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Summary

The aim of this thesis was to investigate whether different types of vestibular system
stimulation through balance training can have beneficial effects on vestibular-dependent path
integration and balance abilities as well as on neuroplasticity in corresponding gray matter
regions, especially in the hippocampal formation. For this reason, three separate studies were
organized: 1) 3-month longitudinal slacklining training study with young subjects (18-35 years),
b) cross-sectional study on professional ballet dancers (18-35 years) and ¢) 18-month
longitudinal sportive dancing study with older subjects (60-85 years). The results showed
significant improvements in vestibular-dependent path integration and balance abilities, along
with the changes in gray matter in the hippocampal formation (hippocampus, parahipocampus)
and other cortical regions in groups where a voxel-based morphometric (VBM) analysis was
performed (ballet dancers and sportive dancers). These results show that strong stimulation of
the vestibular system by behavioral interventions can lead to structural (neuroanatomical) and
functional benefits. Possible implications of the findings are in the prevention of dementia and

in the fall prevention.
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Abbreviations

AD Alzheimer’s disease

BVL Bilateral vestibular loss

CBT Clinical balance test

DTI Diffusion tensor imaging

DWI Diffusion weighted imaging
DZNE Deutsches Zentrum fir Neurodegenerative Erkrankungen
EC Eyes closed

EO Eyes open

FA Fractional anisotropy

FWE Family-wise error

GM Grey matter

MCI Mild cognitive impairment

MEC Medial entorhinal cortex

MRI Magnetic resonance imaging
PET Positron-Emission-Tomography
Pl Path integration

ROI Region of interest

SOT Sensory organisation test

SPM 12 Statistical parametric mapping 12

TCT Triangle completion task



VE Virtual environment

VBM Voxel-based Morphometry

VOR Vestibulo-occular reflex

WM White matter
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1 Introduction

Within the last four decades, our view of the mature vertebrate brain has changed significantly.
Today it is generally accepted that the adult brain is far from being fixed and that neuroplastic
adaptations to environmental challenges can even occur in the aging brain. A number of
factors such as neurotransmitters, growth factors, environmental stimulation, learning and
aging change neuronal structures and functions. The processes that these factors may induce
are morphological alterations in brain areas, including changes in neuronal connectivity and the
generation of new neurons in certain brain areas including the hippocampus. Physical activity
is beneficial for these processes (1,2).

Since the early 1960s, researchers have speculated that the vestibular system contributes to
spatial information processing and the development of spatial memory in the hippocampus.
The structure of the hippocampal formation is altered in persons with bilateral vestibular loss
(3,4). Navigational cues to the hippocampal formation can be provided by both the visual
system (e.g., landmarks, optic flow) and the vestibular system (e.g., estimation of direction
during path integration). It is thought that vestibular input is primarily processed in the anterior
part of the hippocampal formation, whereas visual cues are primarily integrated in the posterior
part. However, in cases of reduced vestibular or visual input or excessive sensory stimulation,

this hippocampal navigational network is reorganized (5).

The spatial navigation strategy called path integration has been shown to involve a network of
brain structures, with the entorhinal cortex (EC) playing a pivotal role in path integration. Some
neurons in the medial EC display multiple firing fields producing a regular grid-like pattern
across the environment. Lack of vestibular system’s input leads to disruption of theta rhythm in
the medial EC induces and a disorganization of grid cell firing, which is essential to form a

spatial representation of the environment (6).

An intact vestibular system is also crucial for the successful maintenance of an equilibrium.
When this is not the case, falls become frequent, especially in the elderly. This affects
mortality, morbidity, loss of functional capacity and institutionalization. Balance exercises,
including slacklining, are recommended for fall prevention and improving balancing abilities
(7,8).

Aging is a natural process associated with cognitive decline, functional and social impairments.
The hippocampus is of particular interest when considering aging and cognitive decline, since it
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is known to play an important role in learning and memory consolidation. In the hippocampus,
both functional and structural plasticity (e.g., neurogenesis) occur well into adulthood. Non-
invasive strategies such as physical exercise and environmental enrichment have been shown
to counteract many of the age-induced alterations in hippocampal signaling, structure, and
function. Thus, such approaches may have therapeutic value in counteracting the deleterious
effects of aging and protecting the brain against age-associated neurodegenerative processes
(9-11).

This dissertation investigates whether various modes of balance training (ballet dance,
choreography dance, slacklining) can have beneficial effects on vestibular-dependent path
integration and balancing abilities, as well as on neuroplasticity in corresponding gray matter

regions (primarily in the hippocampal formation) of young adults and elderly persons.



2 Theoretical Background

The theoretical background of the dissertation contains information necessary for
understanding the basic concepts related to neuroplasticity (induced by motor skill learning),
hippocampal formation and its connectivity with the vestibular system, as well as the systems
underlying path integration and maintenance of equilibrium and their deterioration with healthy

aging and dementia.

2.1. Neuroplasticity in response to motor skill learning

The ability of the human nervous system to adapt to new experiences by altering its
connectivity and creating new neurons (in areas such as the hippocampus), a process termed
neuroplasticity, has been confirmed by numerous previous studies that used movement
interventions as stimulus (12,13). Such structural brain changes can often be detected using
voxel-based morphometry (VBM) (14-16).

One of the initial studies on this topic was published in the Nature journal by Draganski and
colleagues in 2004 (17). This discovery contradicted the traditionally held view that cortical
plasticity is associated with functional rather than anatomical changes. They used voxel-based
morphometry to show significant regional differences in grey matter in the mid-temporal area
and left posterior intraparietal sulcus bilaterally between the group who learned how to juggle
and the matched control group who did not (Figure 1). These differences were partially
retained even at 3-month follow-up without any practice.
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Figure 1 - A significant expansion in grey matter between the first and second scans in the mid-
temporal area (hMT/V5) bilaterally and in the left posterior intraparietal sulcus of jugglers vs.

controls.

A large number of studies on the topic followed, investigating localization of structural brain
alterations in response to motor and non-motor learning, as well as the properties of these
alterations, such as temporal dynamics. It has been shown that learning effects on the brain
structure could be seen after only 2 hours of learning or training (18).

Many ensuing experimental studies were also designed using balance trainings as
interventions. A balancing board was applied in a series of studies by Taubert and colleagues,
on both healthy participants and those suffering from Parkinson’s disease (15,16,19). They
demonstrated substantial GM volume expansion in frontal and parietal brain areas after only
two practice sessions in a complex whole-body balancing task (Figure 2).
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Figure 2 — A, GM expansion (yellow) and FA decrease (cyan) after 2 sessions of training. Top
image shows left side of the brain. Upper two coronal sections show GM expansion in bilateral
lateral prefrontal cortex. Middle coronal section shows FA decrease in left prefrontal WM.
Bottom left section indicates GM expansion in bilateral supplementary motor areas. B, Positive
linear correlation between GM expansion in left supplementary motor areas and individual

adaptations in muscular imbalances across the whole learning period

Subsequently, an interest gathered around investigating professionals who intensively use their
vestibular system on a daily basis, such as ballet dancers and slackliners (20,21). Hifner and
colleagues showed smaller volumes in the anterior hippocampal formation and in parts of the
parieto-insular vestibular cortex in professional dancers (ballet dance and ice dance) and
slackliners compared to non-professionals, but larger volumes in the posterior hippocampal
formation and the lingual and fusiform gyri bilaterally (Figure 3) (21). The main reason for
designing such a study stems from their previous research, where they wanted to find out more
about the connectivity of the vestibular system to the hippocampal region (4), which revealed
that bilateral vestibular loss may lead to a loss in hippocampal volumes (see figure 7, section

2.3). The hippocampus is considered to be the only neocortical region able to produce new
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neurons throughout lifetime (22), a finding that attracted a relatively large amount of attention

from scientific community on this structure in recent years.
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Figure 3 —
Larger grey matter volumes in in posterior hippocampus of ballet dancers (BD), ice dancers
(ID) and slackliners (SL) compared to the non-professionals (NP).

2.2. Hippocampal formation and spatial representation

The medial entorhinal cortex (MEC) and the hippocampus (Figure 4) are part of the brain’s
neural map of external space; this is based on successful functioning of place and grid cells
that contribute to this representation (Figure 5). Place cells are hippocampal cells that fire
selectively when animals are at certain locations in the environment. Grid cells are MEC place-
selective cells that fire at regularly spaced locations that form a hexagonal pattern tiling the
entire space that is available to the animal (23).
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Figure 4 — Frontal view of the hippocampus and the medial entorhinal cortex (24)

Latest studies have shown that place cells are actually a part of a broader circuit for dynamic
representation of self-location. A key component of this network is the entorhinal grid cells,
which, by virtue of their tessellating firing fields, may provide the elements of a path

integration—based neural map (25).
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Figure 5 — Spike locations (red) superimposed on animals trajectory (black) for hippocampal
place cells (a) and medial entorhinal cortex grid cells (b) (25)
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One of the first insights into hippocampal functions in spatial memory, together with
dissociation of the functions of the right and left hippocampus, was gained owing to the case of
the famous patient H.M. This patient underwent surgical removal of large parts of both mesial
temporal lobes in an attempt to cure severe epilepsy. He was compared to other patients with
left or right temporal lobectomies and normal control subjects on the incidental recall of objects
and their location, both immediately and after a delay. Whereas impairment was seen for both
temporal-lobe groups in the delayed recall of objects, the behavioural effects in immediate and
delayed recall of location could be observed only within the right temporal-lobe group. These
deficits after right temporal lobectomy were contingent upon radical excision of the
hippocampal region. In addition, in both object-recall and location-recall, H. M. was inferior to

the most impaired patients with unilateral temporal lobectomies (26).

It has also been shown recently that activation of the right hippocampus predicts the use of an
allocentric spatial representation, and activation of the left hippocampus predicts the use of a
sequential egocentric representation. These results suggested that, rather than providing a
single common function, the two hippocampi provide complementary representations for
navigation, concerning places on the right and temporal sequences on the left (27).

Furthermore, when local grey matter (GM) volume was compared between a group of good
and bad navigators, good male navigators showed significantly higher local GM volume in the

right hippocampus than bad male navigators (28).

It has been suggested that the hippocampus receives two main types of input: theta rhythm
from ascending brain stem— diencephaloseptal systems and information bearing mainly from
thalamocortical/cortical systems. Some studies proposed that the fundamental function of grid
cells is to provide a coordinate system for producing mind-travel in the hippocampus, a process
that accesses associations with upcoming positions, and occurs during the second half of each
theta cycle. By contrast, the first half of each theta cycle is devoted to computing the current
position using sensory information from the lateral entorhinal cortex (LEC) and path integration

information from the medial entorhinal cortex (MEC) (29).

The posterior hippocampi of London taxi drivers, who have an extensive navigation
experience, are significantly larger relative to those of control subjects. A more anterior

hippocampal region was larger in control subjects than in taxi drivers. These findings support
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the idea that the posterior hippocampus stores a spatial representation of the environment and
demonstrates a capacity for local plastic change in the hippocampus in response to

environmental demands (30).
2.3. Vestibular system connectivity with the hippocampal formation

The assumption of a vestibulo-hippocampal dependency is supported by previous research on
the structural and functional connectivity between the vestibular and the medial temporal lobe
orientation systems, which revealed multiple pathways that exist between the two as
summarized by Hitier and colleagues (31) (Figure 6). Disruption in function of the latter when
the input from the former ceases could be demonstrated in animals (32,33).
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Figure 6 - The four main vestibular pathways to hippocampus. ADN, anterodorsal nucleus

QY
==

e

of the thalamus; DTN, dorsal tegmental nucleus; Interpositus N, anterior and posterior
interposed nuclei; LMN, lateral mammillary nuclei; MEC, medial entorhinal cortex; MG, medial
geniculate nucleus; NPH, nucleus prepositus hypoglossi; Parietal C, Parietal cortex; PaS,
parasubiculum; Perirhinal, Perirhinal cortex; PoS, posterior subiculum (i.e dorsal part of the
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presubiculum); Post HT, posterior hypothalamus; Postrhinal, postrhinal cortex; PPTg,
pedunculopontine tegmental nucleus; Pulv, pulvinar; RPO, reticularis pontis oralis; SUM,
supramammillary nucleus; ViM, ventralis intermedius nuclei of the thalamus; VLN, ventral
lateral nucleus of the thalamus; VNC, vestibular nucleus complex; VPi, ventral posterior inferior
nucleus of the thalamus; VPL, ventral posterior lateral nucleus of the thalamus; VPM, ventral

posterior medial nuclei of the thalamus.

Human studies have also pointed towards a strong link between the vestibular system and
orientation centres of the brain, considered to be located in the hippocampus and neighbouring
regions (Brandt et al., 2005; Jahn et al., 2009). Besides serious deficits in the orientation
function of the temporal lobe as a result of disturbed or lost vestibular input, Brandt and
colleagues also found that complete abolishment of vestibular input, due to vestibulectomy,

leads to atrophy in distinct medial temporal lobe areas (4) (Figure 7).

Figure 7 - In BVL patients, a 16.91% volume loss in the hippocampus (arrows) was observed in
comparison to age- and sex-matched controls (normal hippocampus: dotted arrows). Volume
loss was similar for the left and right hippocampus. (A) 39-year-old female volunteer. (B) 40-

year-old female BVL patient

A review by Hufner and colleagues revealed that vestibular input is primarily processed in the
anterior part of the hippocampal formation, whereas visual cues are primarily integrated in the

posterior part. In cases of reduced vestibular or visual input or excessive sensory stimulation,
17



this hippocampal navigational network can be reorganized. Such separation of vestibular and
visual information in the hippocampal formation has a twofold functional consequence: missing
input from either system may be partially substituted for, and the task-dependent sensorial
weight can be shifted to the more reliable modality for navigation (5).

Both vestibular and visual inputs to the hippocampal formation and other brain regions can be
used for successful execution of path integration during spatial orientation tasks, as described

in the next section.

2.4. Path integration

Path integration refers to the updating of positions on the basis of velocity and acceleration
information. Accurate path integration (PI) requires the integration of visual, proprioceptive, and
vestibular self-motion cues. To generalize, path integration is the process of navigation by
which the traveller’s local translations and rotations are integrated to provide a current estimate
of one’s own position and orientation within a larger spatial framework. There are several
important functions of path integration. First, path integration allows one to enter unfamiliar
territory and seek a destination. Second, as one explores an unfamiliar space, it is path
integration that provides the traveller with an ongoing estimate of the current position, thus
allowing the traveller to gradually develop an internal representation (cognitive map). In most of
the studies on path integration subjects are guided by the experimenter over the outbound
route (either walking or riding in a wheelchair) while being deprived of visual and auditory cues

about their position and orientation (35-37).

Allen and colleagues used a triangle completion task (Figure 8) to assess path integration skills
of younger and older adults (38). They found no difference between young and older
participants when led, while blindfolded, along the route segments on foot, which provided both
kinaesthetic and vestibular information. In contrast, older adults’ performance was impaired,
relative to that of younger adults, after they were pushed along the route segments in a
wheelchair, which limited their sensory input principally to vestibular information. This implied a

decline in hippocampal processing of vestibular input with age.
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Optimal return (to the starting point) path

Figure 8 — An example of a triangle completion task (39)

Another study investigated age-related differences in Pl using triangle completion tasks (TCTs)
performed in the same two “real world” conditions - guided walking and wheelchair propulsion
— plus in a virtual environment (VE). For walking and wheelchair propulsion conditions,
participants wore a blindfold and wore noise-blocking headphones whereas in the VE
condition, participants viewed self-motion information on a computer monitor and used a
joystick to navigate through the environment. For TCTs, older compared to younger individuals
showed greater errors in rotation estimations performed in the wheelchair condition, and for
rotation and distance estimations in the VE condition. These findings demonstrated again that
age differences in Pl vary as a function of the available sources of information (36). However,
mental spatial ability test scores correlated positively with homing performance on a triangle
completion tasks in a simulated 3D environment, especially for the more complex conditions,
suggesting that mental spatial abilities might be a determining factor for navigation

performance (40).

Loomis and colleagues (37) found that subjects who are passively guided over the outbound

path without vision exhibit significant errors when attempting to return to the origin but are
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nevertheless sensitive to turns and segment lengths in the stimulus path. They also found no

major differences in path integration ability among blind and sighted populations.

To test whether human path integration recruits a cortical system similar to that of rodents and
nonhuman primates (place cells, grid cells, and head direction cells) Wolbers and colleagues
used functional magnetic resonance imaging and a virtual rendition of a triangle completion
paradigm. Participants travelled along two legs of a triangle before pointing toward the starting
location. In accordance with animal models, stronger right hippocampal activation predicted
more accurate updating of the starting location on a trial-by-trial basis (41). The same group
demonstrated different path integration strategies in a triangle completion paradigm. Namely,
participants were instructed either to continuously update the start position during locomotion
(continuous strategy) or to remember the shape of the outbound path and to calculate home
vectors on basis of this representation (configural strategy). While overall homing accuracy
was superior in the configural condition, participants were quicker to respond during continuous
updating (42).

2.5. Maintenance of balance

In addition to their important functions in path integration, both the vestibular and the visual
system, together with somatosensation, are playing a crucial role in the maintenance of
equilibrium or balance. Interactions of the three systems for this purpose will be presented here

briefly.
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Figure 9 — Descending projections from the brainstem to the spinal cord. Pathways that
influence motor neurons in the medial part of the ventral horn originate in the vestibular nuclei

(A), reticular formation (B) and superior colliculus (C) (43).

Movements of the axial musculature and proximal limbs for the maintenance of balance, the
regulation of posture and the orienting of visual gaze are governed by the following structures:
a) upper motor nuclei of the vestibular complex, b) the reticular formation and c) the superior
colliculus (Figure 9). These brainstem circuits are competent to direct motor behavior without
supervision by higher motor centers in the cerebral cortex, but they usually work in concert with

divisions of the motor cortex that organize volitional movements (43-45).

The vestibular nuclei receive sensory information from the semicircular canals and the otolith
organs (through the eighthcranial nerve) that specifies the position and the angular and linear
acceleration of the head. Neurons in the medial vestibular nucleus then give rise to a medial
vestibulospinal tract that terminates bilaterally in in the medial ventral horn of the cervical cord,
where it regulates head position by reflex activation of neck muscles in response to the
stimulation of the semicircular canals resulting from rotational accelerations of the head.
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Neurons in the lateral vestibular nucleus are the source of the lateral vestibulospinal tract,
which courses through the anterior white matter of the spinal cord in a slightly more lateral
position, and terminates among medial lower motor neuronal pools that govern proximal
muscles of the limbs. This tract facilitates the activation of limb extensor (antigravity) muscles
when the otolith organs signal deviations from stable balance and upright posture. Other upper
motor neurons in the vestibular nuclei project to lower motor neurons in the cranial nerve nuclei
that control eye movements (the third, fourth and sixth cranial nerve nuclei). This pathway
produces the eye movements that maintain fixation while the head is moving (the VOR) (43—
47).

The reticular formation is a complicated network of circuits in the core of the brainstem that
extends from the rostral midbrain to the caudal medulla. The neurons within the reticular
formation have a variety of movement-related functions, including those in sensory-motor
reflexes, coordination of eye movements and the temporal and spatial coordination of limb and
trunk movements. Both the vestibular nuclei and the reticular formation provide information to
the spinal cord that maintains posture in response to both environmental and self-induced
disturbances of body position and stability. Direct projections from the vestibular nuclei to the
spinal cord ensure a rapid compensatory response to any postural instability detected by the
vestibular labyrinth. In contrast, the motor centres of the reticular formation are controlled
largely by other motor centres in the cerebral cortex, hypothalamus or brainstem. The relevant
neurons in the reticular formation initiate adjustments that stabilize posture during ongoing
movements (43,45,46,48,49).

Another brainstem structure, the superior colliculus, also contributes to the upper motor neuron
pathway to the spinal cord. The axons arising from neurons in deep layers of the superior
colliculus project via the colliculospinal tract to medial cell groups in the cervical cord, where
they influence the lower motor neuron circuits that control axial musculature in the neck. These
projections are particularly important in generating orienting movements of the head and eyes.
Activations of a particular site in the superior colliculus or in the frontal eye field produce

saccadic eye movements in a specified direction and for a specific distance (43,50-52).
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2.6. Prevention of dementia and falls through motor training

The entorhinal cortex is particularly vulnerable to neurodegenerative processes during aging
and Alzheimer's disease and deficits in grid cell function could be a key mechanism to explain
age-related navigational decline. There is a significantly reduced grid-cell-like representation in
entorhinal cortex of older adults, coupled with deficits in computations of self-position during
path integration based on body-based or visual self-motion cues. Thus, impaired grid cell
function may play a key role in the age-related decline of specific higher-order cognitive
functions, such as spatial navigation (53). Even very early AD patients may become
disoriented in their environment, a phenomenon that is more colloquially referred to as ‘getting
lost’ or ‘wandering’. The early emergence of topographical disorientation in AD would be
expected from the overlap of neural mechanisms of spatial computation with AD pathology.
Changes in the navigation circuit may be a predominant and early consequence of AD and
manifest as behavioural deficiencies in spatial navigation (54). Since professional ballet
dancers and slackliners (21), but also vestibulopathy patients (4), have differentially structured
hippocampal formations compared non-dancers; learning such complex balancing skills could

have a potential in the prevention of dementia.

Balance training leads to improved postural control in young persons (55). Specifically targeted
functional balance training is effective in frail nursing home residents, as far as functional
activities are concerned (56). It has also been shown that Tai Chi program and a balance
training program lead to similar benefits with regards to static postural control and walking
ability (57). Dance training is superior to repetitive physical exercise in inducing brain plasticity
in the elderly, suggesting that dancing can be an effective dementia prevention strategy, too
(58). Besides these effects in healthy populations, motor performance is affected already at
mild stages of Alzheimer’s disease, and functional performance other than gait may also be
impaired (59). Balance training programmes are a feasible method that leads to decreased fear
of falling, decreased time for step execution during dual-task performance and increased
velocity during fast walking (60). Even a simple exercise program that involves balance training
leads to a significantly slower decline in activity of daily life (ADL) scores in patients with AD
living in a nursing home (61). Moreover, exercise improves functional performance in subjects
with dementia but regular exercise may slow the rate of functional deterioration in mild AD and
reduce falls in patients suffering from advanced AD (62). Thus, being physically active, through
balance and motor training, represents a general recommendation for both young and old

populations, but also for subjects suffering from various stages of AD.
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3 Problem and Aim

Despite the fact that earlier studies revealed that professionals who intensively make use of
their vestibular system during their daily artistic performances, such as ballet dancers and
slackliners, have differently structured temporal brain regions, including the hippocampus,
compared to non-professionals (21), studies using homogeneous groups of participants, i.e.

only ballet dancers of both genders, are still lacking.

Although the vestibulo-hippocampal dependency is strongly supported by previous research on
animals (31-33), this is not the case for humans. Functional links between the two systems
remain unclear and our understanding about how they depend on each other is lacking.
Remaining questions on this matter primarily relate to the specific influence of learning a highly
complex skill that stimulates vestibular centres (e.g. slacklining or ballet dancing) on
behavioural improvements in path integration (i.e. performance on triangle completion task)
and balancing. It is reasonable to expect that behavioural improvements in vestibular-
dependent path-integration or balancing arise in concert with associated neuroanatomical

alterations, but this has not been proven yet.

The eventual findings in this respect could enhance our understanding of neuroplasticity
processes and functional dependencies on a systems level. This may have further implications
on both healthy aging and dementia prevention, since the decline in path-integration abilities
has been linked to the degeneration of spatial navigation centres, located in the hippocampus
and surrounding temporal brain areas (38,53). Also, loss of balancing abilities is a major
burden for the health system since approximately 1.5% of healthcare expenditures in European
countries are caused by falls, which mainly occur because of impaired balance, aging and
cognitive decline (63—-66). Prevention in the earliest stages, already at young age, is hence

justified.

Thus, this dissertation attempted to answer whether stimulation of the vestibular system
through various modes of balance training (ballet dancing, sportive dancing, slacklining) leads
to neuroanatomical (grey matter) effects in any of the associated regions, with a primary focus
on hippocampal areas, and functional transfer effects on hippocampal-dependent path-
integration and balancing abilities. Improvements in balancing and path integration coupled

with related neuroanatomical changes were hypothesized.
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4 Publications and Results

Publication 1 (Dordevic et al, 2018) contains results of the research performed on nineteen
professional ballet dancers of both genders — this study was cross sectional in nature and
ballet dancers were matched to controls by main demographic characteristics, including age,
gender, height, ethnicity etc.. The study goal was to investigate differences in brain grey matter
between the two groups, as well as in their overall balancing and path-integration abilities,
primarily those dependent on the vestibular system’s function. Participants included in the
study were young, aged from 18 to 35 years (detailed description in Dordevic et al, 2018). The
tests used in this study were the same ones as those used in the Publication 2.

Publication 2 (Dordevic et al, 2017) was part of a larger longitudinal study where slacklining
training was used to stimulate vestibular and related systems responsible for the maintenance
of balance. At the moment of writing the dissertation only this manuscript was published, with
another two being in the review process. The results of the reviewed manuscripts will be briefly
presented as a supplement to this dissertation. The goal of this study was to investigate if
learning a very complex balancing task (slacklining) over one month (12 hours of training in
total) will lead to significant improvements in vestibular-dependent balancing and path-
integration abilities. Still unpublished results also contain information about hereby caused grey
matter changes in response to the intervention, as well as the complete results from the 2-
month follow up. The study flow-chart is shown in Figure 10. Findings presented in Publication
2 pertain to the changes over time, from baseline to post-test, in two groups — one training with
open eyes (EO) and a control group (C). Study participants came from a population of young

and healthy persons aged form 18 to 35 (for details please see Dordevic et al 2017).
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Enroliment ‘ Assessed for eligibility (n=69)

Excluded (n=17)
+ Not meeting inclusion criteria (n=16)
”1 + Otherreasons (equal group size, n=1)

Randomized (n=52)

I

v

3 Allocation
Allocated to intervention (n=26) "Allocated to control (n=26)
+ Received allocated intervention (n=26)
Post-test
Y ) v
Lost to post-test (n=0) Lost to post-test (n=0)
Follow-Up il
Lost to follow-up (n=0) Lost to follow-up (give reasons) (n=0)
Analysis
] A4
Analysed (n=25) Analysed (n=25)
+ Not analysed (n=1); more than 2 standard + Not analysed (n=1); more than 2 standard
deviations from the mean scores deviations from the mean scores

Figure 10 — Study flow-chart (Dordevic et al, 2017)

The methodology for behavioural testing in Publication 1 and Publication 2 was the same. The
tests applied were the clinical balance test (CBT) and the triangle completion test (TCT). The
conditions of the CBT consisted of standing on stable and unstable surfaces and walking
conditions, all of which further contain sub-conditions with open and closed eyes. These are

shown in the Figure 11.
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No. Condition Task Points (min = 0, max = 3)

0 1 2 3

15 Dynamic Walk inside the zone (4 m x 30 cm

18 Walk on the line (4 m x 5 cm)

19.

20

21 Walk on the line with feet one after the other (4 m x 5 cm)

24 Walk on the beam (4 m x 10 cm)

26
Walk on the beam sideways (4 m x 10 cm) Rightward
3 Tum (90°)
) Leftward

30. Walk on the line with closed eyes(4 m x 5 cm) Forward

Figure 11 — Conditions of the clinical balance test (CBT)

For the assessment of non-visual spatial orientation the triangle completion test (TCT) was
used. In brief, six triangular paths were marked on the floor of a room (Figure 12), three in the
left and three in the right direction, giving thus three pairs of triangular paths, with turning
angles of 60, 90, and 120°. The test consisted of two conditions: active-walking and passive-
wheelchair. In the active-walking condition, while being guided on foot, the participant’s
movement was controlled by leading him or her along two sides of the triangular path as he or
she held onto a wooden bar. The passive-wheelchair condition included transport along the
same routes with the use of a standard wheelchair. Each participant was walked (active) and
pushed (passive) only once along each of the paths, giving thus 12 trials per participant in total
(3 to the left and 3 to the right, times 2 conditions). Once the participant was walked/pushed in
the wheelchair along two sides of each triangle, his or her task was to walk along the third one,
back to the starting point. The outcome variables were error in centimetres (from participant’s
stopping point to the initial starting point) and error in degrees (angular deviation from the

optimal direction).
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@ Participant
- Starting point
—= Guiding/Wheelchair path
‘ Turning point
Release/Stand up point
Optimal return (to the starting point) path

Figure 12 — Graphical representation of the triangle completion test (TCT) for right side
direction

Publications 3 and 4 (Mduller et al., 2017, Rehfeld et al., 2017) are co-authored publications and
relate to a randomized 18-month intervention study on the effects of an especially developed
sportive dance training versus classic fitness training on the neuroplasticity and balancing
abilities of healthy seniors. The intervention consisted of two active groups, a dance and a
fitness training group. Cognitively healthy seniors between the ages of 63 and 80 years were
used as subject groups (detailed description of the sample in Midller et al., 2017). The
participants continuously learned new, increasingly difficult (more complex, faster)
choreographies similar to line dancing developed by sports scientists of the University of
Magdeburg. Dancing choreographies required the timely retrieval of successive combinations
of movements. The fitness training, on the other hand, was designed as cyclic-aerobic training,
characterized by automated and alternating movements. The conditional load was controlled
by documenting the pulse values during the training sessions and was based on the

individually calculated training heart rate according to Karvonen (1957) with the factor 0.6 for
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extensive endurance training, so that the training conditions in the two groups with regard to

intensity, duration and frequency were comparable. The study flow-chart is shown in Figure 13.

Scr\‘}f?ﬂng Drop-Outs

e N=10

&
Pre-Tests
Sport Group ————— Randomization ———Dance Group
N=26 I N=26
1. Period of Training
2x perweek

Drop-Outs 2 00 faaites Drop-Outs

N=8 for 6 month N=6

Sport Group — Post-Tests————— Dance Group
N=18 70% attendance rate N=2

2. Period of Training

1x perweek

Drop-Outs ————  ; 90 minutes ————— Drop-Outs
N=6 for 12 month N=8
Sport Group ————————Post-Tests—— Dance Group
N=10 70% attendance rate N=12

Figure 13 -:Study flow-chart (Mdiller et al., 2017, Rehfeld et al, 2017).

The results of the four reference publications are described below. All brain analyses were
performed using statistical parametric mapping (SPM 8 and 12, UCL, UK) on T1-MRI images
from MPRAGE sequences. Behavioural data were analysed with SPSS v.21.
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4.1 Vestibulo-hippocampal function is enhanced and brain structure altered in

professional ballet dancers *

The goal of this study was to clarify the differences between professional ballet dancers and
the normal population with regards to brain structure, non-visual path integration and general
balancing abilities.

The figure 5 shows characteristics of study participants.

Characteristic Training (n = 19) Control (n = 19)
Age (years) 27.5+ 4.1 26:5 2.1
Age when training 8.0 £ 3.8 (3-16) -
begun (min—-max)

Sex (females) 10 (53%) 10 (53%)
Weight (kg) 59.4 +11.6 67.9+10.4
Height (cm) 169.3 + 10.1 1725 £ 8.4
Hours of activity—per 33.4+13.5 33+16
week

Handedness-right 18 (95%) 19 (100%)
Ethnic origin

e European 16 (84%) 17 (90%)

e Asian (Indian) 0 (0%) 2 (10%)

¢ Asian (Japanese) 3 (16%) 0 (0%)

Figure 14 — Study participants

As mentioned earlier, grey matter differences between the two groups were analysed using
SPM12 and VBMS pipelines — these are based on T1-MRI images obtained with MPRAGE
sequence. The behavioural measurements included the clinical balance test (CBT), conditions

of which are listed in the Figure 11, and triangle completion test (TCT), depicted in the Figure
12.

For the ballet group, the VBM analysis revealed significantly larger cluster-based FWE-

corrected grey matter volumes within the inferior and posterior areas of the right cerebellar

! Dordevic M, Schrader R, Taubert M, Miller P, Hokelmann A & Miiller NG (2018). Vestibulo-hippocampal

function is enhanced and brain structure altered in professional ballet dancers. Frontiers in Integrative
Neuroscience 12
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hemisphere, right parahippocampus, right cingulate motor cortex, and right insula (Figure 6).

Additional tendencies at uncorrected level (p < 0.001) could be observed in the vermis, right

posterior hippocampus, and right posterior thalamus. The respective MNI coordinates as well

as the cluster sizes are listed in the Figure 15.

Brain region

Temporal

Temporo-parietal

Cingulate cortex

Cerebellum

Location

Right hippocampus
Right parahippocampal gyrus
Right insula

Right hemisphere

Right hemisphere
Vermis

Right hemisphere
Left hemisphere

Direction of difference

Larger
Larger
Larger

Larger

Larger
Larger
Smaller
Smaller

MNI coordinates (x, y, and 2)

Cluster size (in voxels)

30, -26, -6 128
21, -32, -20 2,013
38,24,3 1,020
27,21,2
6,17,24 800
15,17, 36
32, —-68, -59 3,897
2, -68, —-47 283
12, -65, =29 460
-12, -63, -29 30

Figure 15 — VBM-observed GM increments in the ballet group compared to the control group,

with their locations, coordinates in MNI-space and sizes. *FWE-corrected at the cluster

As illustrated in the Figure 16, the ballet dancers performed significantly better on the CBT,

which was true for all sub-conditions of the test except for the simplest task which involved

standing on stable flat surface. The respective effect sizes were large to very large for all

comparisons, including the condition where no significant difference was observed.
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Figure 16 — Results from all conditions of the clinical balance test (CBT) for both ballet and

control groups

Figure 17 illustrates the difference between the two groups on the TCT. The results
demonstrated that ballet dancers performed significantly better on this test, by having smaller
errors in both distance and angle, which was mainly attributable to their better performance in
the wheelchair (vestibular) condition. Medium effect sizes were revealed for this condition.
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Figure 17 — Results from all conditions of the triangle completion test (TCT) for both ballet and

control groups
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4.2 Improvements in orientation and balancing abilities in response to one month of

intensive slackline-training. A randomized controlled feasibility study 2

Having in mind the close connection between the vestibular and orientation systems, we asked
whether intensive slackline training can improve not only one’s ability to maintain balance but
also has transfer effects on the capability to successfully orientate in space. The goal of this
study was to find out whether learning how to slackline over a period of one month can be of

benefit for both stability and orientation skills.

Fifty healthy young subjects were recruited for this study and randomly assigned (without
stratification) into two groups, control and training (Figure 18). The two groups did not
significantly differ in any of the recorded demographic and other characteristics, including age,

height, weight, years of education, handedness etc.

Characteristic Training (n = 25) Control (rn=15)
Age (years) 24527 232+£26

Sex (females) 11 (44%%) 12 (48%)
Weight (kg) 691125 65.0+£ 100
Height (cm) 1734+ 92 1703 £ 8.4
Hours of activity (per week) 3018 32+£25
Handedness (right) 24 (96%) 23 (92%)
Profession (student) 22 (88%) 23 (92%)
Suffered a small injury (e g., ankle sprain) 5 (20%) 5 (20%)

Ethnic origin

+ European 20 (80%) 19 (76%)
« Asian (Indian) 5 (20%) 5 (20%)
« Arabic 0 (0%) 1 (4%)

Figure 18 — Characteristics of participants in the balance study

? Dordevic M, Hokelmann A, Miiller P, Rehfeld K, Muller NG (2017). Improvements in orientation and balancing
abilities in response to one month of intensive slackline-training. A randomized controlled feasibility study.
Frontiers in Human Neuroscience, 11(26). DOI: 10.3389/fnhum.2017.00055
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During this one month period the training group underwent intensive balance training
consisting of 12 trainings (three trainings/week with each training lasting 1 h; max. 2
consecutive non-training days) on a 3-m long slackline, whilst the control group was instructed

to abstain from any type of similar activity.

In contrast to the overall CBT results, when only those conditions were analysed in which the
participants had their eyes closed, a significant interaction effect with medium to large effect
size was observed (p = 0.011, nzp =0.128), as can be seen from Figure 19. In these conditions

the training group improved while the control group performed slightly worse on the post-test.

p=0.171

% [ ] CBT-All
75 { conditions
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o
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o o
—
8
w
68
64
= CBT - Closed
*0=0011 eyes conditions
16
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=
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v
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Error bars =95% CI

Figure 19 - Improvements over time in both groups on CBT, for all conditions together and
closed eyes conditions only; significance levels (p) indicate time*group interaction

effects
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Overall TCT results gave a non-significant interaction effect with very small effect size (p =
0.063, nzp = 0.006) (Figure 20). Further analysis of the wheelchair condition results, however,
revealed a much larger improvement in the training group compared to the control group; the
training group improved by about 21 cm in comparison to a very small 1 cm improvement in the
control group. This difference in improvements between the two groups that occurred over time
led also to a significant interaction effect with a small effect size (p = 0.049, nzp =0.013).

p=0.063
| [— — oT-All

conditions

Error (in centimeters)

c *p=0.049
146 r - ] OT — Wheelchair

condition

Error (in centimeters)

e w
- = =

Note:
Error bars=95% CI

Figure 20 - Improvements over time in both groups on TCT, for all conditions together and

wheelchair condition only; significance levels (p) indicate time*group interaction effects.
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4.3 Evolution of Neuroplasticity in Response to Physical Activity in Old Age: The

Case for Dancing?®

In this 18-month study it has been assessed whether a newly designed dance training program
that stresses the constant learning of new movement patterns is superior in terms of
neuroplasticity to conventional fitness activities with repetitive exercises. The sample consisted
of elderly subjects aged from 65 to 80 y, who were cognitively unimpaired (Figure 21).

Measure Dancing group Sport group
N 12 10

Age (years) 68.25 (3.91) 68.60 (2.79)
Gender (% female) 50% 40%
BMI 27.51(3.87) 27.24 (2.94)
BDI-II 5.50 (2.94) 3.00 (3.77)
Education 15.50 (2.11) 16.40 (1.35)
MMSE 28.33(1.07)  29.10(0.57)

Figure 21 — Characteristics of participants at baseline

A significant group x time interaction was observed in the left precentral gyrus and the right
parahippocampus (Figure 22). The volume increase in the precentral gyrus emerged after 6
months and remained stable over the remaining dance training interval, whereas the change in

the parahippocampal gyrus occurred during the later training interval only.

® Miiller P, Rehfeld K, Schmicker M, Hokelmann A, Dordevic M, Lessmann V, Brigadski T, Kaufmann J & Miiller
NG (2017). Evolution of neuroplasticity in response to physical activity in old age: the case for dancing. Front.
Aging Neurosci. 9:56. doi: 10.3389/fnagi.2017.00056
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Figure 22 — Time x Group interaction analysis of gray matter. Significant volume increase was evident
in the left precentral gyrus (MNI-Coordinates: x= -16; y= -18; z= 77) and right parahippocampal gyrus
(MNI-coordinates: x= 34; y= -26; z= -20). The Box Plots show relative change in in gray matter (p <
0.05).

4.4 Dancing or Fitness Sport? The Effects of Two Training Programs on Hippocampal

Plasticity and Balance Abilities in Healthy Seniors*

In Publication 4 the same intervention as in Publication 3 was used, on similar samples of
participants in both the dance and fithess sport groups (Figure 23). Here in addition to
neuroplasticity effects, it has been assessed whether the interventions have an effect on
balancing capabilities. Postural control was tested using Sensory Organisation Test (SOT)
implemented in the Balance Master System (Neurocom International, Inc. USA).

* Rehfeld K, Muller P, Aye N, Schmicker M, Dordevic M, Kaufmann J, Hokelmann A & Miiller NG (2017). Dancing
or fitness sport? The effects of two training programs on hippocampal plasticity and balance abilities in healthy
seniors. Frontiers in Human Neuroscience, doi: 10.3389/fnhum.2017.00305
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Dance group [N = 14] Sport group [N = 12]

M SD M SD t-value p-value
Age [years] 67.21 3.78 68.67 2.57 —-1.12 0.272
Sex [%] 50% male 58% male 0.154 0.695
MMSE [points] 28.07 0.92 29.17 0.58 -3.011 0.003
BDI-Il [points] 4.5/5.54 3.37/2.97 3.75/3.39 3.79/3.77 0.58 0.598
Education [years] 16.40 2.056 16.10 1.45 -1.395 0.175
BMI [kg/m?] 27.51 3.87 27.24 2.94 -0.275 0.786

BMI, Body-Mass-Index; BDI-Il, Becks-Depressions-Inventar Il; MMSE, Mini Mental State Examination; M, Mean; SD, Standard deviation; p < 0.05 = statistical significance.

Figure 23 — Dance study participants’ characteristics

To explore hippocampal grey matter volume changes during intervention we used repeated
measurement ANOVA for comparison between baseline and post-test. There was a significant
interaction effect in the right hippocampal region (Figure 24). Post hoc paired t-tests showed

only in the dance group significant volume increases in this area.

Dance Group

Figure 24 — VBM-observed volume increase in the dance group

Repeated measurement ANOVAs of the balance data showed an interaction effect with group
for the composite equilibrium score (Figure 25). There was a main effect of time regarding the
somatosensory and vestibular contribution but no significant time x group interaction effects
after 18 months of training. Post hoc tests revealed that the dancers improved in the use of all
three sensory systems (somatosensory, vestibular system and visual) to maintain balance.
Members of the sports group improved in the use of the somatosensory system and the
vestibular system but not in the visual system.
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Figure 25 — Group*Time interaction effect for SOT
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5 Discussion and Outlook

Following is the discussion of the results with reference to the problems and goals.

5.1. Hippocampal and cortical neuroplasticity — the cases of ballet dancing and sportive

dancing

The results of the dissertation demonstrated that ballet dancers do have larger GM volumes in
regions that contribute to balance and spatial orientation abilities, such as the posterior
cerebellum and the vermis, insula, and hippocampal and parahippocampal regions, when
compared to non-dancers; effects in the opposite direction, i.e., smaller GM volumes, were

found in the cerebellar anterior lobes.

As a main finding in elderly dancers, we observed that after 18 months of sportive dance
training, the volume in the right parahippocampal gyrus of the dancers had increased more
than those in the control group. These were virtually in the same area as those seen in ballet
dancers. Because the cardiovascular fitness levels over the course of the interventions
remained constant in both groups, the observed effects could not be attributed to
improvements in physical fithess but instead seemed to be related to the specific features of

the dance program.

Increments in the posterior hippocampus have also been reported previously in several groups
of professionals by Hiffner and colleagues (21) and were also observed after year-long
experience in taxi-driving (30). In our study, we could also observe differences that were mainly
localized on the right side of the brain. Our results indicated also that long-term training might
be necessary for structural changes in posterior hippocampus to persist. The vestibular system
does project to the hippocampus, it activates it functionally, and it is shown to have an
important function for spatial orientation and learning (31,67—69). Humans can store spatio-
temporal dynamic patterns of motion and retrieve it completely using vestibular and
somatosensory cues (68,70). The effects in the right hippocampus are in accordance with
several studies demonstrating that spatial orientation is mainly processed by the right
hippocampus (26,27).

The differences in the right parahippocampal region for both the ballet dancers and

choreography dancers were mainly located in the entorhinal cortex, particularly the medial
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entorhinal cortex. An investigation of the medial entorhinal cortex (MEC) in animals led to the
discovery of grid cells that fire when the animal is in any of multiple locations that form a
triangular grid (25,71,72). The parahippocampal gyrus constitutes the interface between
memory and the experiential consciousness of the present, because it is interconnected by the
perforant tract both to regions of the frontal lobe, which are associated with working memory,
and to the hippocampus, the central structure in episodic memory encoding and spatial

navigation.

For ballet dancers, we also observed highly significant differences in the caudal part of the
cingulate cortex, area 24 of Broadman’s classification. It is known from functional MRI studies
that the cingulate motor cortex and the cerebellum are active during interlimb coordinative
movements, together with primary and associative sensory and motor regions of the cortex
(73). A somatotopy similar to that of the larger sensory-motor cortices can be found in those
cingulate cortex regions where the changes were detected (74—78). Since such coordinative
movements are a core element of ballet dancing, the finding of a larger volume of this brain

region in dancers makes perfectly sense.

The changes we detected in the cerebellum were mainly in the expected direction, considering
its close relationship with movement control and learning. It has been suggested that the
learned programs are stored within the cerebellar cortex and that the memory capacity for
storage is proportionate to the number of granule cells (79,80). Our study revealed a major GM
expansion in the superficial layers of the cerebellum, which could be perhaps due to the
increment in the capacity to store complex movement-related memories in ballet dancers. On
the other hand, we observed significantly smaller GM volumes in slightly deeper cerebellar
structures of the ballet dancers, parts that are known to be involved in the control of limb

movements, which can be interpreted in terms of automaticity/stereotypy.

Main between-group differences in the thalamus were observed for its posterior part, and only
on the right side. Earlier studies have proposed a functional importance of the posterolateral
thalamus as a unique relay station for vestibular input to the cortex, but also the dominance of
the right hemisphere in right-handedness, and of ipsilateral ascending pathways (81). Multiple
thalamic nuclei are involved in vestibular processing, as well as somatosensory and visual, and
this may explain the enlarged thalamus in the dancers (67,82). Since the early 1960s,
researchers have speculated that the vestibular system, the sensory system concerned with

the perception of balance and self-motion, contributes to spatial information processing and the
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development of spatial memory in the hippocampus. Anatomical studies have suggested that
various parts of the thalamus are likely to transmit vestibular information to the hippocampus,
perhaps via the parietal cortex; however, more direct pathways are possible. Over the last 2-3
years there has been a number of direct electrophysiological demonstrations that vestibular
stimulation affects head direction cells in the anterior thalamic nuclei and place cells in the
hippocampus. These studies demonstrate the importance of vestibular-hippocampal

interactions for hippocampal function (3).

Possible neurobiological mechanisms of the observed GM differences could be neurogenesis,
synaptogenesis, hypertrophy of glia cells, and angiogenesis (83). The generation of new cells
within the confines of our findings can only be expected for the hippocampus, but not for other
areas of the ballet dancers’ brains (22). Increments can also be based on the sensory
experience which drives the formation and elimination of synapses and these changes might

underlie adaptive remodelling of neural circuits (84).

The main limitation of the study on ballet dancers is its cross-sectional nature, whereby no
causal relationship for the effects observed can be established. Previous studies have,
however, shown that training-induced neuroplastic adaptations are actually sport-specific
rather than just sport-general (85—89).

5.2. Improvements in path integration abilities in response to ballet dancing and

slacklining

On a behavioural level, both ballet dancers and the group who learned how to slackline over
one month, in comparison with controls, demonstrated an increased ability to orientate in
space with closed eyes in the mere vestibular-dependent condition, in which they were pushed
in a wheelchair. No previous studies investigated this possibility, making consequently our

results novel in that sense.

The link between the vestibular system and its central vestibular-dependent spatial-orientation
brain regions, primarily the hippocampal regions (90), can be affected by an adequately
designed slackline-training. After learning how to slackline, our participants were able to return
to the starting position more precisely after being taken away from it in a wheelchair along
three different triangular paths, which was also true for professional ballet dancers.
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The triangle completion task was already used by many previous studies, mainly to examine
the difference between younger and older persons in their ability to navigate in space (91,92)
or to investigate functions of the medial temporal lobe (42,93). Consequently, the design of
these studies was cross-sectional and no particular treatment was used to improve this ability
over time. Our study is the first one to our knowledge to show transfer effects of slackline-

training on orientation abilities in young people assessed with this task.

Several authors studied rats to demonstrate the importance of the vestibular system for
successful orientating in space (32,33,94). It has been shown that peripheral vestibular
deficiency leads to impairments in the functioning of the medial temporal lobe in spatial
orientation tasks as well as in spatial learning. These impairments are due to alterations in
electrophysiological and neurochemical signalling between the two systems. Other previous
studies went on further to investigate the importance of the vestibular system for orientation in

humans (4,5,95), thereby confirming the findings of animal studies.

5.3. Improvements in balancing skills in response to ballet dancing, slacklining and
sportive dancing

All three studied groups demonstrated an increased ability to maintain balance compared to
controls. These findings are supportive of the a priori hypothesized improvements of vestibular

system function in response to intensive balance training.

One month of intensive slackline training led to significantly better performance of our training
group participants on the CBT compared to their control counterparts, but only on those
measurements where their visual input was blocked, i.e., where they had to balance with eyes
closed. In contrast, on tasks where visual input was not blocked, both groups improved about
the same, thus revealing a potential practice effect which might have taken place between pre-
and post-test. Considering that the input from three systems involved in balance maintenance
is present normally in a moving person (visual, vestibular and somatosensory) (96), it appears
from our test results that the vestibular and somatosensory systems were particularly affected
by the slackline-training. Ballet dancers were, however, better than controls in all conditions of
the CBT.
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Many earlier studies used numerous diverse approaches to enhance balancing skills in various
target groups (65,97). The majority of balance trainings were reported to be successful in
improving outcome variables in healthy young (97) and elderly (65,98,99) participants, athletes
(100,101), as well as patients suffering from Alzheimer’s (102) and Parkinson’s disease (16),
post-stroke patients (103) and patients with vestibular disorders (104). A literature review
pertained to our first finding (stability improvement in closed-eyes conditions of CBT) revealed
that similar studies (involving slackline-training) published before suggested large task-specific
improvements (standing on a slackline) in response to training but only small to moderate non-
task specific improvements (for a meta-analytical review see (105)). However, these studies
used different training and evaluation methodologies; that is, the only non-task specific transfer
effects evaluated were postural sway displacement and velocity changes, while participants
stood with open eyes on a firm or suddenly perturbed flat surface of a force platform, mostly in
one-leg and tandem stance modes. In contrast to these studies, for our analysis outcome from
a comprehensive clinical balance assessment was used, in which the standing conditions
included standing on both and each leg separately (not only one by own choice) in open and
closed eyes conditions, on a firm flat but also on a soft, unstable surface. In fact, our main
finding here was related to the larger improvement in the closed eyes conditions, which was
not even assessed by these studies. Also, in our intervention study a shorter slackline length (3
meters) was intentionally chosen for the purpose of stimulating semicircular canal function, in
addition to that of otolith organs; this important input (106,107) might have been neglected in

other training interventions and its effects could hence have been overlooked.

Choreography dancers’ balancing abilities were not assessed using the CBT but a Balance
Master device instead. The choreography dancers showed an increased balance composite
score and they improved in all three involved sensory systems. This indicates that dancing
drives all three senses and presumably also improves the integration of sensorimotor, visual

and vestibular information.

5.4. Potential of findings for dementia prevention

The observations that engaging in sportive and ballet dance programs for a longer period can
induce neuroplastic processes in brains crucial for memory and spatial orientation region (i.e.
hippocampus and parahippocampus) is, therefore, particularly encouraging in terms of

developing prevention strategies.
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Also, although our sample of those who learned how to slackline consisted of young and
healthy subjects, considering neuroplasticity principles in response to motor task learning over
the entire lifespan (108), it is legitimate to hypothesize that similar results could be expected in
older populations, particularly as a prevention strategy in those at early stages of dementia.

AD is expansive throughout our ageing society, and so even a small impact of
nonpharmacological interventions, such as physical activity and exercise, may have a major
impact on public health (109). A multimodal exercise intervention can also improve the frontal

cognitive functions in patients with Alzheimer's disease (110).

It has been proposed that vestibular system degeneration might be a significant contributor to
development of the Alzheimer’s disease (111). Many VBM studies have reported an age-
related volume loss in parahippocampal regions (112). Furthermore, Echavarri et al have

suggested that parahippocampal atrophy is an early biomarker of AD (113).

5.5. Potential of findings for fall prevention

Successful balancing requires complex and harmonical processing of many inputs
simultaneously, only one of which is the vestibular system. Neural pathways of these two
abilities communicate through large networks and units of both cortical and subcortical

structures (67).

Intact balance control is required not only to maintain postural stability but also to assure safe
mobility-related activities during daily life (114,115).

Falls are a major source of death and injury in elderly people. For example, they cause 90% of
hip fractures and the current cost of hip fractures in the US is estimated to be about 10 billion
dollars. Age-related changes in the physiological systems (somatosensory, vestibular and
visual) which contribute to the maintenance of balance are well documented in older adults.
These changes coupled with age-related changes in muscle and bone are likely to contribute
to an increased risk of falls in this population. Exercise appears to be a useful tool in fall
prevention in older adults, significantly reducing the incidence of falls compared with control
groups, and it also enhances gait ability, balance and muscle strength. A multi-component
exercise intervention composed by strength, endurance and balance training seems to be the
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best strategy to improve rate of falls, gait ability, balance, and strength performance in

physically frail older adults (63,98).

It has been recommended that exercise for falls prevention should provide a moderate or high
challenge to balance and be undertaken for at least 2 hours per week on an ongoing basis and
to target both the general community and those at high risk for falls (116). This is also true for
patients suffering from AD (117).

In our studies the reduction of risk of falling was not explicitly assessed, but since each of the
studied groups has improved their balancing abilities, we could generally say that these types
of interventions, and any combination of them, can be beneficial for the prevention of falls.

5.6. Future outlook

Larger studies with more representative samples are required in the future. They should
include additional analysis of mediating factors and they should try to find ways to optimally
adjust the training protocol to an individual’s needs and preferences. Most of all, it needs to be
investigated in longitudinal randomized clinical trials whether the proposed interventions indeed
have the potential to reduce or postpone the risk of neurodegenerative diseases such as

Alzheimer’s, as well as in the prevention of falls.

Future studies are also necessary for clarifying the connectivity and inter-dependence between
the vestibular system and hippocampal formation. These could include additional cohorts, such
as persons suffering from vestibulopathy, temporal epilepsy and blind persons. This would lead
to better understanding of which hippocampal and parahippocampal sub-regions are
dependent on which input, including vestibular, visual and somatosensory. In addition,
methodological improvements should also be considered in future studies. These pertain to
novel technological advancements in MRI scanning, such as 7T scanners and better
seqguences, but also to novel approaches to data analyses, including tractography (e.g. DTI or
DWI), resting-state analyses and region of interest (ROI) approaches to hippocampal volume

analyses that were recently developed.
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6 Summary

The goal of this dissertation was to investigate whether stimulation of the vestibular system
through balance training (ballet dancing, sportive dancing, slacklining) leads to hippocampal
and cortical grey matter changes or differences to controls, and to functional transfer effects on
hippocampal-dependent path-integration and balancing.

The results revealed grey matter increases in the right hippocampal and/or parahippocampal
areas for both groups in which VBM-analyses were undertaken, ballet dancers and sportive
dancers. In addition, sportive dancers showed an increase in the left premotor cortex and ballet
dancers in the right cerebellum, cingulate motor gyrus and thalamus. All of the findings were in
accordance with the hypothesized localization of effects, which were primarily in the areas

responsible for movement control, spatial orientation and memory.

These neuroanatomical findings were supported by simultaneous improvements on the
behavioural level, related to path-integration abilities and balancing, predominantly in
vestibular-dependent conditions. All studied groups scored better on the triangle completion
task (i.e. path-integration task), except for the dance group which was not tested for this skill,
and on respective balancing tasks (CBT or SOT) compared to their own baseline or the

respective control group.

It can be concluded that balance trainings which stimulate the vestibular system’s function lead
to an enhancement in vestibular-dependent path-integration and balancing abilities, together
with corresponding neuroanatomical changes in medial temporal lobe regions responsible for

spatial orientation and memory and cortical regions responsible for motor control.

These findings are useful for better understanding of neuroplasticity, primarily in the
hippocampus, and its relationship to behavioural performance on path-integration and
balancing tasks. They can also be useful for designing programs for prevention of dementia

and falls.
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6 Zusammenfassung

Das Ziel dieser Dissertation war es zu untersuchen, ob die Stimulierung des vestibularen

Systems durch Gleichgewichtstraining (Balletttanzen, sportliches Tanzen, Slacklining) zu

volumetrischen Anderungenen der grauen Substanz im Hippocampus und-Kortex und zu
funktionellen Ubertragungseffekten auf Hippocampus-abhangigen Pfad- Integration- und

Gleichgewichtsfahigkeiten.

Die Ergebnisse zeigten fur beide Gruppen, in denen VBM-Analysen durchgefihrt wurden,
(Balletttanzer und Sporttanzer) eine Zunahme in der grauen Substanz im rechten
Hippocampal- und / oder Parahippocampalbereich. Dartiber hinaus zeigten sportliche Tanzer
eine Zunahme in der linken Pramotor-Kortex- und Balletttdnzer im rechten Kleinhirn, Cingula-
Motor-Gyrus und Thalamus. Alle Befunde stimmten mit der hypothetisierten Lokalisierung von
Effekten Uberein, die sich hauptsachlich in den Bereichen vorhanden waren, die fir

Bewegungssteuerung, raumliche Orientierung und Gedéachtnis verantwortlich sind.

Diese neuroanatomischen Befunde wurden durch gleichzeitige Verbesserungen auf
Verhaltensebene unterstitzt, die sich auf Pfadintegrationsfahigkeiten und
Gleichgewichtsfahigkeiten bezogen, priméar bei vestibular-abhédngigen Bedingungen. Alle
untersuchten Gruppen erzielten bei der Dreieck-Test (d.h. bei der Pfadintegrationsaufgabe)
einen besseren Punktestand (mit Ausnahme der Tanzgruppe, die nicht fir diese Fahigkeit
getestet wurde) und bei den jeweiligen Gleichgewichtsaufgaben (CBT oder SOT), im Vergleich

zu ihrer eigenen Grundlinie oder der jeweiligen Kontrolle Gruppe.

Es kann gefolgert werden, dass Gleichgewichtstrainings, die die Funktion des vestibularen
Systems stimulieren, zu einer Verbesserung der vestibular-abhangigen Pfadintegrations- und
Gleichgewichtsfahigkeiten fihren, zusammen mit entsprechenden neuroanatomischen
Veranderungen - in den medialen Temporallappenbereichen (verantwortlich fur raumliche
Orientierung und Gedachtnis) und kortikalen Bereichen (fir sensorisch-motorische

Funktionen).

Diese Erkenntnisse sind hilfreich fir ein besseres Verstandnis der Neuroplastizitat,
hauptsachlich im Hippocampus, und ihrer Beziehung zur Verhaltensleistung bei
Pfadintegrations- und Gleichgewichtsaufgaben. Sie kbnnen auch nutzlich sein, um Stirz- und

Demenz-pravention Programme zu weiterzuentwickeln.
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Background and Obijective: Life-long balance training has been shown to affect
brain structure, including the hippocampus. Data are missing in this respect on
professional ballet dancers of both genders. It is also unknown whether transfer
effects exist on general balancing as well as spatial orientation abilities, a function
mainly supported by the hippocampus. We aimed to assess differences in gray
matter (GM) structure, general balancing skills, and spatial orientation skills between
professional ballet dancers and non-dancers.

Methods: Nineteen professional ballet dancers aged 18-35 (27.5 4.1 years; 10 females)
and nineteen age-matched non-dancers (26.5 2.1 years; 10 females) were investigated.
Main outcomes assessed were the score of a 30-item clinical balance test (CBT), the
average error distance (in centimeters) on triangle completion task, and difference in GM
density as seen by voxel-based morphometric analysis (VBM, SPM).

Results: Ballet group performed significantly better on all conditions of the CBT and in
the wheelchair (vestibular-dependent) condition of the spatial orientation test. Larger GM
volumes for ballet dancers were observed in the right hippocampus, parahippocampal
gyrus, insula, and cingulate motor cortex, whereas both larger and smaller volumes were
detected within cerebellum bilaterally in comparison to non-dancers.

Conclusion: Our results indicate that life-long ballet training could lead to better
clinically relevant balancing abilities as well as vestibular-dependent spatial
orientation capabilities; both of the benefits might be caused by positive influence of
ballet training on the vestibular system function, and—possibly—its connectivity with
temporal lobe regions responsible for vestibular-dependent orienting in space.

Keywords: balance, ballet, orientation, vestibular system, hippocampus, MRI, VBM
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INTRODUCTION

Ballet dancing does not only require the coordination of complex
movement patterns but also demanding in terms of the
processing of vestibular input and maintaining balance. The
assumption of a vestibulo-hippocampal dependency is supported
by previous research in humans which showed that complete
abolition of vestibular input, due to bilateral vestibulectomy, leads
to atrophy in distinct medial temporal lobe areas (Brandt et al.,
2005). Results of more recent studies also revealed hippocampal
changes in patients suffering from various vestibular system
disorders (Zu Eulenburg et al.,, 2010; Gottlich et al., 2016;
Kremmyda et al., 2016). Multiple pathways that exist between the
two have been discovered (Hitier et al., 2014), and there is a
disruption in function of the latter when the input from the former
ceases (Stackman et al., 2002; Russell et al., 2003). One study
on professional ballet dancers, together with slackliners and ice-
skaters, has demonstrated structural differences in temporal
brain regions, particularly the hippocampus, compared to normal
controls (Hufner et al.,, 2011). This study could not, however,
answer the question on neuroanatomical differences specifically
related to ballet dancing, since it included other professionals in
its cohort. Another study reported decrements in gray matter
(GM) of several brain regions (Hanggi et al., 2010), including both
cortical and subcortical structures, but the cohort consisted of
only female ballet dancers, whose brain and development have
already been shown to differ from that of males (Giedd et al.,
1999; Good et al., 2001). Therefore, based on previous research
it was not possible to determine which specific brain regions
show significant differences in GM when comparing professional
ballet dancers to non-dancers.

Another remaining question pertains to non-visual-dependent
spatial orientation skills, as well as balancing skills, of ballet
dancers. That is, it is unknown if these professionals have better
developed non-visual-dependent abilities to orientate in space
and balance when compared to persons not involved in such
activities. Results of our own previously published research
indicated that one-month of intensive slackline training can lead
to significant improvements in these abilities (Dordevic et al.,
2017b). The eventual findings in this respect could also be useful
for a better understanding of both healthy aging and dementia
prevention, as the decline in this ability has been linked to the
degeneration of spatial navigation centers, located in the
hippocampus and surrounding temporal brain areas (Allen et al.,
2004). Additionally, loss of balance is an important cause of
injuries, especially in old age, and it represents a major burden
for the health system (Carter et al., 2001; Kannus et al., 2005;
Sherrington et al., 2011).

Accordingly we hypothesized that: (1) brain regions, and
particularly those responsible for balance and spatial
orientation functions, of professional ballet dancers would
show different structure compared to non-dancers and (2)
ballet dancers would perform better in balancing and
spatial orientation tasks, especially those that are
vestibular-dependent (in which the vestibular input is the
dominant one and thus governs the performance).

Hence, the goal of our study was to clarify the differences
between professional ballet dancers and the normal
population with regards to brain structure, non-visual spatial
orientation abilities, and general balancing abilities.

MATERIALS AND METHODS

Ethical Approval

This study was carried out in accordance with the
recommendations of guidelines of Ethics Committee of the
Medical Faculty at the Otto von Guericke University
(approval number: 156/14) with written informed consent
from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.
The protocol was approved by the Ethics Committee of
the Medical Faculty at the Otto von Guericke University.

Subjects

Twenty-six professional ballet dancers (18-35 years old) were
initially recruited for this study. Since seven of them were not
eligible for MRI scanning according to the safety procedures of
our department (tooth braces and similar metal implants, tinnitus,
etc.), they had to be excluded. The remaining nineteen ballet
dancers were age- and gender-matched by the control
participants (Table 1). Physical activity was assessed by asking
subjects how many hours they spend on training weekly on
average; all sports were taken into consideration, including
jogging, various team sports, cycling, etc., but not walking.
Participants of both groups were paid the same amount of money
for their participation in the study. Sample size and
characteristics, as well as the balance-training duration have
been justified by our previous studies (Dordevic et al., 2017a,b).
Eligible control subjects for this study were all those aged
from 18 to 35 years who had no previous experience in any
ballet-related similar activity (i.e., highly demanding balancing
activities, such as slacklining, rhythmic gymnastics, etc.) and
had normal or corrected to normal vision. Exclusion criteria
were injuries to the musculoskeletal system and systemic
diseases (e.g., cardiovascular, metabolic, nervous system
diseases, etc.) that might influence their performance.
Participants were recruited through advertisement in the
buildings of Otto von Guericke University in Magdeburg.

Study Design

This study was planned and organized as a cross-sectional one
with one factor—namely group (control, ballet). The participants
of the control group were age- and gender-matched to the
participants of the ballet group. All the measurements took place
in the movement lab of the German Center for
Neurodegenerative Diseases from July 2015 to December 2016.

Behavioral Tests

Both tests have been described in our previously published work
(Dordevic et al., 2017a). In brief, clinical balance test (CBT) consisted
of standing on stable and unstable surfaces and walking
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conditions, all of which further contain sub-conditions with
open and closed eyes.
Standing conditions included:

Two- and one-leg stance on both stable (floor) and unstable (soft
pad) surfaces, with both open and closed eyes.

Walking conditions included:

Walking forward, backward, and turning inside a 30 cm
wide and 4 m long polygon with open eyes, followed by
the same test on a 5 cm wide line as well as on 10 cm
wide balance beam.

Walking forward on 5 cm line with closed eyes.

In total, there are 30 assessment items within this test, 14 of
which assess standing; 16 walking; and 8 of all measurements
are performed with closed eyes. The maximum amount of points
that could be collected on the test was 90, with each condition
carrying the minimum of 0 and the maximum of 3 points. In each
of the standing conditions participants were instructed to maintain
the required position for 15 s, whereas in walking conditions there

was no time requirement and participants were asked to walk
at their own pace. For detailed list of conditions see Table 1.

For assessment of non-visual spatial orientation the triangle
completion test (TCT) was used. In brief, six triangular paths
were marked on the floor of a room, three in the left and three in
the right direction, giving thus three pairs of triangular paths, with
turning angles of 60, 90, and 120 . The test consisted of two
conditions: active-walking and passive-wheelchair. In the active-
walking condition, while being guided on foot, the participant’s
movement was controlled by leading him or her along two sides
of the triangular path as he or she held onto a wooden bar. The
passive-wheelchair condition included transport along the same
routes with the use of a standard wheelchair with attached
footpads. Each participant was walked (active) and pushed
(passive) only once along each of the paths, giving thus 12 trials
per participant in total (3 to the left and 3 to the right, times 2
conditions). Once the participant was walked/pushed in the
wheelchair along two sides of each triangle, his or her task was
to walk along the third one, back to the starting point, using thus
the shortest possible way back; that is, the participants were
instructed not to walk back along the two sides that were used to

TABLE 1 | Test conditions of the Clinical balance test (CBT).

No. Condition Task Points (min = 0, max = 3)
0 1 2 3

1 Static—stable surface (floor) Stand with feet together—open eyes

2 Stand with feet together—closed eyes

3 One leg stance-left—open eyes

4 One leg stance-right—open eyes

5 One leg stance—left—closed eyes

6 One leg stance-right—closed eyes

7 Static—unstable surface (pad) Stand normally (hip width stance)—open eyes

8 Stand with feet together—open eyes

9 Stand normally (hip width stance)—closed eyes

10 Stand with feet together—closed eyes

11 One leg stance-left—open eyes

12 One leg stance-right—open eyes

13 One leg stance—left—closed eyes

14 One leg stance-right—closed eyes

15 Dynamic Walk inside the zone (4 m 30 cm) Forward

16 Turn (90)

17 Backward

18 Walk on the line (4 m 5cm) Forward

19 Turn (90)

20 Backward

21 Walk on the line with feet one after the other (4 m 5 cm) Forward

22 Turn (90)

23 Backward

24 Walk on the beam (4 m 10 cm) Forward

25 Turn (90)

26 Backward

27 Walk on the beam sideways (4 m 10 cm) Rightward

28 Turn (90)

29 Leftward

30 Walk on the line with closed eyes (4 m 5 cm) Forward
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bring them to the drop-off point, but to use the shortest possible
way back to the starting point instead, which is actually always
the third side of the respective triangle. The first main outcome
variables were the distance error on each trial, which was
assessed by marking the participant's stopping point with
adhesive dots on the floor and later measuring the distance from
that stopping point to the starting point, from which the respective
movement was initiated. The second outcome variable was
angular error, which was estimated as the angular deviation from
the optimal direction (that would take directly to the start point).
For the whole duration of the test participants were blindfolded in
a quiet room and thereby could not use any visual or auditory
cues that might help them in finding their way back to the starting
point. It can thus be assumed that the only cues they could use
were somatosensory and vestibular in the active-walking
condition and vestibular only in the passive-wheelchair condition.

MRI

MR images were acquired on a 3 Tesla Siemens MAGNETOM
Verio scanner (Syngo MR B17) using a 32-channel head caoil.
High-resolution T1-weighted MPRAGE sequences were acquired
using a 3D magnetization-prepared rapid gradient echo imaging
protocol (224 sagittal slices, voxel size:

0.8mm 0.8mm 0.8 mm, TR: 2,500 ms, TE: 3.47 ms, TI:
1,100 ms, and flip angle: 7).

Voxel-based morphometry (VBM) is a whole-brain unbiased
technique for analysis of regional GM volume and tissue
changes (Ashburner and Friston, 2000). Preprocessing
involved gray-matter segmentation, template creation via
DARTEL, spatial normalization to standardized Montreal
Neurological Institute (MNI) space and smoothing with an
Gaussian kernel of 8 mm full width at half maximum (FWHM).

Outcome Variables and Data Analysis

The outcome variable for the neuroanatomical analysis was the
structural difference in brain neuroanatomy as observed by VBM.
In order to analyze the difference in GM volume changes
between groups, an independent t-test with the factor group
(ballet, control) was applied. Since the whole-brain between-
group comparison was carried out, multiple comparison
correction was also performed in the form of Family-wise-error
(FWE) correction, where the results were considered significant
at p < 0.05, unless otherwise specified (uncorrected p < 0.001).
Data were analyzed with MatLab (Mathworks, United States) and
SPM12 (UCL, Great Britain). The results of the VBM analyses
are visualized using the xjView toolbox™.

Analysis of the behavioral data was performed with SPSS
v.21 (IBM, United States), with the group (control, ballet)
as factor. Independent t-test was run after checking for
assumptions of normality and homogeneity of variance. If
the assumptions were not met, the non-parametric
equivalent (Mann—-Whitney U-test) was applied.

In tables and figures the respective means with 95%
confidence intervals of the difference are presented. In
addition the effect sizes are calculated and listed.

1 http://www.alivelearn.net/xjview

RESULTS

The final analysis included 19 participants in each group. All
subjects were recruited from July 2015 to December 2016 and
their characteristics are shown in Table 2. The participants of the
two groups did significantly differ in weight (p = 0.02) and amount
of training hours per week (p < 0.001), whereas in other
characteristics there was no significant difference.

Behavioral Tests

As llustrated in the Figure 1, the ballet dancers performed
significantly better on the CBT, which was true for all sub-conditions
of the test except for the simplest task which involved standing on
stable flat surface. In the Table 3 are listed the mean values for the
two groups as well as the effect sizes and confidence intervals of the
difference between the two groups. The effect size was large to very
large for all comparisons, including the condition where no significant
difference was observed.

The Figure 2 illustrates the difference between the two
groups on the TCT. The results demonstrated that ballet
dancers performed significantly better on this test, by
having smaller error in both distance and angle, which
was mainly attributable to their better performance on the
wheelchair (vestibular) condition. The results in the Table
3 depict medium effect sizes for this condition.

VBM Analysis

For the ballet group, the VBM analysis revealed significantly
larger cluster-based FWE-corrected gray matter volumes within
the inferior and posterior areas of the right cerebellar
hemisphere, right parahippocampus, right cingulate motor cortex,
and right insula (Figure 3). Additional tendencies at uncorrected
level (p < 0.001) could be observed in the vermis, right posterior
hippocampus, and right posterior thalamus. The respective MNI
coordinates as well as the cluster sizes are listed in the Table 4.
The control group participants also had significantly larger volume
(FWE-corrected at cluster and voxel levels) within the cerebellum
when compared to the ballet group, which was located within the
right anterior lobe (Figure 4). A small tendency could also be
observed at a similar location within the left cerebellar

TABLE 2 | Characteristics of participants.

Characteristic Training (n = 19) Control (n = 19)

Age (years) 275 4.1 265 21
Age when training 8.0 3.8(3-16) -
begun (min-max)

Sex (females) 10 (53%) 10 (53%)
Weight (kg) 59.4 11.6 67.9 10.4
Height (cm) 169.3 10.1 1725 84
Hours of activity—per 334 135 33 16
week

Handedness-right 18 (95%) 19 (100%)
Ethnic origin

European 16 (84%) 17 (90%)
Asian (Indian) 0 (0%) 2 (10%)
Asian (Japanese) 3 (16%) 0 (0%)
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TABLE 3 | Comparison of ballet and control groups on all conditions of the clinical balance test (CBT).

Test (assessment scale) Condition Mean 95% ClI of the difference Effect size (d)
Ballet Control

CBT (points) Total 80.1 72.0 5.3t010.9 1.89
Eyes open 64.4 57.9 4.310 8.6 1.98
Eyes closed 15.7 14.1 0.1t0 3.1 0.70
Standing-stable 16.2 15.1 0.2t02.3 0.56
Walking 45.7 41.1 2.5t06.8 1.43
Standing-unstable 18.2 15.8 1.6t03.2 1.94

TCT (degrees) Total 15.7 20.9 8.2t0 2.1 0.22
Walk 14.9 18.4 7.7t00.5 0.08
Wheelchair 16.6 23.3 11.2to0 2.2 0.37

TCT (centimeters) Total 106.9 122.5 28.8t0 2.5 0.31
Walk 103.2 108.9 24.3t0 13.1 0.23
Wheelchair 110.5 136.1 44.0t0 7.4 0.39

hemisphere. The respective MNI coordinates and sizes of
these clusters are also presented in the Table 4.

DISCUSSION

The results of our study confirm both of our a priori hypotheses.
That is, ballet dancers do have larger GM volumes in regions that
contribute to balance and spatial orientation abilities, such as the
posterior cerebellum and the vermis, insula, and hippocampal
and parahippocampal regions, when compared to non-dancers;
effects in the opposite direction, i.e., smaller GM volumes, were
found in the cerebellar anterior lobes. On a behavioral level, in
comparison with non-dancers, they demonstrated an increased

ability to maintain balance in all conditions, as well as to orientate
in space with closed eyes, especially in the mere vestibular-
dependent condition, in which the blindfolded subjects did not
walk themselves but were pushed in a wheelchair.

To date, to the best of our knowledge, there has been only one
similar study on structural brain alterations in professional ballet
dancers, however, this study only investigated females, and did
not assess their spatial orientation and general balancing
abilities, which prevents us from effectively comparing these with
our findings. In the named study, Hanggi and colleagues (Hanggi
et al., 2010) did not report any GM increments in ballet dancers
compared to non-dancers. Instead they observed smaller
volumes in several areas, including the supplementary motor and
premotor areas and the putamen, all of which were located in the
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FIGURE 2 | Comparison of ballet and control groups on both conditions of the triangle completion task (TCT).
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FIGURE 3 | VBM observed GM increments in the ballet group compared to the control group. FWE-corrected at the cluster level.

left hemisphere. This is in contrast to our findings, both regarding
the localization and the direction of the effects. That is, apart from
smaller GM volumes in the right and left cerebellar anterior lobes,
we observed increments in the right posterior cerebellar
hemisphere, vermis, right hippocampal and parahippocampal
areas, and right posterior thalamus. This dissimilarity could be

perhaps attributed to some of the cohort or methodological
differences, including the sample, which in our case consisted of
both genders, together with a higher mean age and the duration
of professional activity of participants, as well as the VBM
analysis procedure. For instance, the cerebellum and the pons
are larger in men than in women and the difference is
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TABLE 4 | MNI coordinates of VBM-detected gray matter changes in the ballet group as compared to the control group.

Brain region Location Direction of difference MNI coordinates (x, y, and z) Cluster size (in voxels)
Temporal Right hippocampus Larger 30, 26, 6 128
Right parahippocampal gyrus Larger 21, 32, 20 2,013
Temporo-parietal Right insula Larger 38,24,3 1,020
27,21,2
Cingulate cortex Right hemisphere Larger 6,17, 24 800
15,17, 36
Cerebellum Right hemisphere Larger 32, 68, 59 3,897
Vermis Larger 2, 68, 47 283
Right hemisphere Smaller 12, 65, 29 460
Left hemisphere Smaller 12, 63, 29 30

FIGURE 4 | VBM observed GM decrements in the ballet group compared to
the control group. FWE corrected.

especially pronounced in the cerebellar hemispheres and the
anterior vermis (Raz et al., 2001). Additionally, it has been shown
not only that GM demonstrates a non-linear change during pre-
and post-adolescence, but also that these developmental curves
are not the same for all brain regions, with frontal lobe and
parietal lobes peaking at the age of 12, the temporal at the age of
16, and the occipital only at the age of 20 (Giedd et al., 1999).
Thus, the large discrepancies between the two studies may call
for an additional study with a larger cohort so the structural brain
differences between professional ballet dancers and non-dancers
could be better delineated.

In an earlier study, we were able to detect some tendencies
toward posterior hippocampal changes in a group of young
healthy adults that had learned to slackline (Dordevic et al.,
submitted). The temporal dynamics of these brain changes partly
resembled the balancing and spatial orientation skill levels of the
participants which also showed a transient improvement.
Increments in the posterior hippocampus have also been
reported previously in ballet dancers by Huffner and colleagues
(Hufner et al., 2011). Posterior hippocampal structural changes
were also observed after year-long experience in taxi-driving and
several sports with very high balancing demands, such as ballet
dance, ice-skating, and slacklining (Maguire et al., 2000; Hifner
et al.,, 2011). Our sample of ballet dancers revealed similar
results, indicating that long-term training might be necessary for
structural changes in posterior hippocampus to persist. We could
also demonstrate significant differences in the parahippocampal
region between the ballet dancers and non-dancers. These were
mainly located in the entorhinal cortex,

particularly the medial entorhinal cortex. The entorhinal cortex is
an interface between the three-layered hippocampal cortex and
the six-layered neocortex and it provides the main cortical input
to the hippocampus, with many reciprocal connections. More
recently, an investigation of the medial entorhinal cortex (MEC) in
animals, led to the discovery of grid cells that fire when the
animal is in any of multiple locations that form a triangular grid
(Moser et al., 2008, 2014; Sanders et al., 2015). Here the change
in position can be computed based on vestibular information,
sensorimotor information about self-motion, and optic flow. In our
study on healthy older adults an increase in GM within
parahippocampal regions was observed following an 18-month
dance intervention (Mdller et al., 2017). It is thus plausible to
speculate that the better performance of ballet dancers in the
TCT relies on these particular biological mechanisms, as well as
that their long-term utilization causes neuroanatomical alterations
which we were able to detect with VBM.

We observed highly significant differences in the caudal part
of the cingulate cortex, area 24 of Broadman'’s classification.
It is known from functional MRI studies that the cingulate
motor cortex and the cerebellum are active during interlimb
coordinative movements, together with primary and
associative sensory and motor regions of the cortex (Debaere
et al., 2001). Somatotopy similar to that of the larger sensory-
motor cortices can be found in those cingulate cortex regions
where the changes were detected (Vogt and Pandya, 1987;
Vogt et al., 1992; Paus et al., 1993; Petit et al., 1993; Wu et
al., 2000). Since such coordinative movements are a core
element of ballet dancing, the finding of a larger volume of
this brain region in dancers makes perfectly sense.

The changes we detected in the cerebellum were mainly in the
expected direction, considering its close relationship with movement
control and learning. Once learned, the skilled movements remain
coded in the cerebellar memory cells for a long time. The cerebellum
then provides speed, complexity, variety, stereotypy, and
automaticity of the motor response so that one does not have to think
consciously about the movement. It has been suggested that the
learned programs are stored within the cerebellar cortex and that the
memory capacity for storage is proportionate to the number of
granule cells (Thach, 1998; Boyden et al., 2004). Our study revealed
a major GM expansion in the superficial layers of the cerebellum,
which could be perhaps

Frontiers in Integrative Neuroscience | www.frontiersin.org

October 2018 | Volume 12 | Article 50

76


https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

Dordevic et al.

Ballet Dancers’ Vestibulo-Hippocampal Function

due to the increment in the capacity to store complex movement-
related memories in ballet dancers. On the other hand, we
observed significantly smaller GM volumes in slightly deeper
cerebellar structures of the ballet dancers, parts that are known
to be involved in the control of limb movements, which can be
interpreted in terms of automaticity/stereotypy.

One earlier study on ballet dancers has shown that the right
hemispheric visual dominance is particularly useful for
postural control in complex equilibrium conditions (Golomer et
al., 2010). In our study, we could also observe differences
that were mainly localized on the right side of the brain.

Main between-group differences in the thalamus were observed
for its posterior part, and only on the right side. Earlier studies
have proposed a functional importance of the posterolateral
thalamus as a unique relay station for vestibular input to the
cortex, but also the dominance of the right hemisphere in right-
handedness, and of ipsilateral ascending pathways (Dieterich et
al., 2005). Multiple thalamic nuclei are involved in vestibular
processing, as well as somatosensory and visual, and this may
explain the enlarged thalamus in the dancers (Morel et al., 1997;
Lopez and Blanke, 2011).

Possible neurobiological mechanisms of the observed GM
differences could be neurogenesis, synaptogenesis, hypertrophy
of glia cells, and angiogenesis (Zatorre et al.,, 2012). The
generation of new cells within the confines of our findings can
only be expected for the hippocampus, but not for other areas of
the ballet dancers’ brain (Bhardwaj et al., 2006). Hippocampal
neurogenesis in the adult has also been undermined somewhat
by a recent publication (Sorrells et al., 2018). Instead, the
observed GM increments are presumably based on the sensory
experience which drives the formation and elimination of
synapses and these changes might underlie adaptive remodeling
of neural circuits (Trachtenberg et al., 2002). Importantly, animal
studies have reported that motor learning of complex and
acrobatic skills, and not repetitive use of synapses during simple
physical exercise, generates new synapses in the cerebellar
cortex (Black et al., 1990). In contrast, simple exercise leads to a
greater density of blood vessels in the cerebellum.

The main limitation of our study is its cross-sectional nature,
whereby no causal relationship for the effects observed can be
established. Previous studies have, however, shown that training-
induced neuroplastic adaptations are actually sport-specific
rather than just sport-general. For instance, GM volumes in the
hand representations are increased in handball players
compared with ballet dancers, whereas GM volumes in the foot
representations are increased in ballet dancers compared with
handball players (Meier et al., 2016). Similarly, differences were
observed between martial artists and endurance athletes
(Schlaffke et al., 2014), but also musicians and non-musicians
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Background: Slackline-training has been shown to improve mainly task-specific
balancing skills. Non-task specific effects were assessed for tandem stance and
preferred one-leg stance on stable and perturbed force platforms with open eyes. It
is unclear whether transfer effects exist for other balancing conditions and which
component of the balancing ability is affected. Also, it is not known whether
slackline-training can improve non-visual-dependent spatial orientation abilities, a
function mainly supported by the hippocampus.

Objective: To assess the effect of one-month of slackline-training on different
components of balancing ability and its transfer effects on non-visual-dependent
spatial orientation abilities.

Materials and Methods: Fifty subjects aged 18-30 were randomly assigned to the
training group (T) (n = 25, 23.2 2.5 years; 12 females) and the control group (C) (n = 25,
24.4 2.8 years; 11 females). Professional instructors taught the intervention group to
slackline over four consecutive weeks with three 60-min-trainings in each week. Data
acquisition was performed (within 2 days) by blinded investigators at the baseline and
after the training. Main outcomes Improvement in the score of a 30-item clinical balance
test (CBT) developed at our institute (max. score = 90 points) and in the average error
distance (in centimeters) in an orientation test (OT), a triangle completion task with
walking and wheelchair conditions for 60 , 90 , and 120 .

Results: Training group performed significantly better on the closed-eyes conditions of
the CBT (1.6 points, 95% CI: 0.6 to 2.6 points vs. 0.1 points, 95% CI: -1 to 1.1
points; p = 0.011, ! p = 0.128) and in the wheelchair (vestibular) condition of the OT
(21 cm, 95% CI: 8-34 cm vs. 1 cm, 95% CI: —14-16 cm; p = 0.049, !2p= 0.013).
Conclusion: Our results indicate that one month of intensive slackline training is a
novel approach for enhancing clinically relevant balancing abilities in conditions with
closed eyes as well as for improving the vestibular-dependent spatial orientation
capability; both of the benefits are likely caused by positive influence of slackline-
training on the vestibular system function.
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INTRODUCTION

Intact balance control is required not only to maintain postural
stability but also to assure safe mobility-related activities
during daily life (Mancini and Horak, 2010). Approximately
1.5% of healthcare expenditures in European countries are
caused by falls, which mainly occur because of impaired
balance, aging and cognitive decline (Ambrose et al., 2013);
this large number does not take into account any additional
indirect costs. Prevention in the earliest stages, already at
young age, is hence justified. Balance and strength training is
considered to be by far the most efficient intervention for fall
prevention (Karlsson et al., 2013) and it can be effective for
postural and neuromuscular control improvements; in
addition, balance training is considered to be an effective
intervention for improvement in static postural sway and
dynamic balance in both athletes and non-athletes (Zech et
al., 2010). Moreover, both gray and white matter alterations
have been reported in young people in response to only six
weeks of balance training (Taubert et al., 2010). The optimal
interaction between visual, vestibular and somatosensory
systems is the key to stability of the body. While the visual
factor can be corrected in many different ways, the other two
can be best enhanced through optimal training interventions.
Several recent studies have demonstrated particularly beneficial
effect of slacklining on balancing abilities in both younger and
older populations (Pfusterschmied et al., 2013; Thomas and
Kalicinski, 2016), through enhancement in postural control and
functional knee joint stability. Although in other studies mainly
task-specific effects were found in response to six weeks of
slackline training, larger non-task specific effects on postural
control could not be found in these studies for only several
relatively simple testing assignments, such as one-leg and
tandem stance on stable force platform surface (Donath et al.,
2013, 2016b); moreover, the amount of training in these studies
was limited to approximately only one hour per week. Slackline
length in previous studies was set to between 5 and over 15 m,
which proportionally decreases the rate of turns per training,
limiting thereby the stimulation of the vestibular system and its
output pathways mainly to the otolith organs; in other words,
important function of semicircular canals and related brain
regions might have been underemployed and an additional
potential effect overseen (Highstein, 1991; Cullen and Minor,
2002). Earlier research using several other types of balance-
training interventions found transfer effects of training on
performance in clinical tests of balance, and these tests are
considered very important for both diagnostic and therapeutic
purposes (Mancini and Horak, 2010). Some questions remain,
however, still unanswered: (1) can slackline-training cause such
non-specific transfer effects on performance in a comprehensive
clinical balance test clinical balance test (CBT) and (2) what
component of balancing ability, as assessed by this test, is
mainly affected by slackline-training, with the vestibular
component being of particular interest here.

The hippocampus and neighboring cortical regions are the main loci

where the onset of Alzheimer’s disease pathology occurs

(Raskin et al., 2015), followed by their progressive degeneration,
and early prevention treatments (in younger age) concerning this
problem are strongly encouraged (Brookmeyer et al., 2007).
Several previous animal and human studies have pointed
towards a strong link between the vestibular system and
orientation centers of the brain, considered to be located in the
hippocampus and neighboring regions (Stackman et al., 2002;
Russell et al., 2003; Brandt et al., 2005; Jahn et al., 2009). These
studies found serious deficits in the orientation function of the
temporal lobe as a result of disturbed or lost vestibular input.
Many other studies also suggested that the vestibular system
provides self-motion information which is important for the
hippocampus and related brain regions to develop spatial
memories; when this input is lost, spatial memory becomes
impaired (Smith et al.,, 2010). Moreover, professionals who
intensively make use of their vestibular system during their daily
artistic performances, such as ballet/ice(Pfusterschmied et al.,
2011) dancers and slackliners, have differently structured
temporal brain regions, including the hippocampus, compared to
non-professionals (Hifner et al., 2011). A study by Allen et al.
(2004) clearly demonstrated a reduction in vestibular-kinesthetic
dependent orientation abilities with aging, by comparing
performance of younger and older adults on the triangle
completion task; the older adults performed particularly worse on
this task when their input was restricted to the vestibular system
only (passively pushed in a wheelchair), implying deterioration of
this system with aging. A question that remains unanswered here
is if an intensive slackline-training can lead to significant
improvement in the vestibular system’s function, which can then
be beneficial for spatial orientation abilities in a trained person.
Therefore, here we wanted to find out whether an especially
challenging balance training program (learning to slackline) can
also induce transfer effects on cognitive function, namely spatial
orientation. The idea behind this assumption was that a) a strong
connection between the vestibular system (which is important for
balancing) and the hippocampus has been suggested and b) that
spatial orientation is a function that is to a great extent supported
by the hippocampus (Hitier et al., 2014). We chose intensive
slacklining in young adults as an intervention measure under the
assumption that if this training is not capable of inducing transfer
effects then other, less demanding regimen (such as those
typically used to enhance balancing skills in elderly, sick patients)
will surely not be able to do so either. In other words, this was a
feasibility pilot study, using a young population.

Thus, having in mind the close connection between the
vestibular and orientation systems, we asked whether
intensive slackline training can improve not only one’s
ability to maintain balance but also has transfer effects on
the capability to successfully orientate in space. Up to this
point we are not aware of any longitudinal studies that
investigated whether the vestibular-dependent temporal
lobe orientation function can be enhanced through an
intervention aimed towards improvements in balancing
skills. The goal of this study was to find out whether
learning how to slackline over a period of one month can
be of benefit for both stability and orientation skills.
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MATERIALS AND METHODS

Ethics Statement

This study was carried out in accordance with the
recommendations of and was approved by the Medical Faculty
Ethics Committee at the Otto von Guericke University (approval
number: 156/14). Each participant signed a document of
informed consent before the beginning of the study.

Subjects

Fifty healthy young (18 to 30 years old) subjects were
recruited for this study and randomly assigned (without
stratification) into two groups, control (12 females and 13
males; mean age D 23.2 years; SD D 2.6 years) and training
(11 females and 14 males; mean age D 24.4 years; SD D 2.7
years) (Table 1). The two groups did not significantly differ in
any of the recorded demographic and other characteristics,
including age, height, weight, years of education, handedness
etc. Physical activity was assessed by asking subjects how
many hours they spend on sports weekly on average; all
sports were taken into consideration, including jogging,
various team sports, cycling etc., but not walking. Participants
of both groups were paid the same amount of money for their
participation in the study. Sample size and characteristics, as
well as the balance-training duration have been justified by
several previous slackline- and other balance-training studies
(Zech et al., 2010; Pfusterschmied et al., 2013).

Eligible subjects for this study were all those aged from 18 to
30 years who had no previous experience in slacklining or
similar activity (i.e., highly demanding balancing activities,
such as ballet dancing, rhythmic gymnastics etc.) and normal
or corrected to normal vision. Exclusion criteria were injuries
to the musculoskeletal system and systemic diseases (e.g.,
cardiovascular, metabolic, nervous system diseases etc.).
Participants were recruited through advertisement in the
buildings of Otto von Guericke University in Magdeburg, both
at the main and medical campus.

TABLE 1 | Characteristics of participants.

Characteristic Training Control
(n D 25) (n D 25)
Age (years) 245 2.7 232 2.6
Sex (females) 11(44%) 12(48%)
Weight (kg) 69.112.5 65.010.0
Height (cm) 173.4 9.2 170.3 8.4
Hours of activity (per week) 3.01.8 3.225
Handedness (right) 24(96%) 23(92%)
Profession (student) 22(88%) 23(92%)
Suffered a small injury (e.g., 5(20%) 5(20%)
ankle sprain)
Ethnic origin
European 20 (80%) 19 (76%)
Asian (Indian) 5(20%) 5(20%)
Arabic 0 (0%) 1 (4%)

Study Design

Flow diagram of the study is shown in the Figure 1. This
study was planned and organized as a randomized controlled
single-blinded trial with factorial design (factors: time and
group). Participants were randomly assigned to the training
and control groups using computer-based randomization
procedurel. The computer-based randomization and
assignment of participants to groups were performed by MD
(not involved in data collection), with all other investigators
blinded to the outcome of the randomization.

The study consisted of measurements at two time points:
baseline and one month ( 2 days) after baseline. All trainings
took place in the movement lab of our institute (German Center
for Neurodegenerative Diseases) from February to April 2015.

Intervention

During this one month period the training group underwent
intensive balance training consisting of 12 trainings (three
trainings/week with each training lasting 1 h; max. 2
consecutive non-training days) on a 3-m long slackline
(“Power-wave 2.0” slackline rack), whilst the control group
was instructed to abstain from any type of similar activity;
the abstinence from this type of activity was confirmed by
control group participants at the post-test.

Trainings were led and supervised by an experienced instructor,
whose assignment was to achieve the best possible skill level in
the training group participants; content of teaching is shown in
the Table 2. Minimum requirement to be achieved was set to
walking forward two slackline lengths with turn at the end of the
first length; each participant must have achieved this minimum
requirement to be considered for the analysis, and all participants
were successful in achieving this. Each training unit consisted of
a 10-min warm up session and 50-min training session.
Maximum group size allowed was four participants, so the
instructor could dedicate enough time to each trainee. Moreover,
the trainings were highly individualized, according to the skill and
progression levels of each of the participant. At the end of each
training session the instructor collected the information about skill
progression, by writing down the achieved skill level of each
participant. To do so, the amount of time every participant
needed to walk up to four slackline lengths forward, backward,
sideways, and turn in between was recorded.

The slackline tension was also individualized, so that when standing
in the middle and applying a light vertical force (as during walking)
the slackline would not get more than several centimeters away from
the metal bar located 15 cm underneath. Our goal here was to
increase difficulty of training by keeping the slackline slack and thus
more unstable, rather than tight and stable, which would otherwise
resemble walking on a firm surface. The length of the slackline was
also intentionally set to 3 meters; in this way we wanted to achieve a
higher rate of turns on the slackline, and thus a higher rate of
semicircular canal stimulation. This is in contrast to earlier studies
which used moderately to much longer slacklines (5 to over 15 m in
length) (Granacher et al., 2010; Pfusterschmied et al., 2013; Donath
et al., 2016b),
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stimulating thereby mainly otolith organs and related
central vestibular pathways.

Tests

All tests were performed by two trained members of our
institute and the results of the following sets of measurements
were recorded before and after the training:

TABLE 2 | Contents participants were taught during slackline-trainings;
the minimum difficulty level they had to achieve in order to be
considered for the final analysis is also presented.

Task Difficulty levels/Minimum to be achieved
Stable tandem stance 5-10s/5s

Stable one-leg stance 5-10s/5s

Turn 1-4 times/2 times

Walk forward (with turn for 2)
Walk backward (with turn for 2)

1-4 lengths/2 lengths
1-4 lengths/1 length

Walk sideways (with turn for 2) 1-4 lengths/1 length

Clinical Balance Test

Considering that every CBT has its advantages and
disadvantages (Mancini and  Horak, 2010), this
comprehensive test was developed by experts in our institute
(DZNE) with the goal to assess different components of
patients’ ability to maintain equilibrium, in both standing and
gait conditions. Many of the test conditions are consistent
with similar comprehensive CBTs (Mancini and Horak, 2010)
used in other clinics. The inter-rater reliability of the test
(determined with ICC coefficient) is 0.98 0.04 (SEM D 0.003),
and its validity is still to be evaluated. The conditions can be
briefly divided into standing and walking (Figure 2), both of
which further contain sub-conditions with open and closed
eyes (for detailed list of conditions see the Table 3).

Standing conditions include:

two- and one-leg stance on both stable (floor) and unstable (soft
pad) surfaces, with both open and closed eyes

Walking conditions included:
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FIGURE 2 | Examples of clinical balance test (CBT) conditions: unstable surface one-leg stand (left) and balance beam walking (right) conditions.

Walking forwards, backwards, and turning inside a 30 cm
wide and 4 m long polygon with open eyes, followed by
the same test on a 5 cm wide line as well as on 10 cm
wide balance beam.

Walking forward on 5 cm line with closed eyes.

In total, there are 30 assessment items within this test, 14 of which
assess standing and 16 walking; 8 of all measurements are
performed with closed eyes. The maximum amount of points that
could be collected on the test was 90, with each condition carrying
the minimum of 0 and the maximum of 3 points, similar to other
comprehensive CBT batteries (Horak et al., 2009). Assessment was
based on the subjective opinion of trained assessor who graded
postural sway during each of the conditions; to avoid potential
differences in subjective opinion between the assessors, each
participant was tested by only one assessor at both pre-and post-test.
In each of the standing conditions participants were instructed to
maintain the required position for 15 s, whereas in walking conditions
there was no time requirement and participants were asked to walk at
their own pace.

Orientation Test (OT)

Orientation test was a modified version of the test described by
(Allen et al.,, 2004), whereby the only modification was the
inclusion of only three conditions (turning angles) from this study,
due to time and space limitations. In brief, six triangular paths
were marked on the floor of a room, three in the left and three in
the right direction, giving thus three pairs of triangular paths.
Lengths of the segments of each triangular path as well as the
turn angles between the segments of the triangles are presented
in the Table 4, with examples of the polygon and test conditions
shown in the Figures 3 and 4. The test consisted of two
conditions: active-walking and passive-wheelchair.

In the active-walking condition, while being guided on foot,
the participant’'s movement was controlled by leading him
or her along two sides of the triangular path as he or she
held onto a wooden bar. The passive-wheelchair condition
included transport along the same routes with the use of a
standard wheelchair with attached footpads.

Each participant was walked (active) and pushed
(passive) only once along each of the paths, giving thus
12 trials per participant in total (3 to the left and 3 to the
right, times 2 conditions).

Once the participant was walked/pushed in the wheelchair along
two sides of each triangle, his or her task was to walk along the
third one, back to the starting point, using thus the shortest
possible way back; that is, the participants were instructed not to
walk back along the two sides that were used to bring them to
the drop-off point, but to use the shortest possible way back to
the starting point instead, which is actually always the third side
of the respective triangle.

The main outcome variable was the distance error on each trial,
which was assessed by marking the participant’s stopping point
with adhesive dots on the floor and later measuring the distance
from that stopping point to the starting point, from which the
respective movement was initiated. The dots were placed on the
floor exactly between the feet, aiming thus for the center of
pressure, by second assessor, so that the first assessor could
focus on giving instructions and guiding participants. After each
trial participants were led or pushed back from the stopping point
to the starting point, which was for the whole test at the same
location, so the next trial could begin.

For the whole duration of the test participants were blindfolded in
a quiet room and thereby could not use any visual nor auditory
cues that might help them in finding their way back to the starting
point. It can thus be assumed that the only cues
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TABLE 3| Test conditions of the clinical balance test (CBT).

No. Condition

Task

Points (min D 0, max D 3)

0 1 2
K. Static — stable surface (floor) Stand with feet together — open eyes
L. Stand with feet together — closed eyes
M. One leg stance — left — open eyes
N. One leg stance — right — open eyes
0. One leg stance — left — closed eyes
P. One leg stance — right — closed eyes
7. Static — unstable surface (pad) Stand normally (hip width stance) — open eyes
8. Stand with feet together — open eyes
9. Stand normally (hip width stance) — closed eyes
10. Stand with feet together — closed eyes
11. One leg stance — left — open eyes
12, One leg stance — right — open eyes
13. One leg stance — left — closed eyes
14. One leg stance — right — closed eyes
15. Dynamic Walk inside the zone (4 m 30 cm) Forward
16. Turn (90)
17. Backward
18. Walk on the line (4 m 5 cm) Forward
19. Turn (90)
20. Backward
21. Walk on the line with feet one after the other (4 m 5 cm) Forward
22. Turn (90)
23. Backward
24, Walk on the beam (4 m 10 cm) Forward
25. Turn (90)
26. Backward
27. Walk on the beam sideways (4 m 10 cm) Rightward
28. Turn (90 )
29. Leftward
30. Walk on the line with closed eyes(4 m 5cm) Forward

they could use were somatosensory and vestibular in the
active-walking condition and vestibular only in the passive-
wheelchair condition.

Outcome Variables and Data Analysis
Pre-specified primary outcomes were improvement in
score (in points) on the CBT and decrement in average
error distance (in cm) on the orientation test (OT).

TABLE 4 | Length of segments and turning angles of triangular paths
in the orientation test (OT).

Data were analyzed with MatLab (Mathworks, USA) and SPSS
(IBM, USA) software. Statistical analysis included paired t-tests
for within group analyses and repeated-measures-ANOVAs with
time and group as factors for between group and interaction
effects analyses. The significance level was set to a D 0.05. The
descriptive results are shown as mean standard deviation; in

addition, effect sizes (!zp) and 95% confidence intervals of
change are reported; the effect size magnitude of 0.01 indicated
small, 0.059 medium and 0.138 large effects(Cohen, 1988;
Donath et al., 2013). All of the datasets were checked for normal
distribution and homogeneity of variance before running
parametric tests.

Final analysis included 25 participants in each group. Two
participants (one from each group) were not considered for the
analysis because of major outliers, reaching more than 2
standard deviations away from the mean score of all participants.
All subjects were recruited from December 2014 until March

Direction Turning angle Segment 1 Segment 2 Segment 3 RESULTS
() (cm) (cm) (cm)
Right 60 203 201
920 203 196 286
120 250 877
Left 60 203 201
920 203 196 286
120 250 377

2015 and their characteristics are shown in the Table 1.
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FIGURE 3 | Example of three triangular paths in right direction used for
the orientation test (OT); blue arrows mark two sides of respective
triangular paths along which participants where guided or pushed in a
wheelchair, whereas green arrows show the optimal route for walking
back to the starting point from the respective release/stand up point.

Clinical Balance Test

Figure 5 shows both results of the overall test as well as the
results for closed eyes condition of the CBT; the respective
significance levels are summarized in the Table 5.

When overall results are considered, both of the groups
demonstrated pre- to post-training improvements. In the
training group this improvement was on average 5.1 points
(71.8 5.2 to 77.0 4.5) whereas in the control group it
amounted to 2.4 points on average (71.1 6.4 to 73.50 4.4).

The interaction effect here was not large enough to reach our
preset significance level and the effect size was small (p D
0.166,

!2p D 0.039) (Figure 5; Table 5).

In contrast to the overall test results, when only those
conditions were analyzed in which the participants had
their eyes closed, a significant interaction effect with

medium to large effect size was observed (p D 0.011, !2p
D 0.128), as can be seen from the Figure 5 and Table 5.
In these conditions the training group improved (13.7 1.8
to 15.4 2.2) while the control group performed slightly
worse on the post-test (13.7 2.6 to 13.6 2.4).

The results from test conditions where participants had
their eyes open did not reach significant interaction effect
(p D 0.594). A learning effect could be observed here,
with very similar improvements of about 3 points in both
the training and control group (Table 5).

Orientation Test
Overall OT results gave a non-significant interaction effect with

very small effect size (p D 0.063, !2p D 0.006) (Figure 6; Table
5). Errors in the training group decreased by 11 cm (114 68 to
103 62) whereas the error in the control group increased slightly
by 2 cm (111 74 to 113 75) (Figure 6; Table 5).

Further analysis of the wheelchair condition results revealed a
much larger improvement in the training group compared to the
control group; the training group improved by about 21 cm (131
75 to 110 63) in comparison to a very small 1 cm (121 68 to 120
79) improvement in the control group. This difference in
improvements between the two groups that occurred over time
led also to a significant interaction effect with small effect size (p

D 0.049, !2p D 0.013) (Figure 6; Table 5).

Lastly, the condition where participants were walking while
actively guided over the polygon did not reveal a significant time
X group interaction effect (p D 0.591). Within this condition of the
OT the training group remained at about the same level of

FIGURE 4 | Examples of OT conditions: guided walking (left) and wheelchair sitting (right) conditions.
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TABLE 5 | Summary of mean improvements over time, interaction effects and effect sizes on CBT and OT; cm - centimeters, pts — points, —p < a.

Test Condition Mean improvements over time (95% ClI) F p '
Training Control
CBT All conditions 5.1pts (2.5, 7.7pts) 2.4pts (0.4, 5.3pts) 1.93 0.171 0.039
Closed eyes 1.7pts (0.6, 2.7pts) 0.1pts (-1, 1.1pts) 7.06 0.011 0.128
Open eyes 3.5pts (0.9, 6.0pts) 2.5pts (0, 5.1pts) 0.20 0.594 0.004
oT All conditions 11cm (2,19 cm) -2 cm (11, 8 cm) 3.46 0.063 0.006
Wheelchair 21 cm (8, 34 cm) 1cm (-14, 16 cm) 3.91 0.049 0.013
Walking 0cm (-10, 10 cm) —4cm (-16, 8 cm) 0.29 0.591 0.001
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FIGURE 5 | Improvements over time in both groups on CBT, for all ) )
conditions together and closed eyes conditions only; significance FIGURE 6 | Improvements over time in both groups on OT, for all
evels (p) indicate time group interaction effects. conditions together and wheelchair condition only; significance
levels (p) indicate time group interaction effects.

error while the control group performed worse at the post
test by about 4 cm (Table 5).

DISCUSSION

The main findings of this study are twofold, both of which
are supportive of the a priori hypothesized improvements
of vestibular system function in response to intensive
balance training.

Firstly, 1 month of intensive balance training during which
participants learned how to slackline, led to significantly better
performance of our training group participants on the CBT
compared to their control counterparts, but only on those
measurements where their visual input was blocked, i.e., where

they had to balance with eyes closed. The magnitude of the
effect of slackline-training here was medium to large. In contrast,
on tasks where visual input was not blocked, both groups
improved about the same, thus revealing a potential practice
effect which might have taken place between pre- and post-test.
Considering that the input from three systems involved in
balance maintenance is present normally in a moving person
(visual, vestibular and somatosensory) (Horak, 2006), it appears
from our test results that the vestibular and somatosensory
systems were particularly affected by the slackline-training.
Secondly and similarly to the previous finding, the training group
performed significantly better on the OT compared to the control
group, but again only in one condition, namely the passive-
wheelchair condition (passively pushed along the designated
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routes). In this condition the input was intentionally limited to
the vestibular system, and the performance thus depended
solely on the function of the vestibular system and related
brain regions which process this input. Many connections
have been proposed to exist between the vestibular system
and temporal lobe, in particular the hippocampus, for the
purpose of processing these spatial and orientation inputs
(Hitier et al., 2014). Once more, the results of the OT used in
our study allow us to speculate that vestibulo-hippocampal
spatial orientation function has been positively affected by the
slackline-training, with a small effect size.

Many earlier studies used numerous diverse approaches to
enhance balancing skills in various target groups (Zech et al.,
2010; Sherrington et al., 2011). The majority of balance trainings
were reported to be successful in improving outcome variables in
healthy young (Zech et al., 2010) and elderly (Sherrington et al.,
2011; Cadore et al., 2013; El-Khoury et al., 2015) participants,
athletes (Hubscher et al., 2010; Boccolini et al., 2013), as well as
patients suffering from Alzheimer's (Ries et al.,, 2015) and
Parkinson’s disease (Sehm et al., 2014), post-stroke patients
(Lubetzky-Vilnai and Kartin, 2010) and patients with vestibular
disorders (Porciuncula et al., 2012). A literature review pertained
to our first finding (stability improvement in closed-eyes
conditions of CBT) revealed that similar studies (involving
slackline-training) published before suggested large task-specific
improvements (standing on slackline) in response to training but
only small to moderate non-task specific improvements (for meta-
analytical review see (Donath et al., 2016a)). However, these
studies used different training and evaluation methodologies; that
is, the only non-task specific transfer effects evaluated were
postural sway displacement and velocity changes, while
participants stood with open eyes on a firm or suddenly perturbed
flat surface of a force platform, mostly in one-leg and tandem
stance modes. In contrast to these studies, for our analysis
outcome from comprehensive clinical balance assessment was
used, in which the standing conditions included standing on both
and each leg separately (not only one by own choice) in open
and closed eyes conditions, on a firm flat but also on a soft,
unstable surface. In fact, our main finding here was related to the
larger improvement in the closed eyes conditions, which was not
even assessed by these studies; for the open-eyes conditions we
could also not find any significant effects. Furthermore, our
training methodology differed from that applied in previous
studies in at least two points: (a) it involved more hours spent on
the slackline (around 600 min vs. an average of 380 min in other
studies) and was implemented on slacklines of shorter length (3
m vs. 5 to over 15 m in other studies). As we already mentioned
earlier, this slackline length was intentionally chosen for the
purpose of stimulating semicircular canal function, in addition to
that of otolith organs; this important input (Highstein, 1991; Cullen
and Minor, 2002) might have been neglected in other training
interventions and its effects could hence have been overlooked.
Regarding the training intensity, variation in intensity of motor
training has already been shown to differentially affect the skill
learning and brain structure (Sampaio-Baptista et al., 2014), an
effect which could have also contributed to our results. One of
previous studies investigated improvements in balancing skills

with both open and closed eyes in response to 6 weeks of balance
training (Strang et al., 2011). Their results from postural movement
measurement were, interestingly, very similar to our results; in the
eyes closed condition they noticed a significant improvement while in
the eyes open condition no significant change could be observed.
The authors argued that this finding was to be expected, because
only imposing a constraint during test, such as blockading visual
input, would allow the effects of training to emerge. Another study on
basketball players also reported improvements in tests with closed
eyes in response to a 6-week balance training (Zemkova and Hamar,
2010). Whereas in that study improvements were seen mainly in
dynamic balance tests we found them in the static balance tests only,
consisting of various conditions on stable and unstable surfaces,
which might be due to methodological differences between the
studies; that is, the training methods differed and only one dynamic
test condition was performed with closed eyes in our CBT, whereas
all the other closed eyes conditions of the CBT belonged to the static
group. Since the participants improved significantly on the closed
eyes conditions, this had to be to the greatest extent within the static
conditions. Had, however, our test involved more dynamic conditions
with closed eyes, it appears from our results that it would have been
reasonable to expect a significant difference in the amount of
improvement between groups there as well.

The importance of stimulating both the rotational (semicircular
canal function) and the translational (otolith organs) component
of the vestibular system becomes obvious and is also crucial for
our second finding. Namely, this was to show that the link
between the vestibular system and its central vestibular-
dependent  spatial-orientation  brain  regions,  primarily
hippocampal regions (Hitier et al., 2014), can be affected by an
adequately designed slackline-training. No previous studies
investigated this possibility, making consequently our results
novel in that sense. After learning how to slackline, our
participants were able to return to the starting position more
precisely after being taken away from it in a wheelchair along
three different triangular paths. The triangle completion task was
already used by many previous studies, mainly to examine the
difference between younger and older persons in their ability to
navigate in space (Allen et al., 2004; Adamo et al., 2012) or to
investigate functions of the medial temporal lobe (Wolbers et al.,
2007; Wiener et al., 2011). Consequently, the design of these
studies was cross-sectional and no particular treatment was used
to improve this ability over time. Our study is the first one to our
knowledge to show transfer effects of slackline-training on
orientation abilities in young people assessed with this task.
Several authors studied rats to demonstrate the importance of
the vestibular system for successful orientating in space
(Stackman and Herbert, 2002; Russell et al., 2003; Smith et al.,
2005). It has been shown that peripheral vestibular deficiency
leads to impairments in functioning of the medial temporal lobe in
spatial orientation tasks as well as in spatial learning. These
impairments are due to alterations in electrophysiological and
neurochemical signaling between the two systems. Other
previous studies went on further to investigate the importance of
the vestibular system for orientation in humans (Brandt et al.,
2005; Hufner et al., 2011; Previc et al., 2014), thereby confirming
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the findings of animal studies. The structure of the hippocampal
formation has been found to be altered in persons who suffer
from vestibular deficiency, but also in persons who need to rely
heavily on their vestibular system because of their profession, for
example ballet dancers. It has even been proposed that
vestibular system degeneration might be a significant contributor
to development of the Alzheimer's disease (Previc, 2013).
Although our study sample consisted of young and healthy
subjects, considering neuroplasticity principles in response to
motor task learning over the entire lifespan (Dayan and Cohen,
2011), it is legitimate to hypothesize that similar results could be
expected in older populations, particularly as a prevention
strategy in those at early stages of dementia. Some studies could
not find significant relevant transfer effects of slackline-training in
this population (Donath et al., 2016b), but, as discussed earlier,
the methodological issues might have contributed to such
findings; in our opinion additional research on this topic is
required to answer this question.

Therefore, as far as the external validity or generalizability of our
findings is concerned, our sample consisted of young and healthy
(18-30 years old) subjects, and the results are thus mostly
applicable to the same population. Considering, however, that
many balance-training interventions can benefit both healthy and
diseased populations of various ages in their original form
(Taubert et al., 2010; Sehm et al., 2014), it is reasonable to
assume that similar interventions to that used in our study could
be beneficial for healthy older or even non-healthy older
populations, in the direction obtained with our younger sample. It
would be of a particular interest for us to see if similar
interventions would demonstrate a significant gain in patients
suffering from various stages of neurodegeneration, from those
with mild cognitive impairment to those with Alzheimer’s disease,
in whom the spatial orientation capabilities are considerably
reduced (Allen et al., 2004).

There are several limitations of our study which we would like to
list here. First, our CBT has not yet been validated; however,
many of its items resemble those applied in other validated CBTs
and its inter-rater reliability is very high. Another argument
against could be that the subjective nature of our postural sway
assessment is less accurate than the quantitative assessments at
force platforms; most CBTs, however, are subjective opinion-
based tests, but are comprehensive and specifically designed to
assess various components of balancing abilities, and remain
important and valid assessment tools for this purpose (Mancini
and Horak, 2010). Our OT comes from the extensively used
triangle completion test that assesses orientation abilities; still,
only a subset of conditions was applied
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in our study, in accordance with availability of facilities at our
institute; although the error distance measurement has been
performed thoroughly, reliability data is still to be provided.
Secondly, we did not report any follow up results which would
signify a potential of this training to cause eventual retention
of the achieved effects over a longer period of subsequent
inactivity. Third limitation can be considered the fact that we
yet have to show neural correlates of our behavioral
improvements, by analyzing pre/post MR data. Finally, our
participants performed the training with open eyes; it would
be interesting to know whether the same training performed
with closed eyes would bring any different results, compared
to both the control group and the actual training group, since
in this third group visual input would be blocked. We will
attempt to successfully deal with these limitations in our
future work.

CONCLUSION

Our results indicate that 1 month of intensive balance training,
through learning how to slackline, is a successful novel approach
for enhancing clinically relevant balancing abilities in conditions
with closed eyes and simultaneous improvements in vestibular-
dependent spatial orientation capability; both of the benefits are
possibly caused by positive influence of slackline-training on
vestibular system function, and possibly its connectivity with
temporal lobe regions responsible for orienting in space, such as
the hippocampus. We can highly recommend this method, both
its intensity and type, to all young persons who need to improve
functioning of their vestibular system, either for the purpose of
increasing stability, upgrading spatial orientation abilities or both.
Modifying the training protocol could be also potentially of
advantage for healthy elderly and those at risk of
neurodegeneration of the medial temporal lobe orientation-
system, such as in AD, but this is yet to be proven by future
studies.
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From animal research, it is known that combining physical activity with sensory
enrichment has stronger and longer-lasting effects on the brain than either treatment
alone. For humans dancing has been suggested to be analogous to such combined
training. Here we assessed whether a newly designed dance training program that
stresses the constant learning of new movement patterns is superior in terms of
neuroplasticity to conventional fithess activities with repetitive exercises and whether
extending the training duration has additional benefits. Twenty-two healthy seniors (63—
80 years) who had been randomly assigned to either a dance or a sport group completed
the entire 18-month study. MRI, BDNF and neuropsychological tests were performed at
baseline and after 6 and 18 months of intervention. After 6 months, we found a
significant increase in gray matter volume in the left precentral gyrus in the dancers
compared to controls. This neuroplasticity effect may have been mediated by the
increased BDNF plasma levels observed in the dancers. Regarding cognitive measures,
both groups showed significant improvements in attention after 6 months and in verbal
memory after 18 months. In addition, volume increases in the parahippocampal region
were observed in the dancers after 18 months. The results of our study suggest that
participating in a long-term dance program that requires constant cognitive and motor
learning is superior to engaging in inducing
neuroplasticity in the brains of seniors. Therefore, dance is highly promising in its
potential to counteract age-related gray matter decline.

repetitive physical exercises in

Keywords: neuroplasticity, VBM, exercise, dancing, neurodegeneration, BDNF

INTRODUCTION

The current demographic change in Western societies, involving both a relative and an absolute
increase in the number of older people, has sparked increasing scientific interest in geriatric issues.
In this context, concepts of successful aging are becoming increasingly important. Several studies
have indicated that physical exercise may play a key role in healthy aging and in the prevention of
cognitive decline and neurodegenerative diseases (Colcombe et al., 2006; Erickson et al., 2011).
Recent reviews summarizing epidemiological, cross-sectional and interventional studies support
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physical activity as a propitious method to induce neuroplasticity
in late adulthood (Gregory et al., 2012; Voelcker-Rehage and
Niemann, 2013; Bamadis et al., 2014). Erickson et al. (2012)
have concluded that higher cardiorespiratory fitness and aerobic
physical activity levels are associated with larger gray matter
volumes in the prefrontal regions and the hippocampus.
However, not only cardiovascular fitness but also coordinative
exercise (Niemann et al., 2014) and cognitive training (Bamadis
et al., 2014) have been shown to induce gray matter plasticity
and enhance cognitive functions in older adults.

Animal research has suggested that a combination of physical
exercise with sensory enrichment has the strongest effect on the
genesis of new neurons—predominantly in the hippocampus—
and that only this combination ensures the enduring survival of
the newborn cells (Kempermann et al., 1997; van Praag et al.,
2005). Kattenstroth et al. (2013) have suggested that “dancing
activities should be regarded as an equivalent of enriched
environmental conditions for humans since they provide an
individual with increased sensory, motor and cognitive
demands.” Despite this encouraging statement, studies
examining the effects of dance training on brain structure or
function are scarce. After a 6-month dancing intervention,
Kattenstroth et al. (2010) have reported significant improvements
in cognitive, tactile and motor performance in participating
seniors. The results of a prospective study of 469 subjects older
than 75 years over a median follow-up period of 5.1 years have
indicated that dancing is associated with a markedly reduced risk
of dementia (Verghese et al., 2003). However, Hufner et al.
(2011) have reported reduced volumes in several brain regions
including the anterior hippocampal formation and parts of the
parieto-insular vestibular cortex in professional dancers and
slackliners compared with non-professionals. This finding may
indicate that intensive and repetitive training of the same motor
skills leads in context of specialization to reduced volumes of
some brain regions. In this study, we therefore design a special
dance training program that constantly required the participants
to learn new movement patterns (Miller et al., 2016). To assess
the specific benefits of this intervention, we compared our newly
designed dance program to an active rather than a passive
control group, which took part in a conventional health sport
fitness program in which participants typically performed
repetitive physical exercises such as bicycling on an ergometer.
Furthermore, because we were interested in the temporal
dynamics of the interventions, we assessed the effects on brain
structure and function after 6 and 18 months of training. In doing
so, we sought to assess whether it is beneficial to extend
interventions, because some brain regions may require more
training than others, or whether there is a limit after which more
training becomes detrimental. Finally, in search of a potential
mechanism underlying neuroplasticity, we measured the BDNF
levels in the peripheral blood. Several studies have suggested
that BDNF promotes the differentiation of new neurons and
synapses (Huang and Reichardt, 2001; Lessmann and
Brigadski, 2009; Park and Poo, 2013; Edelmann et al., 2014).
BDNF, therefore, has been proposed to be a mediator of adult
neuroplasticity (Floel et al., 2010).

MATERIALS AND METHODS

Participants and Experimental Design

The study was designed as an 18-month controlled intervention.
The study was approved by the ethics committee of Otto-von-
Guericke University, Magdeburg, and all subjects signed a
written informed and they did not receive payment for their
participation. Sixty-two healthy elderly individuals (63-80 years)
recruited via announcements in local newspapers were screened
for the study. The exclusion criteria were claustrophobia, tinnitus,
metal implants, tattoos, diabetes mellitus, depression (Beck-
Depressions Inventory, BDI-Il > 13), cognitive deficits (Mini-
Mental State Examination, MMSE < 27), neurological diseases
and regular exercising ( 1 h/week). On the basis of these criteria,
10 subjects were excluded. The remaining 52 participants were
then randomly assigned to either the dance or the sport group by
using the website www.randomization.com and controlling for
age, MMSE status and physical fitness. Assessments were
performed at baseline, after 6 and after 18 months of training
(Figure 1). Twenty-two participants completed the entire
intervention and all measurements. Table 1 provides detailed
demographic data for these participants. No group differences
regarding the demographic data were found.

Interventions
The interventions were separated into two periods. In the first period,

the subjects trained twice per week in 90-min sessions for

Scr\t_e:rél:ng Drop-Outs
S N=10
a
Pre-Tests
Sport Group ———— Randomization Dance Group
N=26 I N=26
1. Period of Training
2x perweek
Drop-Outs ——— | 90 minutes Drop-Outs
N=§ for 6 month Hes
Sport Group Post-Tests Dance Group
N=18 70% attendance rate N=20
2. Period of Training
1x perweek
Drop-Outs ————  , 90 minutes Drop-Outs
N=6 for 12 month N=8
Sport Group Post-Tests Dance Group
N=10 70% attendance rate N=12

FIGURE 1 | Flow chart of participants’ recruitment.
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TABLE 1 | Demographic information on the participants at baseline.

Measure Dancing group Sport group
N 12 10

Age (years) 68.25 .3.91/ 68.60 .2.79/
Gender (% female) 50% 40%

BMI 27.51 .3.87/ 27.24 .2.94/
BDI-II 5.50 .2.94/ 3.00 .3.77/
Education 15.50 .2.11/ 16.40 .1.35/
MMSE 28.33 .1.07/ 29.10 .0.57/

BMI, body mass index; MMSE, Mini-Mental State Examination; BDI-II, Beck-
Depressions Inventory.

6 months. For practical reasons (availability of participants and
trainers), the second 12-month intervention period comprised a
reduced training frequency of once per week. Both intervention
programs were performed in a group context with music to
control for psychosocial interactions. Conditional load was
examined by recording the pulse values during the training
sessions and by calculating the individual training heart rate
according to Karvonen et al. (1957) with a factor 0.6 for
extensive endurance training. Hence, the two training programs
were comparable in terms of intensity, duration and frequency.
Both were supervised by experienced instructors.

Dance Group

Participants in the dance group attended a newly designed
training program in which they were constantly asked to learn
new movement sequences. These choreographies required
the coordination of different body parts (i.e., legs, arms,
trunk) in space under different strain conditions (physical
strain, precision, situation and time pressure). The subjects
had to learn the choreographies by heart, thus imposing high
demands on memory as well. The program comprised five
different genres (line dance, jazz dance, rock “n” roll and
square dance), which were switched after every fourth
session. Over the course of the intervention, coordinative
demands and time pressure were increased by introducing
more complex dance moves and choreographies and by
increasing the beats per minute in the music.

Sport Group
Participants in the sport group completed a conventional

strength-endurance training program with mainly repetitive
exercises and low demands in terms of whole-body coordination
and memory. Each session comprised 20-min units of
endurance, strength-endurance and flexibility training. The
endurance training was performed on cycle ergometers. In the
strength-endurance unit, alternating movements (e.g., biceps
curls, squats, sit-ups) were performed, but complex whole body
movements were avoided to keep coordinative demands low.
The flexibility unit mainly consisted of stretching exercises.

Outcome Measures

Cardiovascular Fitness

Cardiovascular fitness was assessed by the Physical Working
Capacity 130 Test (PWC 130). PWC 130 is the power output
(measured in watts) that a subject is able to achieve on a cycle

ergometer under a heart

calculations, we used resting heart rate [min
relative physical capacity [watt/kg].

rate of 130 bpm. For
] and

Neuropsychological Testing
An extensive battery of neuropsychological tests were performed

on the subjects. For the purpose of the current study, only the
results of a verbal short- and long-term memory test, the “VLMT”
(an adapted German version of the “Rey Auditory Verbal
Learning Test”; Helmstaedter and Durwen, 1990) and an
attention test battery (Test of Attentional Performance (TAP);
Zimmermann and Fimm, 2002) are reported.

BDNF
Fasting blood samples were taken in the mornings of the

neuropsychological assessments. From the blood samples,
plasma concentrations of BDNF were determined by sandwich
ELISAs (BDNF DuoSets; R&D Systems, Wiesbaden, Germany)
as previously described (Schega et al., 2016).

MRI

MR images were acquired on a 3 Tesla Siemens
MAGNETOM Verio (Syngo MR B17) using a 32-channel
head coil. High-resolution T1-weighted MPRAGE sequences
were acquired using a 3D magnetization-prepared rapid
gradient echo imaging protocol (224 sagittal slices, voxel

size: 0.8 0.8 0.8 mm3, TR: 2500 ms, TE: 3.47 ms, TI: 1100
ms, flip angle: 7 ). The MR images were analyzed using
voxel-based morphometry (VBM) implemented in SPM 12
(Welcome Department of Cognitive Neurology, London, UK).
VBM is a whole-brain unbiased technique for analysis of
regional gray matter volume and tissue changes (Ashburner
and Friston, 2000).

Preprocessing involved gray-matter segmentation,
template creation via DARTEL, spatial normalization to
standardized Montreal Neurological Institute (MNI) space
and smoothing with an Gaussian kernel of 8 mm full width
at half maximum (FWHM).

To analyze the difference in gray matter volume changes
between groups, a full-factorial design with the factors group
(dance, sport) and time (0, 6 and 18 months) was applied. In the
case of significant group time interactions, post hoc t-tests
between consecutive pairs of time points (0 vs. 6; 0 vs. 18; 6 vs.
18 months) were calculated separately for each group. A
threshold of p < 0.001 (uncorrected) was applied for all analyses.

RESULTS

The presentation of the results is structured as follows. We first
looked for a general intervention effect (factor time), then looked
for differential effects of the two interventions (interaction group
time); finally, a more detailed analysis of the temporal dynamics
was performed via post hoc pairwise comparisons.

Cardiovascular Fitness
Cardiovascular fithess as measured by the PWC 130 (Table

2, relative physical capacity) did not differ between groups at
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baseline. Furthermore, the PWC 130 score did not increase
significantly throughout the time course of either intervention.

Neuropsychological Tests
A significant main effect of time was observed for verbal short-
term memory (VLMT early recall; F 2 19/ = 6.438, p = 0.004, 2 =
0.253), verbal long-term free recall (VLMT late recall;

2,19/ = 3.387, p = 0.049, 2 = 0.244), verbal long-term recognition
(VLMT recognition; F 2 19/ = 5.352, p = 0.009, = 0.220) and
attention reaction time (subtest flexibility;

.2,19/ =19.156, p < 0.001, ~ = 0.489). No significant time group
interactions emerged.

Post hoc pairwise comparisons showed significant
improvements from baseline to 18 months and from 6 to
18 months in all three VLMT subcategories in both
groups. Regarding TAP reaction times, a significant
improvement was seen in the comparison of the baseline
to the 18-month data in both groups.

BDNF

Plasma levels of BDNF were analyzed in blood samples before
the onset of training as well as 6 months and 18 months after the
onset of training. Absolute BDNF plasma levels are summarized
in Table 2. The intraindividual changes in BDNF level revealed a
significant increase in the dancing group, whereas the
intraindividual BDNF level remained constant after 6 months of
training in the sport group. No further changes in BDNF occurred
after 18 months in any group (Figure 2).

MRI

A significant group time interaction was observed in the left
precentral gyrus and the right parahippocampal. Post hoc t-
tests between the baseline and 6-month data showed a
significant increase in gray matter volume in the left
precentral gyrus of only the dancers. In the comparison of the
baseline and the 18-month data in addition to the precentral
gyrus, the dancers exhibited a significant gray matter volume
increase in the right parahippocampal gyrus, which was also
the only significant change in the interval from 6 to 18
months. Thus, the volume increase in the precentral gyrus
emerged after 6 months and remained stable over the
remaining dance training interval, whereas the change in

o % []Dance Group
g T [_]Sport Group
£ 400+ s

o

o

S 3001

£

£ 200 4 . T

o \
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w 1004 T
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FIGURE 2 | Intraindividual changes in BDNF plasma levels after
intervention. BDNF plasma levels were analyzed in blood samples of
participants performing a dancing training program or a sport training
program before the onset of training, after 6 months of training and after 18
months of training. The relative increase in BDNF levels was quantified. The
BDNF levels significantly increased in the dance group after 6 months of
training (Mann-Whitney U-test, p < 0.004) and declined nearly to baseline of
the pretreatment value after 18 months of dancing training. There was no
change over the entire time course in the sport group (Friedman test, p =
0.319), whereas a significant change over the entire time course was
lobserved in the dance group (Friedman test, p = 0.028). Box plots: minimum,
25th percentile, median, 75th percentile. p 0.05.

the parahippocampal gyrus occurred during the later
training interval only (Figure 3).

DISCUSSION

In this study, we compared the effects of participation in either a
dance program or a conventional physical fithess sport program
on brain function and volume in healthy seniors. The dance
program was a newly designed intervention that required
constantly learning new dance choreographies. The conventional
sport program focused mainly on repetitive motor exercises. As a
main finding, we observed that after 6 months of training, the
volumes in the left precentral gyrus of the dancers had increased
more than those in the sport group. After another 12 months of
training, an additional volume increase was observed in the right
parahippocampal gyrus of the dancers. BDNF levels increased
during the first 6 months of dance training and returned to the
pre-treatment values after 18 months. In the conventional sport
group, a similar

TABLE 2 | Means and (SD) for fitness, cognitive functioning, BDNF plasma levels and total gray matter volume within training groups over

the intervention.

Dance group

Sport group

Variable Baseline 6 months 18 months Baseline 6 months 18 months
Relative physical capacity (Watt/kg) 1.28.0.33/ 1.19.0.29/ 1.36.0.38/ 1.19.0.33/ 1.39.0.30/ 1.21.0.31/
Resting heart frequency (min ™) 77.50.12.64/ 76.08.10.21/ 73.83.7.66/ 72.00.14.86/ 69.75.15.96/ 75.00.12.58/
VLMT early recall (points) 47.83.10.24/ 43.92.8.29/ 52.42.6.86/ 53.10.8.00/ 53.30.8.68/ 56.22.5.19/
VLMT late recall (points) 10.25.3.34/ 9.08.2.94/ 9.90.4.15/ 12.00.3.23/ 11.70.3.09/ 14.00.1.73/
VLMT recognition (points) 10.25.3.08/ 8.92.3.42/ 11.17.2.21/ 11.40.3.20/ 11.80.2.86/ 12.89.1.965/
TAP flexibility reaction time (ms) 978.58.241.15/ 901.75.288.62/ 772.92.168.97/ 873.70.234.04/ 863.50.277.63/ 792.70.162.17/
BDNF plasma 1469.57 .1038.87/ 2189.59 .1116.28/ 1725.83.778.27/ 1861.17 .1284.69/ 2170.76 .1285.04/ 1610.80.848.59/

3
Gray matter volume (mm™) 601.95.32.26/ 597.03.33.66/

611.27.33.23/

593.75.40.44/ 585.89.34.54/ 602.16.40.75/
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FIGURE 3 | Time by group interaction analysis, testing for greater volume changes in the dance compared with the sport group. A significant increase
in gray matter was found in the precentral gyrus (Montreal Neurological Institute (MNI)-coordinates: x = 16; y = 18; z = 77) and in the parahippocampal gyrus
gyrus (MNI-coordinates: x = 34; y = 26; z = 20). The box plots show the relative gray matter changes in the peak voxel. p 0.05.
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increase in BDNF was not evident. Because the
cardiovascular fitness levels over the course of the
interventions remained constant in both groups, the observed
effects could not be attributed to improvements in physical
fitness but instead seemed to be related to the specific
features of the dance program. These features included the
requirement to constantly learn new choreographies (i.e.,
memory), to integrate multisensory information, to coordinate
the whole body and to navigate in space.

Brain Changes

The precentral gyrus is essential for the control of voluntary
motor functions. The increase in gray matter volume in the
precentral gyrus in the dance group may, therefore, have
been based on the complex and ever-changing movement
patterns that the dancers had to perform. These movements
required the simultaneous coordination of several parts of the
body in different directions and adjustment to the varying
rhythms of the music (polycentric and polyrhythmic).
Reflecting on these complex coordination requirements,
Brown et al. (2006) have reported dance-induced activations
in the putamen, the primary motor cortex and the
supplementary motor area (SMA), as shown by PET. Other
studies have indicated an association between coordination
demands (e.g., balancing, juggling) and neuroplasticity in the
precentral region (Boyke et al., 2008; Taubert et al., 2010).
Hence, the dance-related volume increase in this area was
consistent with expectations based on the literature.

The parahippocampal gyrus is part of the outer arc of the limbic
system and plays an important role in working memory and
episodic memory retrieval (Pantel et al., 2003). According

to Bliss and Lomo (1973), the parahippocampal gyrus constitutes
the interface between memory and the experiential
consciousness of the present, because it is interconnected by
the perforant tract both to regions of the frontal lobe, which are
associated with working memory, and to the hippocampus, the
central structure in episodic memory encoding and spatial
navigation. Many VBM studies have reported an age-related
volume loss in parahippocampal regions (Tisserand et al., 2002).
Furthermore, Echavarri et al. (2011) have suggested that
parahippocampal atrophy is an early biomarker of AD. The
observation that engaging in a dance program for a longer period
can induce neuroplastic processes in this crucial memory region,
therefore, particularly encouraging in terms of developing
prevention strategies.

Temporal Dynamics of Gray Matter

Brain Plasticity

The observed volume increases in the two brain regions
developed at different times. Dancing led to a volume increase in
the motor areas after 6 months (see also Rehfeld et al., 2016),
which remained stable during the subsequent 12 months. The
dance-associated volume increase in the parahippocampal gyrus
emerged later and was observed only in the 18-month data. The
different temporal dynamics in the evolution of the two brain
regions may be related to differences in the underlying cellular
mechanisms. Animal research has suggested that angiogenesis
and the formation of new dendrites (Thomas et al., 2012) occur
rapidly, whereas changes in the neuropil occur much slower
(Black et al., 1990). In humans, rapid increases in gray matter
volume in the prefrontal regions have been observed after only 2
weeks of motor learning in younger adults (Taubert et al.,
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2010). To induce neuroplasticity in the hippocampus,
longer training periods have been recommended
(Erickson et al., 2012; Niemann et al., 2014).

Interestingly, the aforementioned volume increases from our
study are in contrast to the results of Hanggi et al. (2010),
which revealed that professional ballet dancers have
decreased gray matter volumes in the left premotor cortex,
SMA, Putamen and superior frontal gyrus and the results of
Hufner et al. (2011), which report reduced volumes in several
brain regions including the anterior hippocampal formation in
professional dancers and slackliners compared with non-
professionals. However, these studies were cross-sectional
observational studies which compared the brains of
professional dancers to those of non-professionals. In
addition, our dance group consisted of old aged novices.

It has been shown that learning of a new skill first leads to
recruitment of additional neural resources. Later, when the
skill becomes more automatic, less neuronal resources are
needed which may lead to volume decreases in those with
long-term experience. Based on these initial conditions
(novices, older adults) and our special designed dancing
training program, which required constantly new learning of
movement patterns, it is possible that effects of specialization
induced volume decreases as reported by Hanggi et al.
(2010) are not observed.

It is generally thought that motor training initially induces
brain volume increases. However, prolonged training leads to
automatization, which may have the opposite effects on
cortical volume, because less cortical control is needed after
the motor skills have been fully established (Taube, 2008).
Our dance training program, therefore, was specially
designed to avoid such automatization, which may explain
why, at least within 18 months, no cortical volume decreases
were observed in our study.

Cognitive functions also showed nonlinear development,
whereby verbal memory increased only during the second
training period. Regarding attention performance, significant
improvements were observable after only 6 months in both
groups (Rehfeld et al., 2016). These findings support prior
reports regarding the beneficial effects of physical
interventions on neuropsychological tests (Bamadis et al.,
2014). However, in cognitive ability data, in contrast to the
brain data, no group differences emerged. Others have
reported superior effects of combined cognitive and physical
training as opposed to single interventions (Oswald et al.,
2006). We will extend our interventions further to test
whether group differences in cognition might emerge at even
later time points.

Underlying Cellular and Molecular
Mechanisms of Gray Matter Plasticity
Although VBM is an imaging modality that reveals volume
changes in the brain, this technique does not allow causal
conclusions regarding the underlying neurophysiological
processes. Neurogenesis, synaptogenesis and angiogenesis are
just a few of the mechanisms that have been suggested to be
the basis of brain volume changes (Zatorre et al., 2012).

As mediators of the effects of cardiovascular fithess on the
brain, growth factors such as BDNF, insulin-like growth factor
(IGF) and nerve growth factor (NGF) are being studied (Kirk-
Sanchez and McGough, 2014). However, in our study, in
contrast to previous ones (Erickson et al., 2011; Maass et al.,
2015), no differences in cardiovascular fitness were present
between groups, and the fitness levels did not change during
the interventions. The latter observation was probably related
to our control of the individual heart frequency, which we
aimed to maintain in the aerobic zone. However, BDNF
changes have also been associated with physical activity,
social interaction and positive stress (Mattson, 2008), and not
all studies have observed a BDNF increase after
cardiovascular training (Vital et al., 2014). Finally, animal
research has suggested that coordination but not endurance
training induces synaptogenesis and glial changes (Black et
al., 1990). Together, the named additional factors that drive
BDNF secretion may have been more crucial during dancing
than during fithess activities, thus explaining why only
dancers showed a BDNF increase in the first 6 months. The
observation that BDNF levels returned to baseline in the
following 12 months while volume increases were
simultaneously observed in the parahippocampal gyrus,
however, indicates that there must be other factors involved
in adult brain plasticity than the ones represented by BDNF
levels in the peripheral blood.

Regarding neurobiological mechanisms of exercised-induced
plasticity also concept of brain reserve (Satz et al., 2011)
should be considered. The concept of brain reserve describe
individual differences in an increased baseline adaptive
neuroplasticity, which provide greater dynamic capacity for
remodeling cortical circuits to different stressors (Barulli and
Stern, 2013; Freret et al., 2015).

Perspectives

The results of our study suggest that a long-term dancing
intervention could be superior to repetitive physical exercise in
inducing neuroplasticity in the aging human brain. We presume
that this advantage is related to the multimodal nature of
dancing, which combines physical, cognitive and coordinative
challenges. To our knowledge, this is the first longitudinal,
randomized study to recommend dancing programs as a means
of preventing gray matter and cognitive decline in the elderly.
Further research is needed to clarify in greater detail the
temporal dynamics and the underlying neurobiological
mechanisms of dance-induced neuroplasticity and whether this
intervention truly has the potential to reduce the risk of
neurodegenerative diseases such as Alzheimer’s.
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Age-related degenerations in brain structure are associated with balance disturbances
and cognitive impairment. However, neuroplasticity is known to be preserved throughout
lifespan and physical training studies with seniors could reveal volume increases in the
hippocampus (HC), a region crucial for memory consolidation, learning and navigation in
space, which were related to improvements in aerobic fithess. Moreover, a positive
correlation between left HC volume and balance performance was observed. Dancing
seems a promising intervention for both improving balance and brain structure in the
elderly. It combines aerobic fitness, sensorimotor skills and cognitive demands while at
the same time the risk of injuries is low. Hence, the present investigation compared the
effects of an 18-month dancing intervention and traditional health fitness training on
volumes of hippocampal subfields and balance abilities. Before and after intervention,
balance was evaluated using the Sensory Organization Test and HC volumes were
derived from magnetic resonance images (3T, MP-RAGE). Fourteen members of the
dance (67.21 3.78 years, seven females), and 12 members of the fitness group (68.67
2.57 years, five females) completed the whole study. Both groups revealed hippocampal
volume increases mainly in the left HC (CA1, CA2, subiculum). The dancers showed
additional increases in the left dentate gyrus and the right subiculum. Moreover, only the
dancers achieved a significant increase in the balance composite score. Hence, dancing
constitutes a promising candidate in counteracting the age-related decline in physical
and mental abilities.

Keywords: dancing, fitness training, balance, hippocampus, aging

INTRODUCTION

The human hippocampus (HC) is affected not only by pathological aging such as in Alzheimer’s disease
but also by the normal aging process resulting in deficits in memory, learning, and spatial navigation at
old age (Driscoll et al., 2003; Barnes et al., 2009). Magnetic resonance-studies indicate an atrophy rate of
the hippocampus and the nearby parahippocampal gyrus of 2—3% per decade (Raz et al., 2004, 2005),
which is further accelerated in the very old age where there is an annual loss

Frontiers in Human Neuroscience | www.frontiersin.org 1

June 2017 | Volume 11 | Article 305

105


http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
https://doi.org/10.3389/fnhum.2017.00305
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2017.00305/abstract
http://loop.frontiersin.org/people/223340/overview
http://loop.frontiersin.org/people/378354/overview
http://loop.frontiersin.org/people/400531/overview
http://loop.frontiersin.org/people/319724/overview
http://loop.frontiersin.org/people/320110/overview
http://loop.frontiersin.org/people/10779/overview
http://loop.frontiersin.org/people/387766/overview
http://loop.frontiersin.org/people/387766/overview
http://loop.frontiersin.org/people/378401/overview
https://doi.org/10.3389/fnhum.2017.00305
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Rehfeld et al.

Dancing Induces Hippocampal Plasticity

of 1% over the age of 70 (Jack et al., 1998). On the other
hand more recent research has shown that the HC counts
among the few brain regions with the ability to generate new
neurons throughout the lifespan (Kempermann et al., 2010;
Spalding et al., 2013). In animal models physical activity has
been identified as a key mechanism that can drive this adult
neuroplasticity (van Praag et al., 1999; Kronenberg, 2003). In
humans, research has focused on the effects of aerobic
fitness and training on volumes and perfusion of the HC.
Results reveal that higher cardiorespiratory fithess levels

(VO2 max) are associated with larger hippocampal volumes
in late adulthood, and that larger hippocampal volumes may,
in turn, contribute to better memory function (Erickson et al.,
2011; Szabo et al., 2011; Bugg et al., 2012; Maass et al.,
2015). Furthermore, some investigations also assessed
possible  physiological mediators of the observed
neuroplasticity, such as brain-derived neurotrophic factor
(BDNF), insulin-like growth factor 1 (IGF-1), and vascular
endothelial growth factor (VEGF) (Floel et al., 2010; Erickson
et al.,, 2011; Ruscheweyh et al., 2011; Maass et al., 2016).
Whereas Erickson et al. (2011) reported a positive correlation
between levels of serum BDNF, hippocampal volume and
cardiorespiratory fitness during 1 year of aerobic training,
neither Ruscheweyh et al. (2011) nor Maass et al. (2016)
found fitness-related BDNF changes after 6 or 3 months of
training, respectively. Moreover, other studies failed to find
correlations between volumes of the medial temporal lobe
area or the hippocampus and cardiovascular fithess in
healthy elderly (Honea et al., 2009; Smith et al., 2011).
Therefore, the role of cardio-respiratory fitness in modulating
hippocampal gray matter volume is still under debate.

The hippocampus is also involved in spatial navigation (O’Keefe,
1990) and in motor sequence consolidation (Albouy et al., 2008)
suggesting that motor skill learning and motor fithess can have
impact on hippocampal volume without any cardio-respiratory
change. In this respect, Niemann et al. (2014) tested whether 12
months of cardiovascular or coordination training induces larger
increases in hippocampal volume in healthy older participants.
After training, the cardio-vascular group revealed a significant
volume increase in the left HC of 4.22% and a non-significant
increase of 2.98% for the right HC. Effects of the coordinative
training were more pronounced in the right HC with an increase
of 3.91%, whereas the changes in the left HC (1.78%) were non-
significant. Further correlation analyses between motor fitness
and hippocampal volume failed to reach significant results. Still
there is compelling evidence that the human brain undergoes
morphological alterations in response to motor-skill learning
(Draganski

et al., 2004; Boyke et al., 2008; Taubert et al., 2010; Sehm et
al., 2014). Along these lines, a recent study demonstrated
structural brain changes already after two sessions of
dynamic balance training that correlated with the individual
motor skill learning success of the participants (Taubert et al.,
2010). Sehm et al. (2014) could demonstrate that 6 weeks of
balance training induced increases in the gray matter of the
left HC in healthy seniors. These findings highlight the
behavioral relevance of structural brain plasticity in the HC

for the learning process. Hufner et al. (2011) stated that
long-term balance training with its extensive vestibular,
visual and sensorimotor stimulation is associated with
altered hippocampal formation volumes in professional
ballet dancers and slackliners. Hence, the HC seems not
only crucial for long-term memory consolidation, learning
and spatial navigation, but also for balancing. Intact
balance is essential for social mobility and quality of life in
aging (Dordevic et al., 2017). Hence, physical intervention
programs should take this function into account, too.

In this respect dancing seems to be a promising intervention
since it requires the integration of sensory information from
multiple channels (auditory, vestibular, visual, somatosensory)
and the fine-grained motor control of the whole body. Behavioral
studies have already provided evidence of better performance in
balance and memory tasks in elderly dancers (Kattenstroth et al.,
2010, 2013; Rehfeld et al., 2014), but the underlying neural
mechanisms have not been addressed comprehensively so far.
Knowing that aerobic, sensorimotor and cognitive training
contribute to hippocampal volume, which also seems to be
associated with balancing capabilities, we initialized a
prospective, randomized longitudinal trial over a period of

18 months in healthy seniors. Two interventions were compared:
a specially designed dance program, during which subjects
constantly had to learn new choreographies, and a traditional
fitness program with mainly repetitive exercises, such as cycling
on an ergometer or Nordic walking. Whole-brain analyzes of the
acquired data using voxel based morphometry had shown
dance-associated volume increases mainly in the precentral and
the parahippocampal gyrus (Mdiller et al., 2016). Knowing that
dancing/slacklining (Hufner et al., 2011) and endurance sport
(e.g., Erickson et al., 2011) have different impact on anterior and
posterior parts of the hippocampus in the present analysis we ran
a region of interest analysis of this specific brain region. To do so
we first computed a restricted VBM analysis with a hippocampal
mask. In the next step we divided the hippocampus in five
subfields in order to allow a detailed analysis of the interventions’
effects on different parts of the HC. The hippocampus is not a
homogeneous structure but consists of histologically specialized
subfields, such as the subiculum, cornu ammonis (CA) 1-4 and
dentate gyrus (DG). The subiculum has been implicated in
working memory and spatial relations (Riegert et al., 2004;
O’Mara, 2005). CA3 and DG have been suggested to be involved
in memory and early retrieval, whereas CA1l in late retrieval,
consolidation and recognition. Especially the DG is one of the
few regions of the adult brain where neurogenesis takes places,
which is important in the formation of new memories and spatial
memory (Saab et al., 2009). Nevertheless all these subfields are
tightly interconnected (Duvernoy, 2005). Since dancing seems to
promote spatial orientation, working memory and might promote
neurogenesis, we expected volume changes in more subfields of
the HC after this intervention. Moreover, given the importance of
intact balance for successful aging on the one hand and its
dependence on the hippocampus on the other hand, we also
assessed effects of the interventions on balancing capabilities
and their relation to hippocampal subfield volumes.
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MATERIALS AND METHODS
Study Design and Subjects

This investigation, comprising hippocampal volume
alterations and changes in balance abilities, is part of a large
prospective longitudinal study which compares the effects of
dancing versus aerobic training on brain structure and
function, mediating neuroplasticity factors, such as BDNF, as
well as cognitive and motor performances in healthy elderly
seniors. The cognitive development and BDNF changes are
highlighted in our recent report (see Mller et al., 2017). The
intervention was provided for 18 months and contained three
time-points of measurement: baseline pre-test, first post-test
after 6 months of training and second post-test after 18
months of training (see Figure 1). Again, the temporal
dynamics of gray matter brain plasticity are already stated by
Miller et al. (2017), showing a significant increase of gray
matter volume in parahippocampal gyrus only for the dancers.
Based on that finding, we assume only changes from
baseline to the second post-test (18 months).

The approval for the study was obtained from the ethics
committee of the Otto von Guericke University,
Magdeburg. All subjects signed a written informed consent
and received a reimbursement for their participation.

The timeline of the study can be depicted from Figure 1.
Primarily, we invited 62 healthy elderly volunteers aged
63-80 years for cognitive and physical screening as well
as for verification of magnetic resonance imaging
suitability. Exclusion criteria were defined as follows: any
history of severe neurological conditions, metal implants,
claustrophobia, tinnitus, intensive physical engagement
(more than 1 h/week), cognitive impairments as evidenced
in the MMSE (Folstein et al., 1975) and depressive
symptoms (BDI-Il > 13) (Beck et al., 2006). Fifty two
seniors met the inclusion criteria and were then randomly
assigned to the experimental dance group and the control
sport group. After 18 months of training we were left with
26 complete data sets, including 14 dancers and 12
sportsmen. Both groups (mean age D 67.9 3.3 years) did
not differ concerning age, sex, education, and BMI. For
detailed information about demographic data see Table 1.

Interventions

The precise description of the interventions is published
elsewhere (Mller et al., 2016). In brief, the first period of training
was provided for 6 months, twice a week for both groups. Each
dancing or fitness class lasted 90 min. Because of organizational
reasons we had to change the training frequency from twice a
week to once a week after 6 months of training. The second
training period was run for 12 months and the training sessions
were reduced to once a week for 90 min in both groups. The
content of the dance classes induced a permanent learning
situation with constantly changing choreographies, which
participants had to memorize accurately. The training focused on
elementary longitudinal turns, head-spins, shifts of center of
gravity (COG), single-leg stances, skips and

Screening Drop-Outs
N=62 N=10
O
Pre-Test
Sport Group Randomisation Dance Group
N=26 I N=26
1. Period of Training
2 x per week
Drop-Outs R00 minites Drop-Outs
N=8 for 6 months N=6
Sport Group Mid-Test Dance Group
N=18 70% attendance-rate N=20
2. Period of Training
1 x per week
Drop-Outs a 90 minutes Drop-Outs
N=6 for 12 months N=6
Sport Group Post-Test Dance Group
N=12 70% attendance-rate N=14

FIGURE 1 | Study design presenting: voluntary recruitment, drop-outs,
time-points of measurement, duration of training periods.

hops, different steps like chassée, mambo, cha cha,
grapevine, jazz square to challenge the balance system.
Additional arm-patterns enforced imbalances (moving
arms away from center of pressure).

The program for the sport group was adjusted according to the
recommended guidelines for health sport (Brehm et al., 2006)
and included endurance training, strength-endurance training,
and flexibility training (stretching and mobility). Each part of the
mentioned topics (endurance; strength-endurance; and flexibility)
was exercised for 20 min, whereby a 10 min warm-up, a 10 min
cool-down and short breaks between the different exercises
adding to another 10 min completed each 90 min lasting session.
So both groups exercised for 90 min in each training session. In
the first 6 months, endurance training was performed on bicycle
ergometers with the intensity adjusted to the individual training
heart rate (HR) using the Karvonen Formula:

Target training HR D

Resting HR C .0:6Tmaximum HR resting HRU/:

The factor 0.6 is a representative for an extensive aerobic
training (Davis and Convertino, 1975). In the second training
period (12 months) the participants completed a Nordic Walking
program. The strength-endurance training aimed to strengthen
major muscles of the muscular skeleton. In this program we
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TABLE 1 | Demographic information at baseline of analyzed participants (N D 26).

Dance group [N D 14]

Sport group [N D 12]

M SD SD t-value p-value
Age [years] 67.21 3.78 68.67 2.57 1:12 0.272
Sex [%] 50% male 58% male 0:154 0.695
MMSE [points] 28.07 0.92 29.17 0.58 3:011 0.003
BDI-II [points] 4.5/5.54 3.37/2.97 3.75/3.39 3.79/3.77 0:53 0.598
Education [years] 15.40 2.05 16.10 1.45 1:395 0.175
2

BMI [kg/m ] 27.51 3.87 27.24 2.94 0:275 0.786
BMI, Body-Mass-Index; BDI-II, Becks-Depressions-Inventar Il; MMSE, Mini Mental State Examination; M, Mean; SD, Standard deviation; p 0.05 D

statistical significance.

avoided combined arm and leg movements in order to
keep coordinative demands low.

Structural MRI Acquisition,

Preprocessing, and Analysis

Magnetic resonance (MR) images were acquired on a 3 Tesla
Siemens MAGNETOM Verio (Syngo MR B17) using a 32-
channel head coil. T-1 weighted MPRAGE sequence (224
sagital slices, voxel size: 0.8 mm 0.8 mm 0.8 mm, TR: 2500
ms, TE: 3.47 ms, Tl: 1100 ms, flip angle: 7 ) were analyzed
using region of interest (ROI) defined voxel-based
morphometry with SPM 12 (Welcome Department of
Cognitive Neurology, London, United Kingdom) running under
Matlab (The Math Works). The data preprocessing involved
gray matter segmentation, DARTEL based template creation,
spatial normalization to MNI-Space and an 5 mm smoothing
with a Gaussian kernel as previously described.

Voxel-Based Morphometry with
Hippocampal Mask

In order to incorporate our a priori hypotheses concerning
hippocampal gray matter volume changes we first conducted a
ROI-VBM with hippocampal masks. The longitudinal analysis for
hippocampal gray matter volume changes was performed using
repeated measurement ANOVAs in a full factorial design. We
applied a threshold of p < 0.05 (FDR corrected).

Hippocampal Subfield

Volume Measurements

In a second step we analyzed volume changes in five
subfields of the HC. Up to now there is no real gold standard
in analyzing HC subfield volumes and each of the current
manifold analytic techniques has its strengths and
weaknesses (Bandettini, 2009; Kuhnt et al., 2013). Here for
the hippocampal subfield segmentation in order to obtain ROI
volumes we chose the SPM ANATOMY Toolbox v.2.2.c
(Eickhoff et al., 2007) with normalized images. This
segmentation included the cornu ammonis (CA1-CA3), the
dentate gyrus (DG, including CA4) and the subiculum (Figure
2). In SPM Anatomy toolbox, definition of anatomical regions
is based on maximum probability cytoarchitectonic maps.

Postural Control

Postural control was assessed with the Sensory Organization
Test (SOT) implemented in the Balance Master System
(Neurocom International, Inc., United States). This test provides
information about the contribution of the visual, somatosensory,
and vestibular system to the maintenance of balance. The
system consists of a dual force platform including force
transducers measuring the angular displacement of the COG
under certain conditions and visual surround. Both, visual
surround and platform enable anterior/posterior sway and this
sway can be assessed under different conditions. The six
conditions are: normal vision and fixed support (condition 1),
absent vision and fixed support (condition 2), sway-referenced
vision and fixed support (condition 3), normal vision and sway-
referenced support (condition 4), absent vision and sway
referenced support (condition 5), and sway-referenced vision and
sway-referenced support (condition 6). These conditions were
performed in three trials for 20 s, resulting in equilibrium scores.
Those equilibrium scores range from 0% (balance loss) to 100%
(perfect stability). From the equilibrium scores a sensory analysis
was performed by calculating average scores of specific pairs of
SOT conditions: the participant’s ability to use input from the
somatosensory system to maintain balance is reflected by the
average of condition 2 divided by the average of condition 1, the
contribution of the visual system by the average of condition 4
divided by the average of condition 1 and that of the vestibular
system by the average of condition 5 divided by the average of
condition 1.

The composite score was calculated by averaging the score
for conditions 1 and 2; adding these two scores to the
equilibrium scores from each trial of sensory conditions 3, 4,
5, and 6; and dividing that sum by the total number of trials
(NeuroCom Natus Medical Incorporated, 2008).

Statistical Analysis

Statistical analysis of hippocampal volumes and balance data
were performed with SPSS (SPSS 22, inc./IBM). Intervention
effects were tested using repeated-measurement ANOVAs
with group (dance, sport) as between-subject factor and time
(pre, post) as within-subject factor. Hereby, age, gender, and
total hippocampal volume were included as covariates.
Additionally, hypothesis driven t-tests (with Bonferroni
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FIGURE 2 | Sagittal, coronal and axial views of the hippocampal subfields.
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adjustment) were performed to determine longitudinal
changes in the dance and the sports group separately. In
case of missing normal distribution we used the Mann—
Whitney-U-test or Wilcoxon instead of t-tests. Pearson-
Correlation analysis was performed between percentage
change of hippocampal subfield volumes and the balance
composite score.

RESULTS

The presentation of the results is structured as follows. We
first tested for hippocampal volume differences after
intervention using both masked VBM and subfield volume
measurements. In the next step we investigated balance
data and finally we looked for correlations between
improvements in balance and hippocampal volume.

Voxel-Based Morphometry with

Hippocampal Mask

A two-sample t-test revealed no group differences at
baseline. To explore hippocampal gray matter volume
changes during intervention we used repeated
measurement ANOVA for comparison between baseline
and post-test. There was a significant interaction effect in
the right hippocampus [MNI-coordinates: x D 28,y D 16, z
D 23; p(FDR) D 0.049, F D 17.03]. Post hoc paired t-tests
showed only in the dance group significant volume
increases in the right hippocampus [MNI-coordinates: x D
29,y D 16, zD 27; p(FDR) D 0.001, t D 6.10] (Figure 3).

Hippocampal Subfield

Volume Measurements

A two-sample t-test revealed no group differences of total
hippocampal volumes at baseline [t(25) D 1.078, p D
0.658, d D 0,424]. The repeated measurement ANOVA of
hippocampal subfield volumes showed a main effect of
time regarding left CA1l, left CA2, left and right subiculum
and left CA4/dentate gyrus (Table 2). There were no
significant interactions with group. Paired t-tests showed
significant volume increases for the dancers in left CAL,
left CA2, left CA4/dentate gyrus and left and right
subiculum and for the sportsmen in the left CA1, left CA2,
and left subiculum (Figure 4).

Postural Control

Repeated measurement ANOVAs of balance data showed
an interaction effect with group for the composite
equilibrium score (see Table 3 and Figure 5).

There was a main effect of time regarding the somatosensory
and vestibular contribution but no significant time group
interaction effects after 18 months of training (see Table 3). Post
hoc tests revealed that the dancers improved in the use of all
three sensory systems somatosensory system [t(13) D 2.902, p
D 0.004], visual system [t(12) D 2.525, p D 0.027] vestibular
system [t(12) D 3.271, p D 0.007] to maintain balance. Members
of the sports group improved in the use of the somatosensory
system [t(9) D 3.579, p D 0.006] and the vestibular system [t(9) D
3.881, p D 0.004] but not in the visual system. Table 3 presents
an overview of significant alterations related to employment of
sensory information to maintain balance from baseline to post-
intervention for both groups.

Correlation Analysis

Correlation analysis between all hippocampal subfields and
balance did not yield any significant results irrespective of
whether the groups were analyzed separately or jointly.

DISCUSSION

Animal research has shown that combining aerobic training with
sensory enrichment has a superior effect on inducing
neuroplasticity in the HC compared to physical exercise or
sensory stimulation alone (Kempermann et al.,, 2010). This
sparked our idea to investigate the impact on neuroplasticity in
elderly humans of a specially designed, sensorimotor and
cognitive challenging dance program in comparison to a classical
cardiovascular fitness program. In addition to our previous work
(Muller et al., 2017), in the present study we ran a dedicated ROI
analysis, which was focused on subfield volumes of the HC. The
HC is of special interest as this brain structure is (a) especially
affected by normal and pathological aging and (b) plays a key
role in major cognitive processes, e.g., memory and learning and
(c) is also involved in keeping one’s balance, a function which is
crucial for well-being and quality of life.

We observed that both, dancing and fithess training led to
increases in hippocampal subfield volumes. Although there was
no significant group time interaction in the ANOVA omnibus
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Dance Group

FIGURE 3 | Hippocampal volume increases after 18 month of intervention in dance group.

TABLE 2 | Statistical values of repeated-measures ANOVAs for hippocampal subfields.

Hippocampal subfield Main effect of time Main effect of group Interaction (time group)

2 2 2

F df p ! F df p ! F df p !

Left CA1 16.920 1.25 0.001 0.413 0.000 1.25 0.985 0.000 0.469 1.25 0.500 0.019
Right CA1 2.952 1.25 0.099 0.110 0.116 1.25 0.736 0.005 2.189 1.25 0.152 0.084
Left CA2 21.126 1.25 0.001 0.468 0.427 1.25 0.520 0.017 0.941 1.25 0.342 0.038
Right CA2 2.020 1.25 0.162 0.078 0.212 1.25 0.650 0.009 1.431 1.25 0.243 0.056
Left CA3 4.237 125 051 0.150 0.347 1.25 0.561 0.014 0.986 1.25 0.331 0.039
Right CA3 2.680 125 0.115 0.100 0.011 1.25 0.916 0.000 1.376 1.25 0.252 0.054
Left subiculum 49.926 1.25 0.001 0.675 0.959 1.25 0.337 0.038 0.094 1.25 0.762 0.004
Right subiculum 12.976 1.25 0.001 0.351 2.025 1.25 0.168 0.079 0.001 1.25 0.976 0.000
Left CA4/DG 9.480 1.25  0.005 0.283 0.541 1.25 0.469 0.022 0.001 1.25 0.961 0.000
Right CA4/DG 0.002 1.25 0.963 0.000 0.595 1.25 0.448 0.024 2.32 1.25 0.141 0.088

CA, cornu ammonis; DG, dentate gyrus; p 0.05 D statistical significance. Level of significance: 0.01 a < 0.05: “significant”; 0.001 a<0.01:  “high significant”;
a<0.001: “highly significant”.
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FIGURE 4 | Volumes of hippocampal subfields in dance and sport group at baseline and after 18 months of intervention including standard deviation (DG,
dentate gyrus; CA, cornu ammonis; p < 0.05).
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TABLE 3 | Statistical values of repeated-measures ANOVAs for sensory organization of balance.

Sensory organization Time Group Interaction (time group)
of balance [%]
F df p 2 F df P i F i p ?
Somatosensory system 30.340 1,25 0.001 0.591 1.208 1,25 0.284 0.054 0.692 1,25 0.415 0.032
Visual system 6.094 1,25 0.022 0.225 0.363 1,25 0.553 0.017 0.296 1,25 0.592 0.014
Vestibular system 17.722 1,25 0.001 0.458 0.229 1,25 0.637 0.011 1.326 1,25 0.262 0.059
Composite equilibrium 0514 1,25 0.481 0.024 0.092 1,25 0.764 0.004 4.851 1,25 0.039 0.188
score
Level of significance: 0.01 a < 0.05: “significant’; 0.001 a<0.01: “high significant”; a < 0.001:  “highly significant”.
indicates that apart from physical fitness, other factors inherent in
x dancing, contribute to HC volume changes, too. Animal research
87.59 Dance GIop has suggested that sensory enrichment may be such a factor
< — Sport Group . . . .
& whereby physical fithess and enrichment have different effects
%' on HC neurons: running in a wheel generates new neurons in the
2 87.0 HC of mice but these only survive when sensory stimulation is
Z also present (Kempermann et al., 2010). Again, with our own
Ii; data we cannot differentiate between these different processes.
%ss.s— We nevertheless can conclude that the additional challenges
‘g involved in our dance program, namely cognitive and
g sensorimotor stimulation, induced extra HC volume changes in
3 addition to those attributable to physical fitness alone. It is
e noteworthy, that other studies in elderly humans, which did not
1 boost physical fitness but which were sensorimotor demanding,
Pré Post such as learning to juggle (Boyke et al., 2008), have observed
HC volume increases as well.
FIGURE 5 | Interaction-effect (time  group) for composite equilibrium score. Only the dancers showed an increased balance composite score
Means significant interaction-effect. and they improved in all three involved sensory systems. This

analysis, exploratory post hoc t-tests indicated that
participants of the dance group showed volume increases in
more subfields (four out of five, including the DG) of the left
HC and that only dancing led to an increase in one subfield of
the right HC, namely the subiculum. Regarding balance
abilities dancing was superior to standard fitness as
expressed by a larger increase in the composite score of our
balance test and improved use of all three sensory systems.
We, however, did not observe a correlation between changes
in HC subfield volumes changes and those in balance; in
other words whether the observed skill improvement can be
attributed to the HC cannot be fully answered yet.

Regarding the HC volume increases observed in both groups,
our results support the assumption that HC volume can be
enhanced by physical fitness alone, as this was the overlapping
feature of both trainings. Animal studies have shown that adult
neurogenesis takes place mainly in the DG part of the HC (van
Praag et al., 1999). Interestingly, only the dancers showed an
increase in this brain region. Whether adult neurogenesis was
indeed the basis of the here observed volume change, however,
must remain an open question as there is no direct way in
addressing this process in humans.

The dancers showed increases in some HC subfields where

there was no change to be observed in the sports group. This

indicates that dancing drives all three senses and presumably
also improves the integration of sensorimotor, visual and
vestibular information. Balancing is an important everyday
function, crucial for example for social mobility. Impaired balance
often results in falls, which constitutes a major health risk factor
with consequences both on morbidity (and even mortality) and
health care costs (see also Dordevic et al., 2017). Although the
ability to balance has been also linked to the HC and its
connections, for example, to the vestibular system (Brandt et al.,
2005), we did not observe a correlation between HC subfield
volumes and improvements in balance. Given the small size of
our sample, this needs to be interpreted with care but may
suggest that other brain regions, probably those described in our
earlier analysis (Mdller et al., 2017) were involved in these
improvements or that changes in the HC other than those
expressed in measurable volumes, e.g., synaptic function,
perfusion, etc. contributed to this effect.

There are other limitations in the present study which should not
be left unmentioned. As already mentioned above (see Materials
and Methods), we had to change the training intervention
frequency from twice a week to once a week after 6 months of
training. Hence, it must remain unclear whether more
pronounced effects could have been observed if we had been
able to stick to the initial training intensity. Next the ANOVAs
failed to reach significant group interaction effects, only the
exploratory t-tests became significant which may be
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a consequence of the large number of factors and levels in
the ANOVAs on the one hand, and the small sample size
on the other hand. A further limitation can be seen in the
use of fully automated segmentation tools. Finally, the
small sample size accompanied by a high drop-out rate as
well as the highly selective inclusion, a missing inactive
control group and exclusion criteria must be mentioned as
they limit the generalizability of our results.

In sum, the present results indicate that both dance and
fithess training can induce hippocampal plasticity in the
elderly, but only dance training improved balance capabilities.
However, larger studies with more representative samples are
required in the future. They should include additional analysis of
mediating factors and they should try to find ways to optimally
adjust the training protocol to an individual's needs and
preferences. Most of all, it needs to be investigated in longitudinal
randomized clinical trials whether the proposed interventions
indeed have the potential to reduce or postpone the risk of
neurodegenerative diseases such as Alzheimer’s as suggested in
large non-interventional studies (Verghese et al., 2003).
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