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Techniques to quantify postural stability usually rely on the evaluation of only two variables, that is, two coordinates of COP.
However, by using three variables, that is, three components of acceleration vector, it is possible to describe human movement
more precisely. For this purpose, a single three-axis accelerometer was used, making it possible to evaluate 3D movement by use of
a novel method, convex polyhedron (CP), together with a traditional method, based on area of the confidence ellipse (ACE). Ten
patients (Pts) with cerebellar ataxia and eleven healthy individuals of control group (CG) participated in the study.The results show
a significant increase of volume of the CP (CPV) in Pts or CG standing on foam surface with eyes open (EO) and eyes closed (EC)
after the EC phase. Significant difference between Pts and CGwas found in all cases as well. Correlation coefficient indicates strong
correlation between the CPV and ACE in most cases of patient examinations, thus confirming the possibility of quantification of
postural instability by the introduced method of CPV.

1. Introduction

Postural stability of the body segments during standing, espe-
cially trunk stability, can be negatively influenced by many
diseases of the nervous ormusculoskeletal system [1]. Patients
with these deficits often show instability during stance tasks
[2]. Thus, the trunk accelerations during stance can be quan-
titative indicators of impaired balance control in individuals
with neurological disorders [3]. Hence, the evaluation of
accelerations suits the needs of clinical practice since they
reflect the changes in position as well as the intensity and
magnitude of tremor.The biomedical community is currently
starting to use the triaxial inertial measurement units (IMU)
for high-accuracy measurement of human body segment
movements (accelerations and orientations) instead of com-
monly used force (posturography) platforms used to study
the center of pressure (CoP) movements of whole body [4].
Assessment of trunkmovements using IMUmay yield clearer

insights into balance deficits and provide a considerably
cheaper and better diagnostic tool than more traditional,
previously documented measures. The IMUs were placed on
spinous processes of T1 and/or S1 for measuring the motion
of trunk and pelvis during quiet standing. Although the
IMU can measure three angles and three accelerations, the
techniques to quantify segmentmovements using only one or
two measured quantities were introduced in clinical practice
[4]. Thus, in clinical practice, one of the greatest advantages
of the IMUcompared to traditional posturography platforms,
which allow for measuring only the 2D movements in
transversal plane, is not used. The reason for this is that the
application of the IMU for trunk acceleration measurement
during stance is relatively new and the IMU has not been
previously used to study the range postural balance problems
and patients with specific types of diseases. Thus, the postur-
ography platforms are always the main tool for the study of
body movement of the patients, for instance, suffering from
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cerebellar diseases [5]. Therefore, the first objective of this
paper is to test the application of the IMU in an area where
IMUs have not been used before and where IMUs will replace
conventional posturography platforms.

Since the design is intended to identify connections
between trunk movement in space and neurological disor-
ders, it is used to diagnose cerebellar disease characterized
by tremor or sway. Cerebellar ataxia can arise as a result of
many diseases and present itself with symptoms of coordi-
nation, balance, gait, and extremity movements difficulties.
Lesions to the cerebellum can cause dyssynergia, dysmetria,
dysdiadochokinesia, dysarthria, ataxia of stance and gait, and
so forth; see [6, 7]. Deficits can be observed on movements
on the same side of the body as the lesion [6]. Clinicians
often use motor tasks in order to verify the signs of ataxia
[7]. Patients with a cerebellar ataxia diagnosis are interesting
not only because of their impaired postural stability but
also because there is no effective causal pharmacotherapy.
Therefore, it is necessary to look for methods which can
enhance the accuracy of evaluation procedures of patients’
postural stability during the treatment.

The second objective of the paper is to design and test
a new method of quantitative evaluation of 2D data set
for the 3D trunk movement measured by IMU. Traditional,
more complexmethods for processing themeasured data and
assessing the postural instability, using at least two measured
variables, aremethods based on the 2D convex hull, 2D confi-
dence ellipse, or length of trajectory obtained by plotting two
variables versus each other [8–10]. Usually, thesemethods are
used to evaluate 2D data set from posturography platforms
[6]. However, there are limitations of these traditional solu-
tions to quantify postural stability which were originally used
to evaluate 2D data set from the posturography platforms and
which are now being used to evaluate data from the IMUs.
As mentioned before, the limitation is that these methods
are based solely on the evaluation of only two variables, each
in one of the two human body planes/axes. This can lead
to a loss of important information about physical activity,
specifically the third physical quantity (i.e., acceleration) of
3D movement. However, we can also model the distribution
of the measured 3D data (i.e., three orthogonal accelerations)
of human body segment instead of the analysis of 2D data.

Therefore, this study is aimed at introducing a novel
method used in the identification of pathological balance
control using IMU to measure accelerations as well as the
convex polyhedron of plotting three accelerations versus each
other (the evaluation of 3D data set of superior-inferior accel-
eration, mediolateral acceleration, and anterior-posterior
acceleration of body segments). It follows practice consisting
in the assessment of the convex hull of only two variables
(specifically angles) measured by IMU [11]. The convex hull
area has already been used in clinical practice to study postu-
ral balance problems, but the concept of convex polyhedron
volume (CPV) has never been used before in clinical practice
to study postural balance problems by three accelerations
[8]. The choice for this novel design came from the ability
of a single variable which defines the shape of the convex
polyhedron used to describe changes in three accelerations,
considering wide availability of new cheaper triaxial IMUs

(ordinary cell phones or watches) [12, 13].The applicability of
the convex polyhedron variable describing the body segment
movement foreshadows the immense potential of a simple
and inexpensive IMU capable of direct evaluation of complex
3D movement (i.e., 3D acceleration) as a whole. Moreover,
the combinations of superior-inferior, mediolateral, and
anterior-posterior accelerationmeasurements during specific
balance tasks could identify new and specific differences in
balance control of patients compared to healthy subjects.The
final significant reason for themeasurement and evaluation of
all three accelerations, instead of only two, is that the calibra-
tion of the cheap triaxial IMU may not be accurate, and thus
the measurement of all three accelerations minimalizes the
loss of information about the 3D movement as a whole. The
inclusion of all three accelerations allows us tominimalize the
influence of mispositioning the IMU on a body segment.The
claim follows the general assumption that acceleration vector
in 3D space is defined by the three segments of the vector,
while these segments are typically considered in accordance
with the Earth’s coordinate system axes or anatomical axes
of a particular body part. If the sensor is misplaced on the
body part or miscalibrated as for the coordinate system, the
measured segments of acceleration in their respective axes
will be inaccurate. If we choose to examine 3D movement by
using only two segments of acceleration, a piece of informa-
tion may be lost, which is never the case if all three segments
are observed. The inclusion of all three accelerations allows
us to minimalize the influence of mispositioning of the IMU
on a body segment.

The method of recording and processing 3D data thus
offers the possibility to measure stability in smaller medical
centers or at home by using IMU implemented in, for
example, a mobile phone instead of the traditional and spa-
cious posturography platforms. There is also a possibility for
patients to perform the therapy, examination, or training at
home. The method also eliminates the risk of mispositioning
the sensor and loss of vertical movement data and at the
same time presents patients and medical staff with an easy-
to-interpret 3D data processing method.Therefore, the focus
of this work is to identify suitability of the convex polyhedron
and IMU data for clinical application.

2. Methods and Materials

2.1. Participants. In order to test the new methods, it is
necessary to compare healthy subjects without any postural
balance problems to participants who have postural balance
problems. Ten volunteer patients (Pts) (six women and four
men; age of 52.2 (SD 11.7) years) with degenerative cerebellar
ataxia participated [7]. The patients were recruited from the
Faculty Hospital Motol, Prague, Czech Republic. A board-
certified neurologist had previously diagnosed progressive
cerebellar disease. Diagnostic evaluation included a neuro-
logic examination, laboratory blood tests, and a brain MRI.
The patients were measured in the initial phase of the clinic’s
two-week rehabilitation program. Eleven healthy individuals
of control group (CG) (five women and six men; age of 26.0
(SD 6.4) years) were also recruited for comparable analysis.
Healthy subjects were recruited from the students/volunteers
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Figure 1: The MTx unit used to measure angles and accelerations
of the trunk and the Synapsys Posturography System used to
measure the COP displacements; S-I: superior-inferior axis, M-L:
mediolateral axis, and A-P: anterior-posterior axis.

at Charles University in Prague. In the case of the CG, the
diagnostic evaluation included a detailed disease history, a
neurological examination, and a routine laboratory testing.
The study was performed in accordance with the Helsinki
Declaration. The study protocol was approved by the local
Ethical Committee and the University Hospital Motol, and
an informed consent was obtained from each subject. The
subjects were chosen for measurement randomly and on
different days.

2.2. Measurement Equipment and Test Procedure

2.2.1. Measurement Equipment. Xbus Master, a lightweight
(330 g) and portable device using Motion Tracker Xsens
(product abbreviation: MTx) units for orientation and accel-
eration measurement of body segments (see Figure 1), was
used for measurements of trunk movements. MTx unit with
an embedded accelerometer and gyroscope is accurate IMU
measuring drift-free 3D orientation and 3D acceleration.The
MTx unit was calibrated before each clinical examination by
calibration measurement. The MTx unit was set up in a way
that the one axis of the coordinate system of the MTx unit
was parallel to the anterior-posterior axis, that is, symmetry
axis of the fixed stationary platform of the Synapsys Pos-
turography System on which the participants stood, and the
other two axes were perpendicular to the anterior-posterior
axis (i.e., symmetry axis of the platform) with respect to the
direction of Earth’s gravity; that is, superior-inferior axis was
colinear with the direction of gravity. After calibration, the
MTx unit was placed on patient’s trunk according to [14, 15],
at the level of the lower back (lumbar 2-3); see Figure 1.

The data sets comprised of the three Euler angles (roll
(Φ), yaw (Ψ), and pitch (Θ)) as well as three orthogonal
accelerations (𝑎𝑆𝑥, 𝑎𝑆𝑦, 𝑎𝑆𝑧) in the accelerometer coordinate
system (i.e., three orthogonal components of acceleration

direction corresponding to the three principal axes of the
MTx unit accelerometer) were measured using an MTx
unit placed on the subjects trunks while Pts and CG were
performing a quiet stance on a fixed stationary platform of
the Synapsys Posturography System [16, 17]. Conventions of
Euler angles are described in [18]. The three accelerations
measured by the accelerometer of MTx unit are described in
detail in [19].

Also, measurement of the human body center of pressure
(COP) displacement (i.e., postural sway) by force platform,
Synapsys Posturography System, was performed to compare
the data obtained by the traditional method with the data
obtained by the IMU. The Synapsys Posturography System
provides information about the area of the 95% confidence
ellipse of COP excursions [20]. Comparison between COP
characteristics and accelerometer data took place due to
the fact that COP movement is given by COM (center of
mass) movement, position of which follows the position of
individual segments. A significant body segment is the trunk
on which the accelerometer (i.e., IMU) is placed. Change in
the position of the trunk, which is measured as acceleration
using IMU, thus directly affects the position of COM and
therefore also COP. These data can of course differ with
respect to the influence of other segments on the COP posi-
tion; it is however assumed that the trunk position (or its
movement) has the most significant influence on the COP
position change. It would be examined and verified whether
there is indeed a correlation between the data from the IMU
and data from the posturography platform data, which would
suggest that the platform is fully replaceable by the IMU.

2.2.2. Test Procedure. The body sway of each participant was
measured by the Xsens system (Xsens Technologies B.V.) and
Synapsys Posturography System (Synapsys Inc.) during quiet
stance on a firm surface (FiS) and soft foam surface (FoS)with
eyes open (EO) and eyes closed (EC) [21].

The sequence of the four measurement settings for each
subject was as follows: EO FiS, EC FiS, EO FoS, and EC FoS.
The order of the four settings was set and followed in all par-
ticipants. The subject’s bare feet were positioned next to each
other, splayed at the angle of 30∘, and arms were always in
hanging position.The tasks included standing on both feet for
at least 60 seconds [22]. Both systems recorded body activity
at the same time; that is, data were recorded simultaneously
by both systems. Time synchronization of the measured data
(i.e., data from both systems) was achieved by controlling
both systems and processing data on the same computer.The
measurements usually lasted a few seconds longer, and the
initial data have been cut off so that all data sets have a record
length of 60 seconds. The data were recorded with a sample
frequency of 100Hz (for both systems). Kalman filter was
implemented in the Xbus Kit system and the MT Manager
software of the Xbus Kit system was used for data storage.

2.3. Data ProcessingMethod. Thethree Euler angles and three
accelerations in the accelerometer coordinate system are used
to calculate the accelerations in the global reference system
and then in the anatomical coordinate frame.The calculation
is based on the rotational matrices. The first rotation matrix
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The angle sinΨ
0
is obtained during the calibration process

of the MTx unit. The calculated acceleration vector �⃗�
𝐴
=

(𝑎AP 𝑎ML 𝑎SI)
𝑇 represents the superior-inferior acceleration

(𝑎SI), mediolateral acceleration (𝑎ML), and anterior-posterior
acceleration (𝑎AP). The acceleration vectors, or in other
words, time dependent data (𝑎SI, 𝑎ML, 𝑎AP) are plotted as a 3D
plot.The set of points is obtained by plotting the accelerations
versus each other; see Figure 2. The time of measurement,
that is, record length of the data set (60 s), and the sample
frequency (100Hz) affect the number of points in the set.
Recording frequency must be sufficiently high to record
also a short time and random displacements of the body
segment, and no information about the range of motion
duringmaintaining postural stability of stance is lost. Using a
greater number of registered points of higher frequency, it is
possible to record movement more accurately without losing
information on certain phases of rapid movement that is reg-
istered through low frequency data collection. For instance,
information loss could occur on tremor of segments caused
by higher frequencies. Therefore, the data was collected at
the frequency of 100Hz using MT Manager Version 1.7.0,
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Figure 2: Example of a convex polyhedron obtained by plotting
superior-inferior (SI), mediolateral (ML), and anterior-posterior
(AP) accelerations versus each other.

adjusted for human movements, as recommended by the
manufacturer [24]. The choice of the sampling frequency of
100Hz was made also by following previous studies which
used the same system for motion tracking (see [25–29]).

The novel method for identification of pathological
balance control is based on mathematical tools for static
posturography [20, 30]. We can model the distribution of the
measured data by 2D convex hull or 3D convex polyhedron
(CP) [31]. A variable which can be used to describe the shape
of the 2D convex hull or 3D convex polyhedron can be the
area or volume. We used a method based on the description
of the distribution of the measured data (i.e., 𝑎SI, 𝑎ML, and
𝑎AP) by CP. In mathematics, the convex hull of a set of points
(SP) in the Euclidean space is the smallest convex set that
contains SP [32]. The CP may be defined as the intersection
of all convex sets containing SP or as the set of all convex
combinations of points in SP [33].The set of points is obtained
by plotting three accelerations versus each other; see Figure 2.
The CP of a set of points in 3D space is the smallest convex
region enclosing all points in the set; see Figure 2.Thenumber
of points is determined by the time ofmeasurement (60 s) and
the sample frequency (100Hz). A custom-designedMATLAB
program based on the functions of the MATLAB software
(MATLAB R2010b, Mathworks, Inc., Natick, MA, USA) was
used to calculate the CP of the 3D plot. The convex hull
computation in MATLAB uses the Delaunay triangulation
[34]. Since there is no knownmethod of calculating the CPV,
we can use the equations used to calculate the volume of any
polyhedron (PV) [35–37]:

PV = 1
3



𝑗
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where 𝐴
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where 𝑃
1𝑖, . . . , 𝑃𝑙𝑖 are the vertices of a planar polygonal face

𝑆𝑖 oriented counterclockwise with respect to the outward
pointing normal of planar polygonal face and 𝑁𝑖 is a unit
outward pointing vector normal to specific planar polygonal
face 𝑆

𝑖
:

𝑁
𝑖
=
(𝑃
2𝑖
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1𝑖
) × (𝑃

3𝑖
− 𝑃
1𝑖
)

(𝑃2𝑖 − 𝑃1𝑖) × (𝑃3𝑖 − 𝑃1𝑖)


. (9)

To calculate the PV, the custom-designed MATLAB
program was also used. Because the volume corresponds to
the volume of CP of 3D plot obtained by plotting 𝑎SI, 𝑎ML,
and 𝑎AP versus each other, the physical unit of the volume is
m3⋅s−6. Although the MTx unit also senses the gravitational
acceleration, it is not necessary to subtract the gravitational
acceleration because the method of calculating the PV uses
only changes in the accelerations and the gravitational accel-
eration is constant and perpendicular to the horizontal plane
of the Earth’s surface.

The area of the 95% confidence ellipse (ACE) of COP
excursions was used to compare the data obtained by the
posturography system with data obtained by the IMU. The
Synapsys Posturography System directly calculates the areas.
Thus, it is not necessary to convert the measured data. The
physical unit of the area is mm2.

2.4. Statistical Analysis. After calculating the CPV of each
patient and healthy subject standing on a FiS and FoS
with EO and EC, the Jarque-Bera test was used to test the
normal distribution of calculated CPVs. The median (Mdn),
minimum (Min), maximum (Max), first quartile (Q1), and
third quartile (Q3) of the CPV were then used to compare
the results. Also, theWilcoxon signed rank test andWilcoxon
rank sum test were used to assess the significance of the
differences between the measurements results, that is, to
compare the different stance conditions and CG with Pts.
The significance level was set at 𝑝 < 0.05. Also, Spearman’s
rank correlation coefficient between the volume of convex
polyhedron and the area of the confidence ellipse of COP
excursions were calculated to study the differences between
the data from IMU and the center of pressure data. The
statistical analysis was performed using MATLAB software.

A comparison of the same age groups is not necessary,
since studies show that parameters of the body sway of the
healthy subjects within the age range between 20 and 60
years vary only slightly [38, 39]. Aoki et al. [38] found that
there are insignificant differences in 10–60-year-old subjects
in COP sway parameters (i.e., Romberg quotients). Also, a
detailed analysis of age-related increase of CoP parameters
by the polynomial type of regression showed that the gradual
increase of body sway, that is, significant degradation of
stability, characterized by increase of CoP oscillations, starts
after the age of 60 [39].
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3. Results

The statistical data are used to illustrate the differences
between the CPVs of Pts and CG; see Figures 3 and 4. Results
obtained from the posturography platform are listed as well
(see Figures 5 and 6) to provide for the evaluation of the
data from IMU by comparing them with the data from the
posturography platform.The following plots display theMin,
Max, Mdn, Q1, and Q3 for the calculated CPVs and ACEs.
Since some calculated values were not distributed normally,
the Wilcoxon test was used to compare and analyze the
data sets. In all cases of comparisons between the groups of
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data, the effect sizes ranged from moderate to large; that is,
calculated values were greater than 0.5. G∗Power software
(G∗Power 3.1.9., Universität Kiel, Germany) was used for the
calculations.

3.1. ComparingQuiet Stance Trials. Thecomparison ofCGon
FiS with EO and CG on FiS with EC (𝑝 = 0.206) did not show
any differences. Differences were found when comparing Pts
on FiS with EO and Pts on FiS with EC (𝑝 = 0.014), CG on
FoS with EO and CG on FoS with EC (𝑝 = 0.003), and Pts
on FoS with EO and Pts on FoS with EC (𝑝 = 0.002). In the
case of the CG or Pts with EO and EC standing on the FiS,

Table 1: Spearman’s rank correlation coefficient between the volume
of convex polyhedron and the area of the confidence ellipse of COP
excursions of control group (CG) and patients (Pts) standing on a
firm surface (FiS) and a foam surface (FoS) with eyes open (EO) and
eyes closed (EC).

CG EO Pts EO CG EC Pts EC
FiS 0.03 0.53 0.37 0.93
FoS 0.03 0.83 0.18 0.70

the measured data show the slight increase of the median of
the CPVs after the eyes closed phase (Figure 3). In the case
of the CG or Pts with EO and EC standing on the FoS, the
measured data show a significant increase of the median of
the CPVs after the EC phase (Figure 4).

3.2. Comparing Patients and Healthy Subjects. Significant
differences were found when comparing CG on FiS with EO
and Pts on FiS with EO (𝑝 = 0.010), CG on FiS with EC and
Pts on FiS with EC (𝑝 = 0.005), CG on FoS with EO and
Pts on FoS with EO (𝑝 = 0.001), and CG on FoS with EC
and Pts on FoS with EC (𝑝 = 0.001). In all cases, significant
differences between the data for CG and Pts were observed.

The median of the CPVs in Pts standing on the FiS with
EO is 4.0 times larger than the median of the CPVs in the
CG standing on the FiS with EO.The median of the CPVs in
Pts standing on the FiS with EC is 9.7 times larger than the
median of the CPVs in the CG standing on the FiS with EC.
The median of the CPVs in Pts standing on the FoS with EO
is 37.2 times larger than the median of the CPVs in the CG
standing on the FoS with EO.The median of the CPVs in Pts
standing on the FoS with EC is 222.4 times larger than the
median of the CPVs in the CG standing on the FoS with EC.

3.3. Correlation between the Data from IMU and the Center
of Pressure Data. In the case of the CG with EO standing on
the FiS and FoS, the Spearman rank correlation coefficient
indicates a negligible correlation between the CPV and ACE.
In the case of the CGwith EC standing on the FiS and FoS, the
correlation between the CPV andACE is weak. Inmost cases,
the patient examinations show strong correlation between the
CPV and ACE; see Table 1. A moderate positive relationship
between the data from IMU and the data from force platform
was found in all cases.

4. Discussion

This study tested and verified a novel method utilizing the
volume of convex polyhedron obtained by plotting three
accelerations versus each other. It also proved the importance
of incorporating the phase of the stance task on a foam surface
with EC during the measurement process, since the results
between patients with cerebellar ataxia and CG differed the
most significantly in the CPVs observed during the FoS
stance task, both in the EC and EO phases [40, 41]. This
concludes that complicating stance tasks by reducing the
mechanoreceptor perception highlights the differences in
trunk movements between the CG and Pts. Also, the method



Journal of Healthcare Engineering 7

identified significant differences between patients and CG in
all instances of measurement. The CPV of the CG and Pts
differed even in the hundreds of measured units of the CPV.

Although the method yielded results corresponding to
those obtained by traditional methods in the case of Pts
and CG standing on the FoS with EO and EC, the novel
method revealed significant differences in the balance control
between Pts and CG [8]. The above findings point to some
complexity in the relation between the loss of perception and
compensation for this loss by moving the trunk. In the case
of the patients, the correlation coefficients indicate moderate
and strong positive correlation between the CPV and ACE.
The important information for the description of the situation
is that very significant changes in the trunk positionwere seen
only in the Pts.The reason for this is that the largemovements
only in the trunk, which is primarily used to improve the
stability of the patient’s body, have a great impact on changing
the COM of the whole body and which corresponds to the
position of the COP [42]. Conversely, in the case of the
CG, the correlation coefficients indicate a weak or very weak
correlation between the CPV and ACE.The reason for this is
that theCOPposition is a result of a complex kinematic chain.
Small movements of the COMof the trunk are overshadowed
by movements of other body segments. Thus, in the case of
the CG, small changes in trunk position may be different
from the changes in position of the center of mass (COM)
of the whole body, which differs from the COM of the trunk.
Therefore, the lowest correlations correspond to the smallest
movements of the torso when CG is standing with eyes open.
Thefinal reasonwhy the standard parameter (e.g., ACE) is not
correlated to CPV is because the CPV describes the complex
3D trunk accelerations (i.e., 3D movement) and the ACE
describes distribution of only 2D data in transversal plane
(2D space) and neglects movement in the third direction (i.e.,
vertical direction) [10]. Even a very small vertical movement
which the posturography platform may fail to record can
result in a significant change in theCPV. If we assume the area
of CPV reflected into the horizontal plane, this may correlate
with ACE. However if the reflected CP area is multiplied by a
relatively small value of the vertical movement, which might
be small compared to the horizontal movement, the volume
of the resulting pattern varies according to the number of
multiples in the value of vertical movement.

Significant correlations revealed between ACE and CPV
during stance on FiS with EC suggest future use of IMU in the
evaluation of postural stability in patients with, for example,
cerebellar disease at smaller medical centers or even at home.
Posturography platforms are spacious and less convenient
for use in small medical centers or at home and IMUs
might therefore replace the platforms in the therapy process,
while enabling the patient to perform postural stability
training individually with the IMU implemented in, for
example, a mobile phone. Interpretation of the results from
the measured data is identical to the interpretation of the
results obtained by posturography platforms, and thus their
use might be identical as well when it comes to therapy or
evaluation of postural stability following surgeries. Based on
the above it is clear that the determination and assessment
of postural instability may be now additionally carried out

by using the CPV, for example, in the form of examining
3D trunk acceleration.Themajor difference between utilizing
triaxial IMU and the traditional method using 2D trajectory
is the ability to describe the trunk movement in all three
human body axes/planes. The novel method thus clearly
found differences in postural control between Pts and CG
and even greater differences in postural stability between Pts
and CG. Clinical trials which are generally used to assess an
impaired postural stability have large variability (e.g., Clinical
Test of Sensory Interaction for Balance and others). This dis-
advantage could be eliminated using the proposed systemand
methodwhich can be used to evaluatemore subtle changes in
postural stability in an individual patient course of treatment.
Concluding from what is above mentioned, the potential of
CPV may prove instrumental in gaining clearer insight into
the postural stability and postural balance problems, which is
crucial in medical examination and rehabilitation medicine.

This study also adopted a few limitations. The major one
is that the size of the recruited subjects was rather smaller and
possibly not fully applicable to the larger scope of population,
even though it yielded statistically relevant results and it still
might prove the results in a larger study. Another possible
limitation is the chance of the existence of difference in
comparisons which did not yield a statistically relevant result.
However, it is safe to say that the sample of 10 Pts and 11
CG was relevant to design a preliminary study aimed on the
study of degenerative cerebellar disorder sufferers using the
basic features of the proposed techniques. Moreover, possible
limitation might be also the nonhomogenous age groups that
were compared. Even though previous works cited that age
differences should not pose a significant influence on the
presented results [38, 39], it would be interesting to use the
presented method to compare age groups and thus verify or
refute the influence of age on the relevance of the results.

5. Conclusion

All previous applications based on convex hull consider only
two variables—two coordinates or two angles—not acceler-
ations [22, 32]. However the three-dimensional version of
the convex hull can also be used to study 3D movements of
patients measured by triaxial IMU used in clinical practice.
There are two main reasons for this design. The first reason
is that one variable defining the shape of the 3D convex poly-
hedron allows us to study the change in the 3D movement
as a whole by new and cheaper triaxial IMUs. Moreover,
the combinations of the measurement of three accelerations
during specific balance tasks could identify new and spe-
cific differences in balance control of patients compared to
healthy subjects. The second reason for the measurement
and evaluation of all three accelerations, instead of only two
angles, is that the calibration of the cheap triaxial IMU may
not be accurate and thus the measurement of accelerations
in all three directions minimalizing the loss of information
about the 3D movement as a whole. Particularly cheap IMUs
in the contemporary mobile phones or watches, price of
which is constantly falling and compared to expensive profes-
sional motion capture systems and posturography platforms
is already considerably favorable, may find use in smaller
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medical centers as well as in long distancemedicine thanks to
the designedmethod.Also, inclusion of all three accelerations
allows forminimalizing the influence ofmispositioning of the
sensor on a body segment.Thus,with the proposedmethod, it
is capable of providing postural examination in everyday life
using a cheap 3D IMU, and it is also possible to use the new
method in a wide field of medicine including the rehabilita-
tion with consideration of trunk coordination for physically
challenged people.

The designed method and the 3D IMU not only are
capable of replacing the expensive posturography platforms,
but also they can become their complementary part. Postur-
ography platforms allow for evaluation of body movement as
a whole, and the introduced method provides for the evalu-
ation of postural stability of a given segment. The proposed
method of the evaluation of IMU data follows the traditional
method used with posturography platforms and therefore is
already familiar to the medical staff and easily interpreted.
The use of parallel measurements of 3D data using IMU
and posturography platforms for 2D data would require
further research into the applicability of such solution and
its contribution for medical examinations, for example, in
rehabilitation process. For the future clinical use it would
also be appropriate to add dynamic tests of postural stability
to the static ones because of the larger complexity of the
examination and also because performing the static tests dur-
ing treatment does not correlate with the improvements of
dynamic tests (which are also important for patient life quality).
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[7] O. Čakrt, M. Vyhnálek, K. Slabý et al., “Balance rehabilitation
therapy by tongue electrotactile biofeedback in patients with
degenerative cerebellar disease,” NeuroRehabilitation, vol. 31,
no. 4, pp. 429–434, 2012.

[8] B. P. C. Van de Warrenburg, M. Bakker, B. P. H. Kremer, B. R.
Bloem, and J. H. J. Allum, “Trunk sway in patients with spino-
cerebellar ataxia,”Movement Disorders, vol. 20, no. 8, pp. 1006–
1013, 2005.

[9] L. F. Oliveira, D. M. Simpson, and J. Nadal, “Calculation of area
of stabilometric signals using principal component analysis,”
Physiological Measurement, vol. 17, no. 4, pp. 305–312, 1996.

[10] J. A. Raymakers,M.M. Samson, andH. J. J. Verhaar, “The assess-
ment of body sway and the choice of the stability parameter(s),”
Gait & Posture, vol. 21, no. 1, pp. 48–58, 2005.

[11] J. Gill, J. H. J. Allum, M. G. Carpenter et al., “Trunk sway mea-
sures of postural stability during clinical balance tests: effects
of age,”The Journals of Gerontology, Series A: Biological Sciences
and Medical Sciences, vol. 56, no. 7, pp. M438–M447, 2001.

[12] C.U.Manohar, S. K.McCrady, Y. Fujiki, and I. T. Pavlidis, “Eval-
uation of the accuracy of a triaxial accelerometer embedded into
a cell phone platform formeasuring physical activity,” Journal of
Obesity & Weight loss Therapy, vol. 1, no. 106, p. 3309, 2011.
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[19] Á. Gil-Agudo, A. de los Reyes-Guzmán, I. Dimbwadyo-Terrer et
al., “A novelmotion tracking system for evaluation of functional
rehabilitation of the upper limbs,”Neural RegenerationResearch,
vol. 8, no. 19, pp. 1773–1782, 2013.

[20] P. Schubert, M. Kirchner, D. Schmidtbleicher, and C. T. Haas,
“About the structure of posturography: sampling duration,
parametrization, focus of attention (part I),” Journal of Biomed-
ical Science & Engineering, vol. 5, no. 9, pp. 496–507, 2012.



Journal of Healthcare Engineering 9

[21] F. Honegger, G. J. van Spijker, and J. H. J. Allum, “Coordination
of the head with respect to the trunk and pelvis in the roll and
pitch planes during quiet stance,”Neuroscience, vol. 213, pp. 62–
71, 2012.

[22] M. Zadnikar and D. Rugelj, “Postural stability after hippother-
apy in an adolescent with cerebral palsy,” Journal of Novel
Physiotherapies, vol. 1, no. 1, article 106, 2011.

[23] N. Ying and W. Kim, “Use of dual Euler angles to quantify the
three-dimensional joint motion and its application to the ankle
joint complex,” Journal of Biomechanics, vol. 35, no. 12, pp. 1647–
1657, 2002.

[24] Xsens, MTi and MTx User Manual and Technical Documenta-
tion 2010, Xsens Technoloties, Enschede,TheNetherlands, 2010.

[25] K. Lebel, P. Boissy, M. Hamel, and C. Duval, “Inertial measures
of motion for clinical biomechanics: comparative assessment of
accuracy under controlled conditions—effect of velocity,” PLoS
ONE, vol. 8, no. 11, Article ID e79945, 2013.

[26] A. Mart́ınez-Ramı́rez, P. Lecumberri, M. Gómez, L. Rodriguez-
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