst & Wilke, 2002; Scholz, Klein, Behrens, & Johensen-Berg, 2009, Wang et al., 2012).

Investigation of brain structure FA and volumetric alterations has been conducted for newly acquired

skills (e.g. meditation and juggling) and expert groups with long-term training, including dancers,

musicians, elite gymnasts, and golfers. Structural alterations in expert and newly trained groups might be

divided into training-associated increases (Bengtsson et al., 2005; Boyke et al., 2008; Draganski et al.,

2004; Halwani et al., 2011; Hufner  et al. 2011;  Ilg, et al., 2008; Janeke et al. 2009; Keller & Just, 2009;

Maguire et al., 2000; Scholz et al., 2009; Schmithorst & Wilke, 2002; Takeuchi et al., 2010, Taubert et

al., 2010; Wang et al., 2012) and training-associated decreases (Hanggi et al., 2010; Imfeld et al., 2009;

Nigmatullina et al., 2013), but this is a specious distinction; most of studies referenced in this paragraph

reported both training-associated structural increases and decreases underlining that structural change is

generally not a uniform process across the brain.

Keller and Just (2009) reported that 100 hours of intensive remedial reading for right-handed 8-10

year old children (n= 35; HCs 12) resulted in a shift from low FA in a segment of the left anterior centrum

semiovale to athletically high FA in the same region (p < 0.05); a change correlated with decreased RD.

Relative to HCs, Scholz et al. (2009) found increased FA in WM of the right posterior parietal sulcus (p <

0.05) in newly trained  jugglers  with 6 months of juggling practice (n = 48, 24 trained; 24 HCs).
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Takeuchi et al. (2010) reported 2 months of daily working memory training (25 minute sessions) for

eleven right handed participants (n = 11, 3 females; mean age 21.2 ± 1.44) increased FA (p < 0.05) in the

anterior corpus callosum (p < 0.05) and the right inferior parietal sulcus (p < 0.001).  In musicians with

continuous childhood-to-adult training, Bengtsson et al. (2005) reported higher FA in right posterior limb

of the internal capsule relative to HCs (p < .0001; n = 16; 8 right-handed, musicians, mean age= 32.6, ±

5.7; 8 HCs; 8 males).The former study also reported a significant correlation between childhood practice

and FA but no correlation between FA and adolescent or adult practice. Musicians have shown reduced

bilateral FA of the internal capsule (p = 0.005), but increased bilateral FA in the genu of the corpus

callosum (p = 0.003) (n = 11; 5 musicians, mean age=31.2 ± 11.2; 6 HCs) (Schmithorst & Wilke, 2002).

A study by Oechslin et al. (2010) of right handed participants, noted previously, reported leftward FA of

the AF in perfect pitch-discerning (PPD) musicians (p <0.016) while musicians without perfect pitch were

bilaterally symmetric (n = 26, 13 PPD musicians, mean age 24.6 ± 3.3; 13 musicians with relative pitch

perception), and HCs had rightward FA of the AF (p = 0.016; n = 13, mean age 25.6 ± 5.3). Steele (2012)

reported right-handed musicians (n=13; age range 18-27, mean age 22.4 ± 2.9; 5 females) FA was

negatively correlated with performance on a motor learning task (p > 0.05) and interpreted the finding as

mediated by a positive correlation with radial diffusivity (p < 0.005) localized to crossing fibers of the

SLF and corticospinal tracts (CST) bilaterally in the somatosensory cortex. Imfeld et al. (2009) reported

reduced FA (p < 0.05) bilaterally in the CST of right-hand musicians (n=26; mean age 24.6 ± 2.9; 16

females) compared to controls (n=13; mean 25.6 ± 5.3; 7 females). Wang et al. (2012) reported greater

FA in both the left (p=0.012) and right (p= 0.011) CST of right-handed, world class gymnasts (n=13;

mean age 20.5 ± 3.2; 7 females) relative to HCs (n= 14; mean age 22.3 ± 2.7; 7 females); reduced RD

values were also found bilaterally in the CST of the gymnasts. In a study involving both vocal and

instrumental musicians (n=22 musicians: 11 vocalists [8 female], 11 instrumentalists [6 female]; 11 HCs,

mean age 26.8 ± 1.33), Halwani et al. (2011), reported greater bilateral FA of the AF in both musician

groups relative to HCs (p < 0.001). Also, instrumentalists had higher FA (but lower tract volume)

compared to vocalists in the left dorsal region of the AF (p = 0.002).
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Maguire et al., (2000) elevated the profile of cab drivers with the finding that the bilateral

posterior hippocampi of right handed taxi drivers had greater volume relative to HCs (p < 0.05), a volume

metric that was positively correlated with time as a cab driver. Conversely, the anterior hippocampi in

HCs showed greater volume relative to the anterior hippocampi of taxi drivers (n= 66, 16 cab drivers,

mean age 44, 0 female; 50 HCs, 0 female; mean age 44). A study by Draganski et al. (2004) was one of

the first to demonstrate GM training-induced changes in the adult brain in response to juggling training

(n= 24; 12 trained; 12 HCs; mean age 22 ± 1.6; 21 female), using young adults with no prior juggling

experience. After a 3 month training period, the juggler group showed a peak bilateral GM increase

relative to HCs in the motion sensitive occipito-temporal (hMT/V5) area (p < 0.05), a difference that

diminished by the end of a subsequent non-training 3 month interval.  In another follow-up study from the

same research camp (Arne May), Boyke et al., (2008) found a similar though less pronounced transient

increase in GM associated with learning to juggle in 69 senior citizens (n = 44, 24 female; mean age 59.1;

25 HCs, 17 female, mean age 60.2), but lateralized to the right hemisphere hMT/V5 area (p < 0.05).  In

professional ballet dancers (n = 20, 10 dancers, mean age 21.3 ± 3, 10 females; 10 HCs), and compared to

healthy controls, Hanggi et al. (2010) reported reduced FA (p < 0.01) in WM underlying the bilateral

premotor cortex , right frontal operculum and left middle frontal gyrus. FA was not correlated with years

of dance training. Years of training, however, was negatively correlated with GM volume in the right

premotor cortex and WM volume in the bilateral internal capsule, but positively correlated with WM

volume in the CC and left precentral gyrus. There were multiple WM and GM reductions in dancers

relative to HCs, with WM reductions of the left anterior cingulum, bilateral corticospinal tract, corpus

callosum, and the bilateral internal capsules; and GM reductions of superior frontal gyrus (SFG),

putamen, the left supplementary motor area (SMA), and left premotor cortex. Janeke et al. (2009)

examined structural parameters in a combined group of professional and non-professional but skilled

golfers relative to a combined group of less skilled golfers and non-golfers (n = 40; 10 professional

golfers, mean age 30 ± 6.2; 10 skilled golfers, mean age 26.6 ± 8.3; 10 less skilled golfers, mean age 26.5

± 3.4; 10 non-golfers, mean age 25.9 ± 2; 0 female; 80% right handed).  Findings included higher GM
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volume in the right dorsal premotor cortex (p =0.012), left posterior dorsal premotor cortex (p = 0.029),

left posterior intraparietal sulcus (p = 0.013) and the medial posterior parietal cortex (0.019), for the

professional/skilled group but reduced WM volume for this group (p <0.05) in the cortical spinal tract and

parietal operculum. In addition, reduced FA was reported for the professional/skilled group in areas

including the internal capsule, coronal radiata and posterior aspect of the corpus callosum (p < .10). In a

study involving 59 older (range 65 - 70) sedentary adults (32 female) split into two groups, Colcombe et

al. (2006) reported increased GM (p < 0.05) and WM (p < 0.05 ) volumes for the group that engaged in 6-

months of aerobic training relative to age-matched non-aerobically trained controls. The GM and WM

volume increases for the trained group were primarily located in the temporal and prefrontal cortices. Ilg

et al. (2008) reported that 2 weeks of practice in a mirror reading task increased GM volume (p < 0 .05) in

the right occipital cortex within the practice group relative to HCs (n= 38; 20 trained; 18 HCs; age range

20 – 32; right handed).  A study by Nigmatullina et al. (2013) involving professional ballet dancers (n =

49; 29 dancers,  mean age 21.9 ± 3.2; mean years of dance experience 16; 20 HCs) reported  GM volume

in the posterior bilateral vestibular cerebellum (p < 0.05) was negatively correlated with years of dance

experience; dancers demonstrated reduced GM volume relative to controls. It was posited as related to

attenuated vertigo response in dancers relative to HCs. Interestingly, the same study reported increased

dancer GM volume in the superior aspect of the right superior orbitofrontal cortex. A study by Taubert, et

al. (2010), involving an entire-body balance (n = 28; 14 trained; 14 HCs; 14 female; mean age 25.9 ±  2.8;

28, right-handed) reported GM increase (p <0.05), relative to HCs, in the left superior orbitofrontal

cortex, left superior frontal gyrus (SFG), and left supplementary motor area of subjects newly trained in a

whole-body balance task who underwent 6 weeks duration of training. Antithetically, training was

associated with a GM volume decrease in the right inferior orbitofrontal cortex and other right-side

structures as well as the left cerebellum (p <0.05).  FA was reported as reduced in the bilateral WM of the

prefrontal regions (p <0.05) in proximity of the GM alterations, a finding posited to be a training related

recruitment of crossing fibers.  Taubert, et al. (2010) also reported that GM increase in the prefrontal

cortex was positively correlated with balance skill performance improvement (p <0.05).  Hufner et al.
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(2010) used 7 professional ballet dancers, 7 slackliners, and 7 ice dancers, which collectively constituted

the trained group, as well as 20 HCs (n = 21; 11 female, mean age 24.9 ± 7.82; 20 HCs, 12 female, mean

age 26.65 ± 4.96) in a learning and memory study. The findings were similar to those reported by

Maguire et al. (2000). In the trained group relative to HCs there was greater GM volume bilaterally in

posterior hippocampal and parahippocampal ROIs (p < 0.05), but by contrast, HCs demonstrated greater

volume of GM in bilateral anterior hippocampal/parahippocampal regions and in the bilateral insular

cortex ROIs (p <0.05).

1.5 Objectives

To the best of our knowledge, none of the studies reviewed in the introduction, or published but

not reviewed here, assessed whole brain FA lateralization differences (left-minus-right [L-R] bilateral

differences in homologous structures) in dancers relative to HCs. It was hypothesized that between-group

FA lateralization would differ between dancers and HCs. Based on the literature review, it was further

hypothesized that there would be greater dancer FA compared to HCs localized to specific structures. In

short, both differing FA asymmetry and absolute FA differences were expected between groups. It was

also predicted that while between group differences would occur, there would be similar overall patterns

of leftward and rightward FA lateralization. Finally, it was posited that global WM/GM volumes would

differ between groups.
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Chapter Two

Method

2.1 Subjects

This study included 18 right handed subjects: n = 9 male, professional ballet dancers:, age range

18-50, mean age 23 ± 10.21; 9  HCs, 4 female, age range 23 – 27, mean age 24.89 ± 1.70. Dancer years of

experience ranged from 7-44 years (mean 13.83 ± 11.71).  The York University Human Participants

Review Subcommittee approved the magnetic resonance imaging (MR) required in this research, and

participants were interviewed and gave informed consent prior to the study.

2.2 Imaging data acquisition

T1 structural, and diffusion tensor images (DTI) were acquired with a Siemens 3T Magnetom

Trio Tim MRI (Siemens Medical Solutions, Erlangen, Germany) scanner equipped with a 32-channel

head coil. T1 specifications included a fast spin echo protocol, coronal 1.0 mm slices, TR= 1900 ms, TE =

252 ms, matrix resolution of 256 x 256, field of view (FOV) read 256 mm, FOV phase 100% , flip angle

90°. In respect to diffusion-weighted data, there were 30 directions with b-values of 1000 s/mm2 along

which diffusion weighting was applied; there was a single volume with no diffusion weighting (b-value=

0 [b0]). Diffusion tenor images were acquired using spin-echo echo planar sequence in 60 slices, TR=

8300 ms, TE= 100 ms, FOV= 240 mm, slice thickness= 2.0 mm, echo spacing= .74 ms, image matrix =

240 x 240 x 120.

2.3 Imaging analysis

Brain extraction of T1 images was conducted with FSL’s brain extraction tool (BET; Smith

2002).  Global WM and GM volume analyses were conducted using FSL FAST (Zhang, Brady, & Smith,

2001). Image processing was of diffusion tensor images was conducted with FSL TBSS, part of FMRIB’s

Software Library 5.0.1, http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004). Initially, the raw data was

head-motion and eddy current corrected using FMRIB’s Diffusion Toolbox (FDT) (Smith et al., 2004).

This was followed by brain extraction using BET (Smith, 2002) and the creation of a no diffusion-



18

weighted mask. FA tensors were then fitted to the diffusion-weighted data (DWI) using DTIFIT, part of

FDT. FA data from all subjects was subsequently copied and placed in a folder for tract-based spatial

statistics (TBSS) analysis (Smith et al., 2006). Brain diffusion parameter analyses (FA, AD, MD, RD)

were preceded by alignment of all participants FA data (4D image) to a standardized Montreal

Neurological Institute (MNI) 152 space using non-linear registration, part of FMRIB’s Software Library

5.0.1, http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004). Following standard TBSS procedures, a mean

“skeletonized” FA image was created, an image representative of common tract centers across

participants; individual participants aligned FA data was then projected onto the skeletonized mean FA

image.  The use of a mean FA skeleton reduces extremes by providing an FA core and makes the

distribution more Gaussian (though normality is not a factor in TBSS analysis given the permutation

statistical approach adopted does not require a normal distribution). Subsequently, a “tbss_sym” script

was used to create yet another mean FA image, but one with general correspondence between left and

right tract structure. The aligned FA 4D image from all participants is then projected onto a symmetrized

skeleton resulting in an all FA symmetrized skeleton image (again this is a mean image of tracts common

to the group). For details regarding TBSS procedures, see Smith et al. (2006) and the TBSS user guide

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide). Finally, this skeletonized image was left-right

flipped and subtracted from the original 4D image, (such that the right side of standard space

corresponded to the left half of the dataset), and the left side was zeroed given that the same information

was now present on both sides.

Procedurally, and as mentioned at the end of the introduction,  first left vs right hemisphere

regional FA asymmetry was evaluated for dancers and HCs separately with 1-sample imaging analyses

using the tbss_sym FA script  (Smith et al., 2006 ); global FA 1-sample tests were then conducted

(dancers and HCs separately). Subsequently, global WM and GM volumes were assessed between-

groups. Finally, two between group FA analyses were conducted: the tbss_sym script was used to localize

FA lateralization differences and the TBSS script (Smith et al., 2006) was used to localize absolute FA

differences. It should be understood that the 1-sample tbyss_sym FA script tests where, in which tract or
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tract aspect, L-R significantly differs from zero; no difference between left and right occurs if L-R does

not significantly differ from zero. The 1-sample tbss_sym FA script and the global 1-sample FA tests can

be interpreted as absolute indicators of L>R FA or R>L FA (they actually test if L-R difference > 0).

Similarly the TBSS between-group FA analysis will calculate the areas of greater or reduced FA between

groups. However, the tbss_sym between-group analysis tests bilateral differences (L-R) in structures, as

opposed to absolute differences.  In respect to covariates, age was included as a covariate for dancers

while both age and sex were included as covariates for HCs. Age and sex were demeaned prior to

inclusion as covariates.

2.4 Statistical analysis

The dependent variable was FA and the independent predictor variable was training. Exploratory

(α= 0.10) and standard (α= 0.05) thresholds were applied to DTI (e.g. FA) image maps for both the

lateralization and absolute FA image analyses; each threshold map was FWE corrected.  Including a less

stringent statistical threshold was deemed appropriate given the novel, exploratory nature of the project

(in respect to the FA asymmetry analysis) and the small number of study subjects. The standard level of

significance of α= 0.05 was used for macrostructural volumetric analyses because although the number of

study subjects was small such analyses are quite routine in training related research (see introduction).

All correlational analyses where thresholded at α =0.05.

To localize FA asymmetry, 1-sample and between sample FA analyses were conducted using

tbss_sym FA script. The 1-sample analyses tested if left-minus-right (L-R) and right-minus-left (R-L) FA

significantly differed from zero and was positive in dancers and control groups separately. The images

were thresholded only at α= 0.10 because the objective here was to assess gross patterns: L>R or R>L in

each group. FA asymmetry in the 1-sample and between-groups tests were statistically evaluated using

the voxel-wise permutation strategy of Nichols and Holmes (2002) as implemented in the FSL randomize

tool (this results in one t-statistic for each voxel, not an overall t-value). The latter is a non-parametric

permutation approach controlling for family-wise multiple comparison error. Nevertheless, the false

discovery rate (FDR) method of multiple comparison correction was also used. If FDR p-values were
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higher (less significant) than permutation-derived p-values, the FDR p-values were used.  Each group

(dancers and HCs) was analyzed separately using a tbss_sym FA analysis and a global FA analysis. This

was followed by between group comparisons using tbss_sym FA (Smith et al., 2006), TBSS (Smith et al.,

2006) and FAST (Zhang, Brady, & Smith 2001). The 1-sample (tbyss_sym FA) dancer FA analysis

localizing main tract asymmetry controlled for age and used three t-contrasts for both left FA greater than

zero then for right FA greater than zero (e.g. L>0, positive effect of age, negative effect of age). The HCs

1-sample (tbyss_sym FA) analysis controlled for age and gender, and used four t-contrasts (e.g. L>0,

positive effect of age, negative effect of age, effect of gender). There were 512 permutations for each

contrast in the 1-sample analyses.

Controlling for age and gender (covariates of no interest), there were 5000 permutations for the

between groups tbss_sym and TBSS analyses; the latter had five t-contrasts (HCs - dancers: [1 -1];

dancers - HCs [-1 1], positive effect of age, negative effect of age, effect of gender). For both group and

between group tbyss_sym FA and TBSS analyses, clusters of significant voxels (FWE corrected) were

generated and displayed on the FA-skeleton, effect size maps were created (Cohen’s d ), and cluster

reports were created. Visual inspection of the JHU White-Matter Tractography and Juelich Histological

Atlases was used to associate cluster-report significant voxels (the raw t-statistic masked by the corrected

p-values) with tracts to determine significant voxel tract assignment. Global 1-sample FA calculations

(for dancer and HCs groups separately) were thresholded at the traditional α=0.05 level of significance.

Calculations were completed by creation of a region of interest mask for each hemisphere and summing

left and right hemisphere FA separately. In addition, a between-group comparison of global WM and GM

volume was completed using FSL FAST (Zhang, Brady, & Smith, 2001); a significance level of α=0.05

was used.

Potential correlations assessed across groups were FA and years of experience, FA and age, and

FA and gender. Correlations were also assessed between FA and AD, FA and MD and FA and RD. The

AD, MD and RD values were captured within a sphere mask centered at the between group difference
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MNI max coordinates. Correlations between volume (WM and GM) and the variables age, sex years of

experience across groups were also completed. Global histograms of the collective dancer and HCs pre-

“skeletonized” and post “skeletonized ” FA were computed, and the Kolmogorov-Smirnov normality test

adapted by Lilliefors (1967) was used to assess histogram data relative normality: FA distribution is

ostensibly made more Gaussian through the TBSS creation of mean FA skeleton. Statistical analyses

extraneous to tbss_sym and TBSS permutation tests were conducted in R (R 3.0.1, R Development Core

Team, 2013).
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Chapter Three

Results

The histogram assessment of global FA distribution relative normality will be reported first. This

will be followed by review of the global FA and tbss_sym FA analyses for each group. Subsequently, the

between group volumetric and between group FA results from both the tbss_sym and TBSS analyses will

be reported. The Global histogram derived from the skeletonized FA mean image of dancers and HCs

showed relatively normal distribution shape based on a Lilliefors (1967) analysis.  This can be seen in the

bottom row of Figure 5 which shows the FA (mean) skeleton on the left and the post skeletonized p-value

distribution on the right; the latter is largely in the normal range. By contrast, the pre-skeletonized all FA

histogram in the top row of Figure 5 is positively skewed and the p-values of this distribution, on the

right, are largely non-normal. This demonstrated that the TBSS mean FA skeleton did produce a

relatively normal FA distribution, ostensibly guaranteeing sufficient normality for accuracy of standard t-

tests (Welch) used for the global FA and volumetric analyses, which did not use the permutation analysis

employed in the tbss_sym FA and TBSS analyses. Additional indices of relative distribution normality

were also used prior to the global FA volumetric tests (see below).



23

Figure 5. Top row, left: histogram of all subjects global (All FA); right: histogram of p-values (All FA)

based on Lilliefors (1967). Note, ~ 60% of the p-values are in the non-normal range. Bottom row, left:

histogram of the All FA skeleton; right: histogram of p-values (All FA skeleton) based on Lilliefors

(1967). Note, ~ 95% of the p-values are in the normal range. HCs=healthy controls; FA=fractional

anisotropy

For both dancer and HCs groups, FA distribution normality (e.g. Shapiro-Wilk) and homogeneity

of variance (Levene’s Test) tests were conducted prior to running 1-sample t-tests on the global FA

difference (L-R) between hemispheres, and there were no significant violations of normality. For dancers,

the mean global left hemisphere FA (M = 0.5006 ± 0.0252) and mean global right hemisphere FA (M=

0.4664 ± 0.022) differed, with the left showing higher FA. A 1-sample L-R FA t-test (Welch) revealed

that L-R significantly differed from zero, t(8) = 18.89, p < .0001, d= 6.30, indicating that left and right

FA significantly differed (if there was no difference between left and right then L-R would not have

significantly differed from zero), supporting greater leftward FA lateralization. The results for HCs were

very similar: mean global left hemisphere FA (M = 0.4996 ± 0.0168) and mean global right hemisphere

FA (M= 0.4651 ± 0.0163) differed, with the left also showing higher FA. A 1-sample L-R FA analysis t-

test revealed that L-R significantly differed from zero, t(8)= 22.50, p < .0001, d = 7.5 indicating that left
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and right FA significantly differed, supporting higher leftward FA. The box plots in Figure 6 characterize

the left hemisphere vs right hemisphere global FA difference for dancers (left box plot) and HCs (right

box plot) respectively. The non-overlapping notches in the boxplots indicate a high probability that FA

between hemispheres differs (McGill, Tukey & Larsen, 1978). Note, the outliers evident in the data were

removed with a 20% symmetric trimmed mean removing the 2 top and 2 lowest scores. This resulted in

the same pattern of L-R >0, with left FA thus differing from right FA, t(4)=25.56, p<0.0001, d = 11.43.

In short, for both groups, the global L-R FA difference significantly differed from zero and was positive,

and there was definitive leftward FA asymmetry in dancers and HCs. However, there was no significant

difference in global FA asymmetry between groups, t(15.58)=0.15, p=.88, r2=.001.

Figure 6. Left: boxplot of dancer global FA asymmetry, L-R and R-L: most values are in the

upper extent of the 50% interquartile range; right: boxplot of HCs’ global FA L-R and R-L asymmetry.

The non-overlapping notches in the boxplots indicate a high probability that FA between hemispheres

differs (McGill, Tukey & Larsen, 1978). HCs=healthy controls; FA=fractional anisotropy.
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Prior to reporting imaging analyses results (tbss_sym and TBSS scripts), it should be mentioned

that the images in this study used Cohen’s d to measure effect size. Although the range of Cohen’s d is .2

to .8 for all images, for visualization purposes the upper end of the range was set in FSLview

(www.fmrib.xo.ac.uk/fsl/fslview) to 1.95 to improve visual contrast of areas 2 to 3 standard deviations

above the mean.  It is underlined that this merely facilitated the visual distinctiveness of differing effect

sizes across relevant areas and in no way altered the actual value of the Cohen’s d statistic. Also, as

mentioned previously, to identify structures associated with significantly different FA in the tbss_sym and

TBSS analyses images the JHU White-Matter Tractography, and Juelich Histological Atlases integrated

with FSLView v3.1 (FMRIB Software Library) were used. The Harvard-Oxford Cortical Atlas was also

used to identify relevant GM structures. Structure probabilistic identities were derived from reference to

the above referenced Atlases.

Tbss_sym (1-sample) FA analyses for each group located in which tract or tract aspect left-

minus-right and right-minus-left FA values significantly differed from zero (L-R>0; R-L>0) and were

positive (α= 0.10). This test is therefore very similar to the global FA test except that it localizes structure

FA asymmetry. The dancer mean L-R FA (M = 0.0973 ± 0.0144) was higher than dancer mean R-L FA

(M = 0.0701 ± 0.0086), significantly differed from zero, p < 0.10 (FWE corrected), was positive, and

there was definitive leftward FA asymmetry. Table 1 of Appendix A lists the numerous structures of L>R

FA in dancers and their MNI max coordinates. Similarly, the mean L-R FA of the HCs (M = 0.0852 ±

0.016) was higher than the HCs’ R-L mean FA (M = 0.0595 ± 0.0098), significantly differed from zero, p

< 0.10 (FWE corrected), was positive, and there was definitive leftward FA asymmetry. Table 2 of

Appendix A lists the numerous structures for HCs’ L>R FA and the MNI max coordinates of these

structures. The effects of age and gender on FA were not significant for dancers or HCs. The 1-sample

tbss_sym FA test can be viewed as evaluating absolute asymmetry of L>R or R>L, reflecting that a voxel

can not be most lateralized to the left and right hemispheres at the same time. The bar graphs in Figure 7

characterize the L>R and R>L FA asymmetries in dancers (left bar graph) and HCs (right bar graph). The
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non-overlapping 95% CI error bars in Figure 8 (point range) indicate a significant difference (Payton,

Greenstone, Schenker, 2003) between left and right hemisphere FA for both dancers and HCs.

Figure 7. Left: L>R and R>L FA asymmetries for dancers; right: L>R and R>L FA HCs. Error

bars represent the 95% confidence interval point range. The non-overlapping 95% CI error bars indicate a

significant difference (Payton, Greenstone, Schenker, 2003) between left and right hemisphere FA for

both dancers and HCs. FA=fractional anisotropy; L>R=left greater than right; R>L=right greater than left;

HCs=healthy controls; * p < 0.10.

Prior to running a global WM and GM between-groups analysis, normality (e.g. Shapiro-Wilks)

and homogeneity of variance (Levene Test) tests were conducted for the data set of dancer and HCs

groups and there were no significant violations of normality. In addition, the WM volume variance ratio

for HCs and dancers was 1.65, and the GM volume variance ratio was 1.54; both ratios indicate

homogeneity of variance between the groups. Dancers had higher mean WM (units: 1 mm isotropic
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voxels) volume (M = 670743.1 ± 55659.37) compared to HCs (M = 603352.0, ± 71597.19). This

difference was significant, t(15.083) = 2.23, p < .05, r2= .25. The 25% variance shared by WM volume

and dance training is a large effect. On average, dancers also had more GM (M = 769242.3 ± 75103.56)

than HCs (M = 674142.6 ± 60552.75), a difference that proved to be significant, t(15.311) = 2.96, p < .01,

r2 =  .36. The 36% variance shared by GM volume and dance training is also a large effect. Graphs in

Figure 8 depict dancer vs. HCs WM (a), and GM (b) volumes. Age and gender were not significantly

correlated with WM volume: age, rs = -.46, p =.06, rs
2 =.22; gender, rpb = .25, r2

pb = .06, p =.31.

However, there was a strong, positive correlation between years of dance training experience and WM

volume, rs = .55, p < .05, rs
2 = .31. For GM volume, significant correlations were found between both

GM volume and years of experience, and GM volume and age: there was a strong positive correlation

between years of training experience and GM volume, rs = .61, p < .01, rs
2 = .38; there was a strong

negative correlation between age and GM, rs = -.69, p < .01, rs
2 = .48.  Gender was not significantly

correlated with GM volume, r pb = -.25, p = .31, r2
pb = .06.
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Figure 8. Left: WM volume of dancers was greater than HCs, * p < 0.05; right: GM volume of dancers

was greater than HCs, ** p < 0.01. Error bars indicate the standard error of the mean. Y-axes show the

mean number of 1mm voxels. WM= white matter; GM = grey matter; HCs= healthy controls

The L-R FA asymmetry analysis (tbss_sym FA) localizing bilateral FA differences between-

groups revealed that dancers had higher L-R FA (M = 0.055 ± 0.0261) relative to HCs (M = -0.0329 ±

0.0413).This difference was significant, p < 0.10 (FWE corrected). Table 1 lists effect sizes (Cohen’s d)

of significantly different FA voxels and the underlying probable (probability expressed as a percentage)

structures represented by these voxels. Effect sizes are high, indicating a large effect of lateralization, and

specifically leftward FA asymmetry associated with dance training. This is characterized by the graph in

Figure 9 (left) and the FA asymmetry images shown in Figure 10 (in the latter, both left and right FA is

displayed in the left hemisphere). Because this is a bilateral difference between groups, HCs had higher

R-L FA, greater rightward FA asymmetry (Mdn = 0.0436 ± 0.0408) compared to dancers (Mdn = -0.0519

± 0.0274). This difference was also significant, p < 0.10 (FWE corrected).  The rightward lateralization of

HCs is depicted by the line graph on the right side of Figure 9. In Figure 9, the negative and positive FA

values in the y-axis illustrate that this voxel-wise FA analysis exposes between-group FA asymmetry

differences across the hemispheres. Bilateral between-group differences occur in a given structure; as

such, FA values in the y-axis are not absolute (unlike the 1-sample analyses) and can be negative. The

leftward FA of dancers relative to HCs is evident in the left line graph (L-R FA): dancers have positive

FA values compared to HCs; a pattern that is reversed in the R-L FA analysis depicted in the right line

graph, which shows the mainly positive values of HCs rightward FA relative to dancers negative

rightward FA. Note, however that Figure 9 also shows that overall, the L-R FA values of dancers depicted

in the left line graph are higher than the R-L FA values of HCs depicted in the right line graph. The

leftward FA (L-R FA) asymmetry images shown in Figure 10 highlight peak output listed in Table 1 from

the tbss_sym cluster report; images are displayed in the axial radiological convention. Illustrative of how

this analysis exposes the bilateral FA difference of homologous structures, the cingulum and callosal
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body had the greatest bilateral difference in FA asymmetry: highest leftward FA lateralization in dancers

(Table 1), but highest rightward lateralization in HCs (Table 2). The largest cluster of significant voxels

centered at the lowest p-value (p =0.052) was, as just mentioned, identified as including the posterior

cingulum (11% probability) by reference to the JHU White-Matter Tractography Atlas, and the callosal

body (10% probability)  by reference to the Juelich Histological Atlas. This cluster was centered at MNI

max coordinate -15 -56 28. Images in Figure 10 are arranged in ascending order from smallest p-value in

the first row (greatest significance) to largest p-value in the last row. The MNI coordinate (-17 22 41) for

which the JHU White-Matter Tractography Atlas found no tract label, is an exception in that it has a

larger p-value than the subsequent max MNI coordinate. This coordinate and the associated (49 voxel)

cluster was identified as the WM underlying the superior frontal gyrus (SFG) using the Harvard-Oxford

Cortical Atlas (8% probability). This cluster was not identifiable as a specific tract perhaps because of

crossing fibers. The cluster order in Figure 10 follows the order of clusters in Table 1. In addition, each

image is associated with an effect size (Cohen’s d) with a range of .2 to .8. To facilitate the visual

differentiation of the range of effect sizes, the upper level of the effect size range was set to 1.95 (as noted

previously, this is a visual aid only and does not alter the actual effect sizes). Note that larger, higher

intensity clusters in the top row of Figure 10 persist and spatially expand through layers in the images of

the lower rows where p-values are higher. An image of the last cluster of Table 1 is not shown (it

consisted of just one voxel). Rightward FA asymmetry images (R-L) are not shown as they were

essentially identical to the L-R leftward FA asymmetry images.
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Figure 9. Left: higher L-R FA in dancers relative to HCs, * p < .10; right: higher R-L FA in HCs relative
to dancers, * p <.10. Error bars represent 95% confidence intervals.

Table 2 lists the peak MNI coordinates of the R-L FA analysis, and because this analysis measures

bilateral difference of homologous structures between groups, the coordinates are identical to the L-R

results but in the right hemisphere . The R-L and L-R p-values, however, differ marginally as then do the

number of significant FA, FWE-corrected voxels. Again, as noted previously, both left and right FA

values are analyzed in the left hemisphere by the tbss_sym script. This results in negative MNI x-

coordinates not just for the left hemisphere but right hemisphere as well. At this exploratory level of

significance (α= 0.10), age was negatively correlated with FA lateralization, rs = -.55, p < .05, rs
2 =.31.

Gender was not correlated with FA lateralization, rs = -.33, p = .17, rs
2 = .11. There was a strong, positive

correlation between years of dance training experience and FA lateralization, rs = .74, p < .001, rs
2 = .55.

Correlations were also assessed between (peak) FA values and AD, FA and MD and FA and RD; AD,

MD and RD were captured within a 15 mm sphere of MNI max coordinate -15 -56 28. Axial diffusion

was not significantly correlated with FA lateralization (p > .05), though there was a trend, rs = .45, p =
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.06, rs
2 = .20; MD was not correlated with FA lateralization, rs = -.15, p = .52, rs

2 = .03; but RD

diffusion was negatively correlated with FA lateralization, rs = -.51, p < .05, rs
2 = .26.
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Table 1.
Dancer vs. HCs (tbss_sym): L – R (dancer leftward FA asymmetry)
Voxels Max X Max Y Max Z L>R FA structures d p <.10

(mm) (mm) (mm)

260 -15 -56 28 JHU: 11% left Ci; JH: 10% left CB 2.00 0.052

49 -17 22 41 HOC: 8% WM of left SFG 1.89 0.079

29 -18 33 31 JHU: 3% left IFOF; 3% left ATR 2.25 0.059

25 -7 -67 34 JHU: 3% left Ci 2.34 0.069

5 -19 27 33 JHU: 3% left ATR; HOC: 4% WM of left SFG 1.19 0.099

1 -14 47 27 JHU: 29% left FMi; 3% left ATR 1.65 0.100

ATR = anterior thalamic radiation; CB= callosal body; Ci = cingulum; d = Cohen’s d; FMi = forceps minor; IFOF = inferior fronto-occiptal
fasciculus; ILF = inferior longitudinal fasciculus; SFG= superior frontal gyrus; SLF = superior longitudinal fasciculus; UF = uncinate fasciculus;
HCs=healthy controls. Percentages represent the probability that fractional anisotropy (FA) occurs in the associated structure as estimated by
HOC= Harvard-Oxford Cortical Atlas, JHU= JHU- ICBM White-Matter Tractography and JH= Juelich Histological Atlases.
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Table 2
Dancer vs. HCs ( tbss_sym): R-L FA (controls rightward FA asymmetry)
Voxels Max X Max Y Max Z R>L structures d p <.10

(mm) (mm) (mm)

260 -15 -56 28 JHU: 11% right Ci; JH: 10% right CB 2.00 0.053

67 -17 22 41 HOC: 8% WM of right SFG 1.89 0.084

30 -18 33 31 JHU: 3% right IFOF; 3% right ATR 2.25 0.060

27 -7 -67 34 JHU: 3% right Ci 2.34 0.070

15 -19 27 33 JHU: 3% right ATR; HOC: 4% WM of right SFG 1.19 0.096

8 -14 47 27 JHU: 29% right FMi; 3% right ATR 1.65 0.095

ATR = anterior thalamic radiation; CB= callosal body; Ci = cingulum; d = Cohen’s d ; FMi = forceps minor; IFOF = inferior fronto-occiptal
fasciculus; ILF = inferior longitudinal fasciculus; WM  of SFG= superior frontal gyrus ; SLF = superior longitudinal fasciculus; UF = uncinate
fasciculus. Percentages represent the probability that fractional anisotropy (FA) occurs in the associated structure as estimated by HOC=
Harvard-Oxford Cortical Atlas, JHU=JHU- ICBM White-Matter Tractography, HOC= Harvard-Oxford Cortical Structural, and JH= Juelich
Histological Atlases.
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Figure 10. All images display dancer leftward FA asymmetry from tbss_sym analysis. Larger, higher

intensity clusters in the top row persist through other layers. Top row: the Ci and CB at max MNI (mm) -

15 -56 28 (p=0.052), WM underlying SFG at max MNI -17 22 41 (p= 0.079); 2nd row: the IFOF and ATR

at max MNI -18 33 31 (p= 0.059); Ci at max MNI -7 -67 34 (p= 0.069); 3rd row: the ATR at max MNI -19

27 33 (p= 0.099). Significant voxels have been thickened for display using the tbss_fill script. Each axial

image is paired with an effect size map; the latter is located on the right of each image pair. The effect

size is a Cohen’s d range of .2 to .8. For viewing purposes the upper d limit was adjusted to 1.95 and red-
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yellow coded.  All images are at p < 0.10, FWE corrected. ATR=anterior thalamic radiation;

Ci=cingulum; CB= callosal body; IFOF= inferior fronto-occipital fasciculus; SFG=superior frontal gyrus

The TBSS analysis localizing FA differences between-groups demonstrated that dancers had

greater left FA (M = 0.6301 ± 0.0438) relative to HCs (M = 0.5563 ± 0.0313) in several structures. This

difference was significant, p < 0.10, (FWE corrected). Table 3 lists effect sizes (Cohen’s d) of

significantly different FA voxels and the underlying probable (probability expressed as a percentage)

structures of these voxels.  Effect sizes are high, even higher than those revealed in the tbss_sym FA

lateralization analysis. This indicates a large between group effect of dance training on FA. The graph in

Figure 11 characterizes the TBSS script FA results and Table 3 lists all peak MNI coordinates of

significantly different voxels. The TBSS analysis images in Figure 12 highlight peak output from the

cluster report data of Table 3 and show that a significant FA difference occurred in the left hemisphere,

where dancer FA exceeded FA of HCs. The radiological convention axial views are shown and an effect

size map with a range of .2 to .8 (Cohen’s d) is associated with each image. To facilitate the visual

differentiation of the range of effect sizes, the upper level of the effect size range was set to 1.95. As

reiterated previously, this is a visual aid only and does not alter the actual effect sizes. Images in Figure

12, like those in Figure 10, are arranged in ascending order from smallest p-value (top) to largest p-value

in the last row. This follows the order of clusters in Table 3. Also as in Figure 10, in Figure 12 the larger

clusters of the top rows, which have MNI max coordinates with lower p-values, generally persist in the

MNI coordinates with higher, less stringent p-values. The first and largest cluster in Table 3, MNI -27 -26

17, has the lowest MNI max coordinate p-value. This largest cluster of significant voxels was identified as

within the CST by reference to the JHU White-Matter Tractography Atlas (16% probability) and Juelich

Histological Atlas (27% probability). The Juelich Histological Atlas also identified this cluster as

including the SLF (35% probability). The first row of Figure 13 consists of all 3 cardinal views of the

largest and most significant cluster at MNI max coordinates -27 -26 17. The 2nd row adds an atlas based

mask (JHU White-Matter Tractography Atlas) of the CST which visually appears to corroborate that
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some portion of these voxels represent CST fibers. Figure 14 provides a 3D depiction of this significantly

greater left CST/SLF FA coordinate in dancers at p < 0.062 (the lowest p-value in the TBSS analysis).

The Juelich Histological Atlas indicates that some part of this group of FA voxels may also partially lie in

the SLF; perhaps within the AF segment of the SLF depicted by Catani et al (2007 [see Figure 4]).

However, as shown in the 3rd row of Figure 13, an added SLF mask (Juelich Histological Atlas) reveals

an unconvincing picture of substantive SLF involvement with this cluster at p = 0.062; an impression also

conveyed by Figure 14. Interestingly, lowering the threshold to p < 0.10 (the initial base alpha level for

this analysis) the involvement of the SLF, and potentially the AF segment of the SLF, appears evident as

revealed in the Figure 15 3D image. Age was not correlated with greater FA in dancers, rs = -.40, p = .10,

rs
2 =.16. Gender was not correlated with greater FA in dancers, r pb = -.16, p =.53, r pb

2 = .02. However,

there was a strong, positive correlation between years of dance training experience and greater FA in

dancers, rs =.65, p < .01, rs
2 =.42. Correlations were also assessed between (peak) FA values and AD, FA

and MD and FA and RD; AD, MD and RD were captured within a 15 mm sphere of MNI max

coordinate -27 -26 17 delimiting the region of dancer greater left CST/SLF FA. There was a large,

positive correlation between greater FA in dancers and AD, r = .62, p < .01, r2 = .39; but a negative

correlation between greater FA and RD, r = -.61, p < .01, rs
2 =.36. There was no correlation between

greater FA in dancers and MD, r = .09, p .74, r2 = .01.



37

Figure 11. Greater FA in dancers relative to HCs localized to the left hemisphere. Error bars represent a
95% CI; * p < 0.10
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Table 3.

Dancer vs. HCs (TBSS): greater dancer left hemisphere FA
Voxels Max X Max Y Max Z Structures d p <.10

(mm   (mm (mm)

532 -27 -26 17 JH: 35% left SLF, 27% left CST; JHU 16% left CST 3.15 0.0624

136 -24 22 13 JHU: 29% left IFOF; 19% left UN; 13% left ATR; 3% left SLF 2.35 0.0812

61 -40 -43 14 JHU: 21% left SLF (temp); 21% left SLF; JH 5% left OR 2.28 0.0876

47 -23 28 0 JHU: 26% left IFOF; 22% left UN;  8% left  ATR 2.19 0.0882

10 -35 -43 13 JHU: 16% left ILF: 11% left SLF; 8% left SLF(temp); 5% left IFOF; JH: 63% left OR; 11% CB 2.07 0.0894

ATR = anterior thalamic radiation; CB= callosal body; Ci = cingulum; d = Cohen’s d ; FMi = forceps minor; IFOF = inferior fronto-occiptal
fasciculus; ILF = inferior longitudinal fasciculus; OR= optical radiation; SFG= superior frontal gyrus ; SLF = superior longitudinal fasciculus;
UF = uncinate fasciculus. Percentages represent the probability that fractional anisotropy (FA) occurs in the associated structure as estimated by
JHU=JHU- ICBM White-Matter Tractography, and JH= Juelich Histological Atlases.
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Figure12. All images are from the TBSS analysis; greater dancer FA is demonstrated localized to the left

hemisphere. Larger, higher intensity clusters in the top row persist through other layers. Only the two

structures with highest identification probability are referenced here. Top row left: SLF and CST at max

MNI (mm) -27 -26 17 (p =0.0624); top row right cluster: IFOF, UN at max MNI -24 22 13 (p= 0.0812);

2nd row left: the SLF (temp) and SLF at max MNI -40 -43 14 (p =0.0876); 2nd row right: IFOF and UN at

max MNI -23 28 0 (p= 0.0882); 3rd row: WM OR at max MNI -35 -43 13 (p=0.0894). Significant voxels
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have been thickened for display using the tbss_fill script. Each axial image is paired with an effect size

map; the latter is located on the right of each image pair. The effect size is a Cohen’s d range of .2 to .8.

For viewing purposes the upper d limit was adjusted to 1.95 and red-yellow coded. All images are at p

<0.10, FWE corrected. Atlases used: JHU=JHU- ICBM White-Matter Tractography Atlas, and JH=

Juelich Histological Atlas. ATR=anterior thalamic radiation; Ci=cingulum; CB= callosal body; CST=

corticospinal tract; IFOF= inferior fronto-occipital fasciculus; OR= optic radiation; SFG=superior frontal

gyrus; WM= white matter.
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Figure 13. Shown in the first row are 3 cardinal views of the TBSS analysis image of the voxels with the

greatest statistical level of significance (p= 0.0624) at the cluster with MNI max coordinates -27 -26 17

(CST and SLF) which is the largest cluster in Table 3. The 2nd row adds an atlas based mask (JHU White-

Matter Tractography Atlas) of the CST (yellow). The 3rd row adds an SLF white mask (Juelich

Histological Atlas) to the images shown in the first row. CST= corticospinal tract; SLF= superior

longitudinal fasciculus.
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Figure 14: TBSS derived 3D depiction of greater left CST/SLF FA in dancers at p < 0.065. This area of

significantly greater leftward FA in dancers (encompassed by a sphere at 90% transparency) extends out

15 mm (radius) from center MNI max coordinate -27 -26 17 to form a sphere.
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Figure 15: TBSS derived 3D depiction of greater left CST/SLF FA in dancers at p < 0.10. At this level of

significance, involvement of the SLF in addition to the CST at MNI max coordinate -27 -26 17 appears

evident.

To test for between group differences at the standard and more stringent significance level, both

the tbss_sym and TBSS analyses were thresholded at  α= 0.05. The tbss_sym analysis revealed a

significant difference between groups at the MNI max coordinates (mm) of -21 -55 39, p = .038 (FWE

corrected), d= 1.83. The cluster with the latter MNI max coordinates consisted of 48 significantly

different voxels and was identified with 3% probability of being the ATR by reference to the JHU White-

Matter Tractography Atlas.  All three cardinal views of the putative ATR cluster of dancer leftward FA

asymmetry are shown in Figure 16.  The third row of Figure 16 displays a Cohen’s d effect size map

ranging from .2 to .8, with the upper d limit adjusted, for viewing purposes only, to 1.95 and red-yellow

coded. A posterior aspect of the ATR in this location appears consistent with the results of Wakana et al.
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(2007) reproduced in Figure 18. This cluster of 48 significantly different voxels demonstrated leftward

FA asymmetry for dancers relative to HCs. The R-L FA analysis thresholded at 0.05, as expected,

revealed rightward FA asymmetry for HCs at the same MNI location but in the right hemisphere (p <

0.05, FWE corrected). Images for R-L rightward ATR FA asymmetry in HCs relative to dancers are not

shown (they are identical to the L-R leftward FA asymmetry images of the ATR in Figure 16). As shown

in second row of Figure 16, the 48 voxel cluster with MNI max coordinates (mm) of -21 -55 39, identified

with 3% probability of the being the ATR, is surrounded by an atlas-based (Juelich Histological Atlas )

mask of the anterior intra-parietal sulcus (hIP3). The image in Figure 17 provides a 3D perspective of the

cluster centered at MNI max coordinate -21 -55 39. At α= .05 (and as occurred at α = .10) age was

negatively correlated with FA lateralization, rs = -.62, p < .05, rs =.39. Gender was not correlated with FA

lateralization, rpb = -.21, p =.40, rpb
2 = .04. There was a positive correlation between years of experience

and FA lateralization, rs = .55, p < .05, rs
2 = .30. Correlations were also assessed between (peak) FA

values and AD, FA and MD and FA and RD; AD, MD and RD were captured within a 15 mm sphere

of MNI max coordinate -21 -55 39. There was a strong, positive correlation between FA lateralization and

AD, r = .76, p < .001, r2 = .57, but an equally strong negative correlation between FA lateralization and

RD, r = -.78, p < .001, r2 = .61. There was no correlation between FA lateralization and MD, rs = .11, p =

.66, rs
2 = .01.

At α= 0.05 there were no significantly different voxels in the TBSS analysis – neither group

demonstrated greater FA at this level of significance. However there was a trend of significantly different

voxels at MNI max coordinate -27 -26 17, p= 0.06, d= 3.15. This is the same cluster reported at p < 0.10

and listed at the top of in Table 3 and in the top row of Figure 13. As noted previously, portions of the

cluster were identified as lying within the CST (JHU White-Matter Tractography Atlas and Juelich

Histological Atlas) and the SLF (Juelich Histological Atlas).
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Figure 16. Top row:  3 cardinal views of the posterior aspect of the ATR, MNI max coordinates (mm) of -

21 -55 39; 2nd row: a mask of the anterior intra-parietal sulcus (hIP3) is applied to all 3 cardinal views; 3rd

row: Cohen’s d image range .2 to 1.95. ATR= anterior thalamic radiation
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Figure 17: Tbss_sym derived image of dancer leftward FA centered at MNI max coordinate -21 -55 39;

putative ATR (3% probability,  JHU White-Matter Tractography Atlas). ATR= anterior thalamic

radiation
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Figure 18. Tractography of the ATR reprinted from Wakana et al. (2007). The numbers 1 and 2 represent

ROIs for the ATR; (a) and (c) are coronal sections and (b) and (d) are mid-sagittal sections: ATR=anterior

thalamic radiation; IC= internal capsule; GCC= genu of the corpus callosum.



48

Chapter Four

4.1 Discussion

In keeping with the order of analyses, the global histogram assessment of FA distribution will be

discussed first, followed by the global FA and tbss_sym FA analyses for each group. Subsequently, the

between group volumetric and between group FA results from both the tbss_sym and TBSS analyses will

be discussed. The Global histogram derived from skeletonized FA mean image of dancers and HCs

showed relatively normal distribution shape based on a Lilliefors (1967) analysis (see bottom row of

Figure 5) indicating that the TBSS mean FA skeleton produced a relatively normal FA distribution that

did not compromise the accuracy of t-tests (Welch) used for the global FA and volumetric analyses,

which did not use the permutation analysis employed in the tbss_sym FA and TBSS analyses. As noted in

the results, additional indices of relative distribution normality were also employed prior to the global FA

volumetric tests and there was no evidence of violations of normality.

For dancer and HCs groups the tbss_sym analysis localized absolute leftward and rightward FA

asymmetry in structures; the global FA calculation simply summed total leftward and rightward FA. To

identify asymmetry in as many structures as possible, the liberal α= 0.10 level of significance was used in

the tbss_sym analysis. The standard level of significance (0.05) was used in the global FA analysis.

Otherwise, the global FA and tbss_sym analyses for dancer and control groups were very similar tests

with similar outcomes: both calculated if L-R FA and R-L FA differed from zero and was positive, both

demonstrated a high extent of leftward FA lateralization. The similarity of outcomes can be seen in

Figures 6 and 7 which show the patterns for global FA and tbss_sym FA respectively. Of course, the

summed global FA values are much higher than the localized FA values of the tbss_sym analysis. The

global FA and tbss_sym FA test results were, as expected, highly significant. In the global FA analyses,

L-R FA and R-L FA significantly differed from zero and were positive for dancers (p < 0.0001) and HCs

(p < 0.0001). Similarly, the tbss_sym analyses demonstrated that L-R FA and R-L FA significantly

differed from zero and were positive for dancers (p < 0.10) and HCs (p < 0.10). In addition, in both tests,

for both groups the mean left FA was significantly greater than the mean right FA: for global FA this is
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conveyed by the non-overlapping boxplot notches in Figure 6, where left FA is clearly higher; in respect

to the tbss_sym analysis this is conveyed by the non-overlapping error bars in Figure 7, and again left FA

is clearly higher than right FA. From the tbss_sym analysis, structures with dancer L>R FA included the

IFOF and a posterior aspect of the ATR (see Table 1, Appendix A for a list of probabilistic structures);

structures with controls L>R FA included the uncinate and IFOF (see Table 2, Appendix A for a list of

probabilistic structures). Structures of R>L FA for both groups are not listed but available on request. In

summary, these tests demonstrated definitive leftward FA lateralization for both groups. At the time of

this writing, there were no comparable training related studies published involving 1-sample global and

tbss_sym FA analyses. These tests, however, were insightful: they demonstrated the overall pattern of

leftward FA asymmetry putatively revealing the dominance of left hemisphere WM structures in both

groups.

Turning to the volumetric data, there are several studies (most of which were cited in the

introduction) that reported a training effect on regional brain volume (mainly GM volume). Regional as

well as global volume results have also been specified in training related research (Hanggi et al., 2010;

Maguire et al., 2000). The current study calculated only training-associated global volume alteration. Of

course, while brain metrics such as global FA asymmetry and global volume provide useful gross

measurements, such constructs are blind to regional differences. The self-evident disparity between global

and regional test methods makes drawing analogies between outcomes of the two methodologies

potentially misleading: a reported virtual island of regional volume alteration may exist in a sea of global

antithetical volume alteration. Because of the fundamental difference between global and regional

analyses, comparisons between current study global volume findings and regional-only volume findings

in the literature must be regarded with caution.

Bearing this in mind, the between-group global volumetric analysis in the current study

demonstrated that dancers had greater global WM (p < 0.05, r2=.25) volume (see Figure 8, left); gender

and age were not correlated with greater global WM volume in dancers, but there was a large, positive
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correlation between years of dance training experience and greater WM volume in dancers, (p < .05, rs
2

= .31). This global finding appears in stark contrast with the lower global and regional dancer WM

volumes reported by Hanggi et al (2010) but consistent with the aerobic-training associated increase in

regional WM  reported by Colcombe et al. (2006) and increased bilateral WM AF tract volume of

musicians, most pronounced in the left hemisphere, reported by Halwani et al. (2011).

Similar to the global WM findings, the global GM results revealed dancers had significantly

higher GM volume (p < 0.01, r2 =.36) than HCs (see Figure 8, right). These results are in concert with

most GM regional results for trained groups in the literature which emphasize mainly regional brain

volume increases (Boyke et al., 2008; Colcombe et al., 2006; Draganski et al., 2004; Hufner et al., 2010

Maguire et al., 2000; Taubert et al., 2010), though antithetically two of the three dancer studies (Hanggi et

al., 2010; Nigmatullina et al., 2013), reported largely reduced GM structure. The other dancer study,

Hufner et al., 2010, reported dance training-related increases in GM volume. In the current study, gender

was not correlated with GM global volume, but there was a strong positive correlation between years of

training experience and higher global GM in dancers, rs = .61, p < .01, rs
2 = .38. In addition, there was

also a strong negative correlation between age and gobal GM, rs = -.69, p < .01, rs
2 = .48. A negative

correlation between age and GM volume is consistent with previous research (Giorgio et al., 2010).

At the significance level of α= 0.10, the tbss_sym and TBSS analyses both demonstrated left-

centric FA in dancers. The L-R FA asymmetry analysis (tbss_sym) localizing bilateral FA differences

between-groups revealed that dancers had higher leftward FA relative to HCs in specific structures, and

HCs had higher rightward FA in the homologous structures of the right hemisphere (p < 0.10, FWE

corrected). Greatest lateralization occurred in aspects of the cingulum and callosal body. There was a

trend of AD correlation with FA (p = .06, rs
2 = .20) lateralization, and there was a negative correlation

between RD and FA lateralization (p < .05, rs
2 = .26). There was a large positive correlation (p < .001, rs

2 = .55) between years of experience and FA lateralization and a large negative correlation between age

and FA lateralization (p < .05, rs
2 = .31).
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At the significance level of α= 0.10, the TBSS analysis localizing absolute FA differences

between-groups demonstrated that dancers had greater left FA relative to HCs in specific structures (p <

0.10, FWE corrected). Higher dancer FA was localized with greatest significance to areas of the CST and

SLF. Within a sphere of 15 mm radii centered at the CST/SLF MNI max coordinate -27 -26 17, there was

a large, positive correlation between greater FA in dancers and AD ( p < .01, r2 = .39); but a negative

correlation between greater FA and RD ( p < .01, rs
2 =.36). Also, there was a large positive correlation

between years of dance experience and greater dancer FA (p < .01, rs
2 =.42).

The graph in Figure 11 is similar to the pattern of the tbss_sym analysis in the Figure 9 left graph

in so far as both graphs show left-centric FA. However, while both analyses employ a permutation-based

t-test as the statistical test proper, tbss_sym and TBSS analyses are different tests using different scripts.

Outcomes therefore are not directly comparable, which is conveyed, in part, by the widely differing FA

ranges of the tbss_sym (Figure 9) and TBSS (Figure 11) between group analyses, and more obviously by

the differing tbss_sym analysis results listed in Table 1 and the TBSS analysis results listed in Table 3 (all

tables list peak MNI coordinates). Each test contributes a different characteristic of FA between groups

putative neural asymmetry. The tbss_sym script reveals the bilateral FA difference in left and right

hemisphere of homologous structures; because this is a left vs right (L-R) hemisphere difference, positive

FA values in one hemisphere correspond with negative values in the like structures of the other

hemisphere. This is shown in Figure 9.  The latter figure indicates that at α= 0.10, in a given structure,

ballet dancers had higher L-R FA relative to HCs, whom, while having lower L-R FA than dancers, had

higher R-L FA. Table 1 lists the structures for dancer higher L-R or leftward FA (the same structures for

HCs R-L FA listed in Table 2) and Figure 10 displays the axial localization of these significantly different

FA coordinates. The largest cluster of significantly different FA voxels, which also had the lowest p-value

(p < 0.052, FWE corrected, d= 2.0), was located at MNI max coordinates -15 -56 28. This cluster had an

11% probability of including posterior cingulum fibers (JHU White-Matter Tractography Atlas) and a

10% probability of including the callosal body (Juelich Histological Atlas). The aforementioned cluster is

localized in the first row of Figure 10. Effect sizes of structures shown in Figure 10 and listed in Table 1



52

were large (d > 0.8), indicating a strong and meaningful lateralization effect for dancer and control

populations; leftward asymmetry in dancers but rightward asymmetry in controls. As mentioned

previously, there is an absence of comparative tbss_sym training related data in the literature, but in a

tbss_sym analysis of a normal, large untrained group (857), Takao et al. (2012) reported asymmetries

including parts of the cingulum and callosal body.

In contrast to the tbss_sym script, the TBSS script, as noted above, provides an absolute measure

of FA (typically 0 to 1). The FA values from the TBSS analysis in Figure 11 are much higher than the

tbss_sym FA values in Figure 9 because they don’t represent a bilateral difference. The disparity in the

range of FA values between the two differing analyses is most evident in Figure 19, which simply plots

the mean FA values from tbss_sym and TBSS analyses. Figure 20 similarly characterizes inter-test

disparity in FA ranges using density plots, but FA values are also further broken-down in each analysis by

group.

Figure 19. Mean tbss_sym (L-R) and TBSS FA values
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Figure 20. Top row: tbss_sym (L-R) mean FA, HCs left and dancers right; 2nd row: TBSS mean FA

values, HCs left and dancers right. HCs=healthy controls.

As Figure 11 indicates, dancers had significantly greater FA localized in left hemisphere structures. Table

3 lists all TBSS peak MNI coordinates of significantly different voxels with their effect size; the images

in Figure 12 highlight localization of these clusters of significant voxels. The first and largest cluster of

significantly different voxels (p= 0.06, FWE corrected, d= 3.15) in Table 3, MNI -27 -26 17, had the

lowest p-value in the TBSS analysis and was identified as within the left CST by reference to the JHU

White-Matter Tractography Atlas (16% probability) and Juelich Histological Atlas (27% probability). The

Juelich Histological Atlas also identified this cluster as including the left SLF fibers (35% probability).

Figure 13 consists of all 3 cardinal views of this largest of Table 3 clusters (MNI mm -27 -26 17) with an

added atlas based mask (JHU White-Matter Tractography Atlas) of the CST (2nd row) which

circumscribes the cluster and provides additional visual corroboration that some portion of these voxels of

FA represent underlying significantly different left CST fibers in dancers. A 3D perspective of the

putative CST involvement is provided by Figure 14. An atlas based SLF mask (Juelich Histological
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Atlas) is also shown in Figure 13 (3rd row) but visual inspection imparts little confidence that there is

substantial SLF fiber involvement with this cluster of voxels at p = 0.062. As noted in the results, by

thresholding this image at α=0.10 (the base alpha level for this analysis) the involvement of the SLF, and

potentially the AF segment of the SLF, is vividly suggested (see Figure 15). However, given that at least

2 different fiber tracts cross in 1/3rd of voxels (Tuch et al., 1999) and fiber tracts intersect frequently,

definitively establishing tract fiber identity can be problematic especially in areas of crossing fibers. As

such, it is acknowledged that probabilistic tractography, not conducted here, would have further

substantiated identification of tracts underlying significantly different FA. Effect sizes of structures

analyzed by the TBSS script, shown in Figure 12 and listed in Table 3, were large (d >0.8) indicating a

dance training effect of high magnitude.  The average of effect size peak values in Table 3 from the TBSS

script analysis was ~ 24% higher than the average of the tbss_sym effect size of peak values in Table 1.

This suggests that the magnitude of the FA between groups difference revealed by the TBSS script

exceeded the magnitude of the FA difference between sides (lateralization) revealed by the tbss_sym

script.

Most training research assessing the FA metric has reported regional training-dependent

increased FA (Bengtsson et al., 2005; Keller & Just, 2009; Halwani et al., 2011; Scholz et al., 2009;

Schmithorst & Wilke, 2002; Takeuchi et al., 2010; Wang et al., 2012). As noted in the latter paragraph

and in the results, the TBSS script analysis demonstrated greater left hemisphere FA in the structures of

dancers listed in Table 3, mainly in the CST, SLF, inferior frontal occipital fasciculus, uncinate, and ATR.

The finding of greater CST FA in dancers of the current study is consistent with greater CST FA reported

in world class right-handed gymnasts by Wang et al. (2012), though in the current study greater dancer

CST FA was localized in the left hemisphere while in the Wang et al. (2013) study greater FA occurred

bilaterally in CST of the gymnasts. The Wang et al. study also reported reduced lower RD in the CST of

the gymnasts, which is consistent the high negative correlation of RD with FA found in the current study.

Bengtsson et al. (2005) reported higher FA of right-handed musicians in the right posterior limb of the

internal capsule, which includes CST fibers. While this is a training associated increase consistent with
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the current study, it occurred in the right hemisphere which is antithetical to the current study outcome of

heightened left hemisphere CST FA in dancers. Moreover, reports of training-induced reductions in CST

FA add to the inconsistent characterization of training effect in terms of the FA metric. Imfeld et al.

(2009) reported reduced FA bilaterally in the CST of right-handed musicians and Jancke et al. (2009)

reported reduced bilateral FA in the CST of professional golfers. Hanggi et al. (2010) reported lower

bilateral FA in the WM serving the premotor cortex, which would include CST fibers. In respect to the

SLF, which as noted in the preceding paragraph may underlie a portion of the differing FA voxels in the

current study, Halwani et al. (2011) reported higher FA bilaterally in the AF segment of the SLF in

musicians. This reported training-related SLF FA increase was bilateral whereas in the current study it

was restricted to the left hemisphere. Nevertheless, this Halwani et al. finding is consistent with the

current study in so far as both studies found incremental training-related FA in a portion of the SLF.

While both the tbss_sym and TBSS analyses demonstrated between group significant FA

differences at the exploratory significance level of α=0.10, only the tbss_sym analysis registered a

between group difference at the traditional significance level of α=0.05. In the tbss_sym analysis, and at

α=0.05, one cluster of 48 significant voxels (p < 0.05, FWE corrected, d = 1.83) survived located in a

posterior part of the ATR (3% probability of ATR fibers: JHU White-Matter Tractography Atlas). The

image of this cluster is shown in Figures 16 and 17. From the volume of 369 significant voxels at =0.10,

this represented ~ 154 % drop in surviving significantly different FA voxels. At α=0.05, the tbss_sym

lateralization analysis revealed significantly higher leftward ATR FA in dancers and therefore

significantly higher right hemisphere ATR FA in HCs (p < 0.05, FWE corrected, d = 1.83). The cluster of

significantly different voxels centered at the ATR and located in the posterior aspect of the ATR is

plausibly consistent with ATR projections from the internal capsule reported by Wakana et al. (2007) and

reproduced in Figure 18. The 48 voxel cluster of dancer leftward FA (MNI -21 -55 39), is circumscribed

by an atlas based (Juelich Histological Atlas) mask of the anterior intra-parietal sulcus (hIP3), which

implicates this cluster and adjacent intra-parietal structures in FA alterations related to ballet training.

Cortical structures found in this location include the superior parietal lobe, precuneus, lateral occipital
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cortex, and supramarginal gyrus (Harvard-Oxford Cortical Structural Atlas). Within a sphere of 10 mm

radii centered at the ATR MNI max lateralization coordinate -21 -55 39, there was a large positive

correlation between FA lateralization and AD (p < .001, r2 = .57), but a large negative correlation

between FA lateralization and RD (p < .001, r2 = .61). Years of training experience was positively

correlated with FA lateralization (p < .05, rs
2 = .30) and age was negatively correlated with FA

lateralization (p < .05, rs =.39). As reiterated previously, there is an absence of comparative tbss_sym

training related data in the literature from which to gauge the consistency of this and the other tbss_sym

findings reported here. As noted previously, at α= 0.05 there were no significantly different voxels in the

TBSS analysis.  However there was a trend of significantly different voxels at CST/SLF MNI max

coordinate -27 -26 17, (p= 0.06, d= 3.15). This is the same cluster listed at the top of in Table 3 and

shown in Figures 13 and 14.

The divide in training-induced FA results in the literature may reflect heterogeneity of

populations and sample sizes as well differing analysis methods. However, as well documented in a

recent meta-analysis (Patel, Spreng, & Turner, 2013), functional magnetic resonance imaging  (fMRI)

literature also shows divided training effect results, albeit as demonstrated in brain activity increases and

decreases rather than structural changes.  It seems that the phenomenon of dual increases and reductions

in structural and functional parameters is a common property of neuroplastic reorganization induced by

training rather than simply the result of heterogeneity of populations, sample sizes and analysis methods.

While FA is a highly sensitive metric of neural diffusivity strength and ostensibly underlying tract

integrity, it can not convey the direction of the neural signal flow between cortical or subcortical areas

(Huettle, Song & McCarthy, 2008). For example, in the present study context, the leftward FA was found

in a posterior aspect of the ATR of dancers and greater dancer CST and SLF FA was localized to the left

hemisphere. But this data provides no insight into direction of neural signal flow between these tracts and

other structures in their vicinity, and therefore also no indication if direction of signal flow is altered in

dancers relative to controls; information which appears critical to understanding the properties and

processes involved in the neural network change attending training, or for that matter pathology. Insight
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into such mechanisms will undoubtedly largely be revealed as their molecular underpinnings are

unraveled. But as this is not likely to be achieved in the short term, more research that combines both

structural and functional analyses (Andrews-Hanna et al., 2007; Madden et al., 2004) may be

advantageous in linking patterns of structural and functional measurements to behavior. Moreover, and as

articulated in a recent paper (May, 2011), the overwhelming majority of training studies in the literature

are cross-sectional rather than longitudinal. All the studies reviewed in the introduction, with three

exceptions (Draganski et al., 2004; Scholz et al., 2009; Taubert et al., 2010), were cross-sectional (one

time point). Longitudinal investigation of structural metrics, such as FA, over a sequence of appropriate

time points has greater statistical power (given the reduced variability of repeated-measures analysis) and

hence greater promise to reveal, with higher precision, the patterns of structural alterations linked to

behavior such as training.
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4.2 Limitations

Limitations of this study include the small sample size of 18 (n= 9 dancers; 9 controls), a lack of

probabilistic tractography, and an absence of regional volumetric analysis.  To achieve 80% power and a

large effect size at a significance level of .05 a number of at least 24 is required. Probabilistic

tractography has proven to be effective in estimating tract boundaries (Catani et al., 2008; Li et al., 2013;

Steele, 2012), and as such lends greater accuracy localizing significant voxels within a given tract. In this

study, tractography would have helped verify more precisely in which fibers that voxels with significant

FA asymmetry occurred.  Another limitation was absence of body mass index data. A body mass index

(BMI) could have been included as a covariate, though other research involving ballet dancers reported

that lower dancer body mass was not related to FA or GM/WM volume (Hanggi e al., 2010). Finally, the

addition of a regional volumetric analysis would have lent greater precision to the current study and

improved comparability to other research.
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4.3 Future research

Future research, currently underway, will report DTI structural parameters including FA, AD,

MD, RD and volumetric data (global and regional) in normal, expert (e.g. professional dancers) and

Parkinson’s disease (PD) patients. Comparing the brain structural characteristics of PD patients and

dancers will be the focus of the next phase of study. It will include the DTI structural parameters noted

above as well as subcortical volume analysis of the substantial nigra, caudate and putamen. A core trait of

PD is disruption of dopaminergic pathways (i.e. the nigrostriatal pathways) and associated structures

(substantial nigra, caudate, putamen), which play a critical role in motor control. Moreover, the typical

motor control impairment of PD patients is in dramatic contrast to the fluid and highly refined motor

control of professional ballet dancers. Historically, contrasts of function and structure among normal,

trained, and pathological conditions have greatly informed neuroscience; perhaps the extreme divergence

in dancer-PD patient motor control may be reflected in divergent structural brain characteristics, the

analysis of which may help further characterize PD brain structure correlates.



60

4.4 Conclusion

We observed that the brain structural metrics of global volume and FA shared relatively large

percentages of variability with long-term professional ballet dance training. Dancer training shared 31%

of the variability in dancer greater global WM volume (rs = .55p < .05, rs
2 = .31); dancer training shared

38% of the variability in dancer greater global GM volume (rs = .61, p < .01, rs
2 = .38).

The between group FA findings (i.e. differing FA lateralization and greater FA in dancers)

demonstrated similar correlation patterns with AD, MD, and RD. There were no significant correlations

between FA lateralization and MD, or between greater FA in dancers and MD. At threshold p < .05 (FWE

corrected), there was a strong, positive correlation between FA lateralization and AD but a large negative

correlation between FA lateralization and RD. There was an equally strong, positive correlation between

greater FA in dancers and AD, but, as with lateralization, also a large negative correlation between greater

FA in dancers and RD (p < .10, FWE corrected).

Overall, the FA results of this study were twofold:  leftward lateralization in dancers but

rightward lateralization in controls, localized to the ATR (p = .038, FWE corrected); greater FA in the

CST and SLF of dancers (p = .062, FWE corrected). Both outcomes shared a relatively large percentage

of variability with long-term professional ballet dance training. Dancer training shared 55% of the

variability (rs = .74, p < .001, rs
2 = .55.) in FA lateralization at the significance level of 0.10 and 30%

of the variability (rs = .55, p < .05, rs
2 = .30) in FA lateralization at the .05 level of significance. Of note,

FA lateralization was negatively correlated with age both at .10 (rs -.55, p < .05, rs
2 = .31) and .05 (rs

= -.62, p < .05, rs =.39), suggesting that FA asymmetry between the groups decreased with progressing

age.

Finally, dancer training shared 42% of the variance in the greater (CST/SLF) FA of dancers (rs

=.65, p < .01, rs
2 =.42). The finding of greater dancer FA in the CST/ SLF tracts positively correlated

with AD but negatively correlated with RD implicates enhanced conduction in dancers from altered tract

properties, such as increased myelination and possibly increased axon diameter. The increase in AD and
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relative decrease of RD in regions of heightened FA is consistent with previous research (Beaulieu,

2002), and in dancers is likely to be related to refined motor control; a beneficial neuroplastic response

attending training-induced greater axonal capacity to relay action potentials and communicate (Fields,

2005). Although variation in a structural metric such as FA can stem from any number of factors

including genetic predisposition, the relatively high variability shared by years of experience and FA

alterations in dancers implicates a substantive effect of training on brain structure.
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Appendix A

Table1. Fractional anisotropy
Dancer L >0 FA
Voxels Max X (mm) Max Y (mm) Max Z (mm) L>0, JHU-ICBM p <.10

538 -30 41 -3 5% IFOF; 3% ATR 0.0372

272 -17 53 12 58% Fmi; 5% Ci; 3% IFOF; 3% ATR 0.0567

179 -29 30 24 3% UN; 3% IFOF; 3% ATR 0.0313

88 -13 -93 9 18% Fma; 5% IFOF; 3% ILF 0.0567

69 -28 0 29 3% SLF (temporal); 3% SLF 0.0469

48 -24 -66 1 8% ILF;  8% IFOF; 3% Fma 0.0508

46 -32 -1 -26 18% IFOF 0.0377

41 -25 -67 13 37% Fma 0.0040

33 -36 -24 27 63% SLF; 32% SLF (temporal) 0.0469

28 -17 47 -10 19% UN; 18% IFOF; 8% ATR; 5% Fmi; 3% SLF 0.0566

25 -21 23 -2 50% IFOF; 36% UN; 18% ATR 0.0371

18 -34 -11 -15 5% ATR; 3% IFOF 0.0566

11 -22 -82 2 42% Fma; 16% ILF; 11% IFOF 0.0566

8 -28 4 26 3% SLF (temporal); 3% SLF 0.0977

8 -31 -65 1 53% IFOF; 24% ILF; 5% Fma 0.0859

7 -24 23 11 37% IFOF; 19% UN; 11% ATR; 3% SLF 0.0957

6 -15 -12 17 11% ATR 0.0645

4 -25 32 9 32% ATR; 29% IFOF; 19% UN 0.0899

3 -10 -61 26 5% Ci 0.0821

3 -24 -54 23 3% IFOF; 3% FMa; 3% ATR 0.0469

3 -9 -85 23 8% FMa; 3% Ci 0.0703

3 -25 31 12 34% IFOF; 29% ATR; 17% UN 0.0899

3 -23 21 6 51% IFOF; 21% ATR 0.0977

2 -14 -17 15 11% ATR 0.0469

2 -23 18 14 50% ATR; 5% IFOF 0.0957

2 -24 -47 3 no label found 0.0899

1 -8 26 23 19 % Ci 0.0977

1 -24 -79 1 45% FMa; 21% IFOF; 18 % ILF 0.0997

1 -27 -57 0 6% Ci; 3% IFOF 0.0977

1 -35 4 20 21% SLF: 13% SLF (temporal part)
0.0664
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AF= arcuate fasciculus; ATR = anterior thalamic radiation; Ci = cingulum; forceps major= FMa; FMi = forceps minor; IFOF = inferior fronto-
occiptal fasciculus; ILF = inferior longitudinal fasciculus; SLF = superior longitudinal fasciculus; UF = uncinate fasciculus. JHU- ICBM White-
Matter percentages represent the probability that significant fractional anisotropy (FA) occurs in the associated structure.

Table 2
Controls  L>0  FA
Voxels Max X (mm) Max Y (mm) Max Z (mm) L>0, JHU-ICBM p <.10

387 -28 2 -11 6% UN; 3% IFOF 0.043

183 -32 36 -1 11% UN; 8% IFOF 0.035

143 -20 23 -5 45% IFOF; 33% UN; 5% ATR; 3% SLF (temporal
part)

0.006

59 -15 -21 14 no label found 0.048

47 -27 14 28 no label found 0.068

46 -28 39 17 5% ATR 0.082

43 -14 -53 23 3% Ci (posterior) 0.033

31 -25 -12 34 3% SLF; 3% CST 0.068

19 -25 34 7 37% IFOFl; 37% ATR; 22% UN; 3% SLF 0.068

15 -30 -2 -30 3% ILF; 3% Ci 0.092

14 -2 -38 -34 3% ATR 0.018

9 -17 8 -15 no label found 0.076

5 -24 31 12 50% ATR; 24% IFOF; 8% UN; 3% SLF 0.088

4 -24 -4 34 5% SLF 0.092

4 -29 30 25 3% IFOF; 3% ATR 0.098

2 -21 -52 22 5% Fma 0.086

2 -10 -1 11 26% ATR 0.018

2 -29 42 8 11% ATR; 5% IFOF; 3% UN 0.098

1 -31 43 8 8% ATR; 3% IFOF; 3% Fmi 0.100

1 -32 45 2 11% ATR; 3% UN; 3% IFOF 0.098

AF= arcuate fasciculus; ATR = anterior thalamic radiation; Ci = cingulum; CST= cortical spinal tract; forceps major= FMa; FMi = forceps
minor; IFOF = inferior fronto-occiptal fasciculus; ILF = inferior longitudinal fasciculus; SLF = superior longitudinal fasciculus; UF = uncinate
fasciculus. JHU- ICBM White-Matter percentages represent the probability that  significant fractional anisotropy (FA) occurs in the associated
structure


