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ABSTRACT

Health games are increasingly seen as a meangsitessd
issues from therapy and rehabilitation. Yet, asaasformative
technology, rarely have such games been exploredgmpited
to assist research into pathologies. Serious gdare®search
(SGR) to uncover pathologies would allow clinicians
develop new differential diagnostics while proviglia positive
experience for the subject. This paper is not agauate design;
nevertheless it presents an outlook to consideratibat could
be taken forward when developing health-based S®&Rs
pathomechanics, etiopathogenesis and biofeedbdik. Work
relates to preliminary studies on balance challsngenifested
in pathologies of the central nervous system. Ashrielogy
advancements seek to augment human sensory cbetacen
virtual and real worlds this may impact on how wait
environments are used and designed
consequence heightened sensory (or lack of theneay) result
in falls, for example users with vestibular disardebecause
postural stability is a key aspect of motor abilibyat allows
individuals to sustain and maintain the desiredsgta} position
of their body Here, our investigation is specific fuinctional
correspondence of the incidental properties in hurbady
sway between healthy subjects and subjects witlkexigs Our
early results suggest postural sway between healtipjects
and those with mild disorders can be distinguished.

1. INTRODUCTION

The human body is an inherently unstable system [1]

Without our motor system continuingly correcting r fo
imbalance, one will be at risk of falling. Reseaiicdicates
neuro-musculoskeletal disorders relate to somergagton in

human balance [2] and are not simply a normalitggifhg. The
human central nervous system is highly adept apemsating,
and until deprived temporarily, a loss function dige the
pathology may not become apparent. Human balarostunzl
control during standing and walking rely on “worgimemory”
[3]. Intrinsically linked to motor development ab@logically
significant activities of posture maintenance andomotion
[4], [5] that concerns the learning of new motoiillsk[6].
Recent studies also show posture can influence ithogn
development in infants [7].

To date, how humans maintain balance is not fully

understood. In particular, balance disorders duestoo-related
pathologies remain open [8]. Understanding how géesory,
nervous and motor system work to generate compensat
strategies and quantifying its status at any pimirttme could

in future. As areveal underlying pathophysiological mechanismsdefitits.
Over the years, digital games have increasinglynbee

deployed as an alternative to tackle serious isstieslth
games largely remain focused on improving physiaat
mental health, well-being, adherence to treatmegiments
and patient management. However, health gamesefmarch
could help uncover pathological disorders, such tlagse
associated with human balance. Being more narrdodysed
and designed to achieve individual-level goalsehesw game
modes are ideally suited to exploit specific progsaor tools
for meta-analysis and it is in this aspect thatrdmorted work
is aligned.

The initiative begins by investigating balance @majes
for users in virtual environments (e.g. digital ghwho may
have a pathophysiological deficit. The aim is tanga better
understanding of the implications both at the |efethe virtual
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environment as well as the sensory awarenessearhiitbodily
and cognitive processes, while at the same timenstahd the
design requirements
functions. This preliminary work examines posturetability
due to sway in healthy subjects and subjects witbledtia.
Sway characteristics in human postural control teived
limited investigation in relation to the onset oéumological
disorders. The long term objective is to cross&ate
stabilograms and electroencephalography (EEG) asew
means to diagnose central nervous system pathslogie

2. BACKGROUND AND IMPETUS

Neural activities associated to sway charactesstic
human postural control have received little attmtiwith
respect to cross-modal correlation of balance wét$pect to
pathophysiological mechanisms and deficits. AltHoagsimple
task, quiet standing still requires cognitive rases [9], [11]-
[18]. Balance is the result of interplay betweempéex control
systems mediated by different brain pathways. Qaiahce
experiments conducted using force-plate measuremarg
well reported in literature [11]-[18]. Posturograplstudies
have found significant differences in balance ofkiPeson’s
disease patients. However, the method needs fevoiraments
to diagnose individual patients [19]. Studies almow a
significantly greater sway area for children withutiam
spectrum disorders [20]. The frequencies of thdllaton of
the centre of pressure (COP) are lower than 5 HE [2

Neurological defects have been investigated thrdagB
data in subjects with neurological defects suchystexia and
dysgraphia among others [22]-[24], as well as therological
relationship with balance. There is a body of itare based on
muscle movement [25], including indirect balanceparties
such as power spectral density of sway in male§ [@&d the
modelling of the control of human upright balan2&][ Early
research on healthy subjects by Kruse et al [2&]gests
cortical EEG rhythms might indicate a class of wewmscular
work; alpha range are associated to cortical psmE=ES
regulating neuromuscular processes, while thetgeraissociate
with reflexes and synergies that permit balancestable body
positioning. Hari and Salmelin [29] suggest thatl@ Hz
rhythm is predominantly a somatosensory corticatfion, and
the 20 Hz is associated more with motor corticaicfion.
Slobounov’s [30]-[32] recent findings on gamma rarfg0 Hz)
might be used to discriminate tasks involving visaad
vestibular cues.

Along with Sakakibara [17] and Rosenblum
Slobounov’s [31] work on correlating EEG with pastgraphy
to understand human posture control form the inmgpétu this
work. There
measurement with EEG and stabilograms could peténtoe
applied to develop a diagnostic tool for neurolagic
pathologies. Additionally, such a study could cintte to
providing insights on self-motion perception in tual
environments.

to serendipitously serve emerge

(18],

is a strong suggestion that simultaseou

3. METHODOLOGY

A postographic analysis under quiet stance is agpio
determine the centre of pressure (COP) of the siefect in
both the x- and y-direction, which typically compesd to the
medial lateral (ML) and the anterior-posterior (Adjections
respectively. Normally, a human slightly sways integior-
posterior and lateral directions when standing.

COP (Fig. 1a) is calculated by applying the momentu
equation around each sensor (Fig. 1a). By averahiadorces
the coordinates of the COP are:

{5 1-25)

x=— o

)
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S denotes the force (exerted by the weight of theigigant)

measured by the sensor i and=\¥_, S;, the total force. L
represents the distance between force plate seresures,
which in this case is 41.88 mm square.
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Fig. 1 (a) Centre of pressure (b) Data acquisition system.

Data acquisition (Fig. 1b) is made up of two moduke C-
series Hi-speed USB Module Carrier NI USB-9162; antD0
kS/s/ch, 16-Bit, +10 V Simultaneous Analog Input dite NI
9215. The reading and the saving of the data isutir
Labview 2009. The sampling rate has been set atH&2he
same rate as will be used for EEG recordings. Badsor was
calibrated to 800N with an Instron machine. Statid dynamic
loading with known weights was used to calibrate fbrce
plate to a displacement accuracy of 0.5mm.
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A NeXus-32 (from Mind Media) multi-modal, multi-
channel physiological monitoring device is used aftmuire
EEG signals. This activity measures the electripatential
across specific points on
investigations [33] have examined the posteriontre¢ and
anterior areas, and the left, central and righasfer specific
properties. This implies that there is still uneerty where in
the brain the main characteristics of balance oddere, all
channels will be recorded and different combinatidrthese
channels will be compared with the balance datattempt to

discover a relationship between EEG data and balanc

properties.

Literature suggests the following bandwidths: algBa
13Hz), theta (3-8Hz) and beta (15-25Hz) as haviogies
influence in standing posture and general oriematHowever,
research has further indicated that the Gamma [&ijcheeds
to be considered, since it shows a variation fosuai
recognition of non-stable postures. This means thi
bandwidths between 3Hz and 50Hz will be considerkd.
bespoke interface was developed to process the &§itals
and the force plate data using MATLAB. The recogdand
processing appliances are shown in Fig. 2.
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Fig. 2 NeXus-32 unit and GUI to compare force plate dat a
EEG data.

Briefly, EEG raw signals were filtered using a Butorth
filter in three frequency ranges: low theta (3-5,HEgh theta

(612 Hz), and gamma (30-80 Hz). Subsequently, st Fa

Fourier Transform (FFT) was used to analyse thguieacies
from which power spectrum density (PSD) plots a¥reggated.

4. IMPLEMENTATION

A total of 21 participants (20 male, 1 female) vakered
to carry out the experiment. All participants vdanily
disclosed

the 10-20 system. Praviou

if they had symptoms of dyslexia/dysmaxi

(Developmental Coordination Disorder (DCD)). Thare two
different conditions of DCD: one is a reading isswhich may
or may not be related to balance or motor confrioé other is a
balance and movement issue. The demographic iedicat
participants with dyslexia and 16 considered ‘Healt

The experiment lasts 10 minutes and 20 seconds;hwhi
includes 1.5 minutes to explain the procedure ¢optirticipant.
4 minutes of standing still with eyes open (EO) evéhen
recorded with the subject looking at a point orcr@en at 1.5m
away. Participants are allowed to blink; the ini@mtof the
focus point was to prevent tangential gazing andaep the
head level. It also replicates fixation cues whamersive on a
virtual task activity. A one minute rest was thdiovaed for the
participant to relax while still on the force plate the same
position as before. Then 4 minutes were recorddtl eyes
closed (EC). The experiment is conducted in a iovobm.

Dot on the
screan

Test subject
A% shll as

possible

Top plate
(ransparent)

Sensor

Bottom plate

Adjustable foot

Fig. 3 Experimental set up.

The experimental set up is shown in Fig.The format
adopted is similar to Rosenblum’'s [18] in order have
comparable data for the force plate. The AP dioecti sway
will be denoted as x-displacement and the lateisdlacement
as y-displacement. Both EEG and force plate sigmadse
recorded at a sampling frequency of 512 Hz. Asgibed of the
experiment was to measure the unconscious correcfiadhe
balance, the participants were asked to standlleasspossible.

5. RESULTS & OBSERVATIONS

Table 1 shows the participant categorisation.
highlighted rows indicate participants whose dad the least
amount of noise. Noise here refers to extraneqrsals due to
EEG sensor movement and/or participant body movisnen
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D Age Sex Dominant Hand | Dominant Foot | Disorder
1 21 M R R NA

2 19 M L R Dyslexia
3 21 M L L Dyslexia/Dyspraxia
4 21 M R R NA

5 20 M R R NA

6 21 M R R NA

7 24 M R L NA

8 21 M R R NA

9 21 M R R Dyslexia
10 | 21 M R R Dyslexia
1" 23 M R L NA

12 | 21 M R R NA

13 | 22 M R R NA

14 | 21 F R R NA

15 | 21 M L R NA

16 | 21 M L R NA

17 | 21 M R R NA

18 | 21 M R R Dyslexia
19 | 21 M R R NA

20 |28 M LR R NA

21 | 2 M R L NA

Table 1 Participant demographics and experimental recording

Fig. 4 shows the shows the power spectral densithe
filtered raw EEG signals for each individual EEGachel. The
filter applied isolates the frequencies betweemd &l Hz of
the full signal. The readings of both participaat® mainly
located in the alpha bandwidth which aligns wellthwi
literature. The peaks in the frontal areas (Fpl&2, F4, F5,
F7, and F8), the occipital areas (O1 & O2) as aelsome of
the other areas, are located around the 10 Hz drexyuand at
50 Hz. The 50 Hz peak can be explained by the noise
infiltrating through the mains which is removedngsia band-
stop filter. This filtering process is carried diar all other
participant data to produce relatively noise fratad

Stabilograms from the force plate measurementstayen
in Fig. 5. For each participant, eight plots aravdr for the four
minutes EO and for the four minutes EC experimeiitse
details include: weight distribution as functiontbé time; the
x and y coordinates as function of the time; thenpView (x
against y plot); the histograms of the x and y dowtes with
superimposed Gaussian distribution; the PSD pka@ated to
the x and y coordinates.

The weight plot is useful for two reasons; to kndve
accuracy of the measurements, and to highlight asens
problems. Any change in weight of the same persotha
beginning and end of the test voids the results. dlbt of the x
coordinate against the time shows the ML displacamef the
COP as a function time. The amplitude of thesellaions is
in the order of 2 to 4 mm for both healthy and dyal
participants. The plot of the y coordinate agaihsttime shows
the AP displacements of the COP as a functionm&tiThe
amplitude of oscillations is in the order of 1020 mm, with
dyslexic subjects being larger overall.

power spectrum

power spectrum

Fig. 4 Power spectral density plots for eyes open (EOJlaie
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(b) Participant 9, dyslexic.

on the 10-20 montage.
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The plan view in Fig. 5 is the locus of the couflgy) in
the time. The plan view exhibits a very dense caomd some
lines that go astray. While interesting, the ma&joof them are
actually errors and correspond to the noise offtinee plot.
The histograms show the frequency of the COP witimall
intervals of position respectively in ML and AP. & baussian
curve establishes the standard deviation and peevidmeans
to quantify how much a person is swaying under tgsti@nce.
The histograms also reveal that participants do distribute
their weight evenly on both legs during the expenin This
slow sway motion appears more often in ML thanha AP
direction. The consequence is that the standardatimv is
largely only useful to indicate this type of gerddarand. The
PSD can be used to ascertain at which particutquigncies
the movements occur.

Observations

There are some general observations for the pagapbic
findings: EO displacements are 2.5 times largerthe AP
direction compared to ML; the EC ratio between Xdar-
displacements is exactly 2. This is normal, becauik the
legs slightly apart, a person is very stable in thteral
direction. What is surprising is AP sway under Eick
suggests overreaction and/or self-motion perceptiarss of

focused on the dot on the screen can result in esudd

movements as they try to resume contact with tigetaAll the
other results are consistent with the expectations.

2
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T 12
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(b) Eyes closed (EC)

Fig. 6 Weight vs. COP. Standard deviation in the x diatcti
against the y direction with (a) EO and (b) EC.

To understand if weight influenced COP displacement

between healthy participants and those with dyalexplot of
frequency against the standard deviation for x \awiitections
with EO and EC were drawn (Fig. 6). The resultsgesy a
significant difference between healthy and dyslestbjects. It
should be noted that the sample size is small anglah it is
statistically not enough to draw conclusions. Hogreit shows
such plots could highlight common
characteristics.

The dissymmetry of the histograms could potentibkya
symptom of the neurological pathologies too. Oney via
quantify the dissymmetry is to calculate the medidnthe
coordinates of the COP were set to zero, and ihtbigram is
symmetric, the median should be zero. To comparertédian
between the different participants, it is importémicompute a
dimensionless number by dividing it by the standdesdliation.
The plot of this dissymmetry index of the x-histagr against
the y-histogram is shown in Fig. 7. The differertheugh is
less significant compared to Fig. 6.
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—_— 0.2
3 01 "‘
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%03 02 01 0a 014 02 03 o4 Hdyslexia
- PEmE .
4
02
2

03
X coordinate [-]
Fig. 7 COP dissymmetry index in x against y coordinate.

Analysing the EEG data on its own, a trend was dodine
eyes closed experimentation shows the majorityctif/ity for
all participants is located in the frontal regidtP( &2, F4, 5, 7
and 8), and O1, O2, T5 and T6. The main differenegveen
the two experiments is the relative increase irhalpctivity
and the decrease in the higher frequencies.

6. DISCUSSION

Neuro-psychophysiological studies suggest the Vdsua

vestibular system play a major role in self-motjmarception.
What is unclear is whether postural sway is linkedself-
motion perception or caused by inputs from othemssey
modalities involved in self-motion perception. \daf
environments can visually induce self-motion whichuse
simulator sickness or could conversely contribotgptesence’.
The discussion here pertains to how the preserk wauld be
used with virtual environments to research thealisestibular
system to identify the onset or likelihood of degetive
pathologies.

Thus far, a direct correlation between the bragmai and
the force plate measurements are inconclusive.ekperiment

6 Copyright © 2016 by ASME
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is limited to a static visual cue. Other than tlemple size
being small, the frequencies of interest to newickl studies,
e.g. EEG analysis, are between 8 and 20 Hz. Fdothe plate,
the PSD shows that the significant movement inxhend y
directions occur at frequencies lower than 1 Hzweleer, the
findings indicate that sway can be observed witlombination
of force-plate and surface EEG data to represemticab
activity pattern. This is encouraging since meafuihg
representation of the pathomechanics could be aztta

More recently, various postural stability measuvesre
recorded using a Wii balance board. This unpubtissieidy

according to the literature described. One hypashbsre is
that the vestibular system is more dominant contbaie
somatomotor and somatosensory system. In futuisetheeas
will be investigated to see whether they hold amjt with the
balance data. The shift in frequency into a highlpha power
spectrum, and a lower power spectrum for the higher
frequencies confirms what the literature discusstidce the
alpha bandwidth and lower frequencies are assaciafi¢h
relaxed thinking and sleep, the closing of eyes ld/anitiate
the feeling of sleep, where the brain becomes ractige in the
lower frequencies. Some of the participants cometwmin a

was based on the paradigm a Wii balance board beingloss of coordination in the last minutes of the ekpent. The

effectively used a portable balance plate [34].UResndicate
that the Autism Spectrum Disorder (ASD) treatmenbug
showed specific improvements to their balance ineato the
ASD wait-list control group — after receiving a gramme of
skiing. However, the results need to be taken weatltion given
the relatively small size and lack of a typicallgveloping
matched comparison group. Nevertheless, these AB&ies
show the utility of using commercial-of-the-shelfarging
hardware such as the Wii board as a portable balpfate for
this population.

Under natural conditions with eyes open, active and
passive body motion is adequately perceived, evetemulow
light condition. However, with eyes closed the deeficies of
the visual-vestibular system become more apparEmt is
expected and is evident in Fig. 6. AP sway underst@gests
the sensation of self-motion, which can affect padtbalance.
A post experimental interview indicated 7 healthgda?2
dyslexic participants were conscious of self-motituring EO
test. It was felt that focusing on the dot causedllasionary
effect. Post EO and EC experiments, 4 healthy adgslexic
participant reported that no discomfort was feltomp
dismounting the force plate.

This finding suggests that fidelity in terms of acacy and
realism in the virtual entity representation may he critical.
Rather the virtual environment can be used to ers&ual-
vestibular inferences based upon the consciousiconscious
assumption of a stable environment. This could themsed to
study or identify abnormal vestibular-ocular refleovements
associated with inner ear pathology or rehabititatio improve
gaze stabilization, tracking, scanning and eye-head
coordination.

7. CONCLUSION

This investigation set out to establish the possixistence
of a relationship between postural sway and EEG.dahe
results however do not show a definite relationshig quiet
standing still position.

Contrary to research in this field, the generatdren EEG
data was found to be located in the occipital lobéss was not
expected since the occipital area does not infleelnalance

! McKennna, P. E., Buckingham, G., Anderson, G.,adsken, L.,
Argyropoulos, |., & Rajendran, G. (unpublished).d3akiing improve children
with ASD’s balance: a pilot study.

trend appears to be that after 2 minutes of stgndtil with
eyes closed, the visual feedback is lost, and eeased loss of
coordination occurs. Further investigation in thamge in EEG
readings between the first two minutes of the eglesed
section and the last two minutes will be conducted.

Body posture can provide the first insight into tealth of
the human motor control system as it continuousis ao
balance an inherently unstable body system. Becéwuse
platforms can conveniently and precisely produceyswnd
other motor related time series, this approach &asuring
body movements can be advantageous when fast, rusia,
and automated evaluation of posturographic infoionatis
needed. Force plate records, coupled with classdi@lysis,
could provide a more sensitive, automated indicafgrostural
correlates of deception or, indeed, any other dognistate
associated with postural changes. Though the stuliipited, it
indicates that perception of sway may come fromnai
related to position, velocity or acceleration, aath sensory
system could provide different information aboutegé
parameters.

This study is unique in that, unlike most other
posturographic and neuronal studies, its aim was too
characterise postural instability. This study ekkipromise for
future studies/applications in which a quick, auhbea
classification of body movements relating to emuadiostate or
gestural movement could be identified. It showg tB@P data
can be used in order to identify relatively complegvements
in a reliable manner. This study has great poteritgabe
expanded upon in other non-traditional posturogragtudies
such as deception detection.
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