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ABSTRACT. Current techniques for quantifying human postural stability during quiet standing have
several limitations. The main problem is that only two movement variables are evaluated, though a
better description of complex three-dimensional (3-D) movements can be provided with the use of
three variables. A single tri-axial accelerometer placed on the trunk was used to measure 3-D data.
We are able to evaluate 3-D movements using a method based on the volume of confidence ellipsoid
(VE) of the set of points obtained by plotting three accelerations against each other. Our method was
used to identify and evaluate pathological balance control. In this study, measurements were made of
patients with progressive cerebellar ataxia, and also control measurements of healthy subjects, and a
statistical analysis was performed. The results show that the VEs of the neurological disorder patients
are significantly larger than the VEs of the healthy subjects. It can be seen that the quantitative method
based on VE is very sensitive for identifying changes in stability, and that it is able to distinguish
between neurological disorder patients and healthy subjects.
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cerebellar disease.

1. INTRODUCTION

Neurological disorders usually have a negative effect
on trunk posture [IH3]. Patients with neurological dis-
orders often show instability during quiet stance tasks.
In recent years, tri-axial inertial measurement units
(IMU) for acceleration and orientation measurements
have been replacing force platforms for high-accuracy
3-D measurements of body movements for studying
the centre of pressure (CoP) excursions [4] of patients
with neurological disorders. The sensing units can
be used to measure the three Euler angles and the
three accelerations of a segment. In the past, sensing
units were placed on top of the head, spinous pro-
cesses of T1 and/or S1 in order to measure the motion
of the head, the trunk and the pelvis, respectively.
Although IMU systems can measure the three angles
and the three accelerations, techniques for quantifying
segment movements using only one or two measured
quantities were introduced into clinical practice [4Hg].
Measurements of trunk accelerations during stance can
identify impaired balance control in individuals with
neurological disorders [5, [9]. For posture monitoring
and training, a non-commercial IMU system has also
been developed as a diagnostic tool for trunk move-
ments [10, 1I]. In addition, the cheap accelerometers
and gyroscopes used in modern cell phones have been
tested for posture monitoring [6]. An assessment of

trunk movements using IMU may yield clearer insights
into balance deficits, and may provide a considerably
better diagnostic tool than the more traditional mea-
sures mentioned above. Although measurements of
trunk movements can provide aid in diagnostics and
rehabilitation, measurements of trunk movements us-
ing IMU have not previously been implemented in
the study of numerous postural balance problems of
patients with specific types of diseases. The force (pos-
turography) platform has until now been the main
tool for studying, e.g., the body movement of patients
suffering from cerebellar diseases [12]. Traditional,
more complex methods for processing the measured
data and for assessing postural instability, using at
least two measured variables, are based on the 2-D
convex hull [I3HI5], the 2-D confidence ellipse [I6H1S],
or the length of the trajectory obtained by plotting
two variables against each other [I9] [20]. These meth-
ods are usually used to evaluate the data from the
force platform [12] 21]. However, these traditional
ways of quantifying postural stability have some limi-
tations. The major limitation is that the methods are
based on evaluating only two variables, one in each
of the two planes/axes of the human body. This can
lead to a loss of important information about physical
activity, specifically the third physical quantity of 3-D
movements. Although tri-axial IMUs have been used
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for quantifying postural instability in clinical practice,
the methods for evaluating the measured data usu-
ally use only two variables out of the three measured
variables.

This paper aims to validate and apply a method
for identifying the pathological balance control of pa-
tients with a neurological disorder on the basis of mea-
surements of accelerations by IMU, and the volume
of confidence ellipsoid of the set of points obtained
by plotting the three accelerations, measured during
quiet stance, against each other. The technique relies
on a well-known principle that is used for evaluating
the 2-D data set [L6HI8].The reason for applying this
method is that a study of three-dimensional move-
ment with one variable characterizing the change in
all three accelerations may find new uses for the study
of postural stability in clinical practice using a low-
cost tri-axial IMU. Moreover, these accelerations are
directly related to changes in position, which means
that we could make a direct evaluation of the acceler-
ations. This method is used for diagnosing cerebellar
disease manifested by tremors or by swaying, since
it is primarily designed for use in neurology to dis-
cover relationships between neurological disorders and
postural trunk movements in 3-D space.

2. METHODS AND MATERIALS

2.1. PARTICIPANTS

Ten volunteer patients (aged 52.2 (SD 11.7) years)
with degenerative cerebellar ataxia [22] and eleven
healthy subjects (aged 26.0 (SD 6.4) years) partici-
pated in the study. A comparison of groups of the
same age is not necessary in this case, since studies
have shown that the body sway parameters of healthy
subjects within the age range between 20 and 60 years
vary ouly slightly [23] [24]. Aoki et al. [23] found that
there were insignificant differences in 10-60-year-old
subjects in COP sway parameters: circumference, rect-
angular area, left-right width, and front-back width
in both cases (eyes open/eyes closed), i.e., no signifi-
cant age-related differences were found in all the COP
sway parameters (i.e., Romberg quotients). It has
been shown that significantly degraded stability be-
gins after the age of 60 years. In addition, a detailed
analysis of an age-related increase in the CoP param-
eters by polynomial-type regression showed that a
gradual increase in body sway, characterized by in-
creased CoP oscillations, begins around the age of 60
years [24].

The patients were recruited from the Motol Faculty
Hospital, Prague, Czech Republic. A board-certified
neurologist had previously screened and diagnosed
progressive cerebellar disease. The diagnostic evalua-
tion included a detailed disease history, a neurological
examination, routine laboratory blood and urine tests,
and a brain MRI. The patients were measured in
the initial phase of the clinic’s two-week rehabilita-
tion program. Healthy subjects were recruited from
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FIGURE 1. The Xsens system with one tri-axial IMU
(A) and a central unit (B) used to measure angles and
accelerations of the trunk.

students/volunteers at Charles University in Prague.
For the healthy subjects, the diagnostic evaluation
included a detailed disease history, a neurological ex-
amination and routine laboratory testing. The study
was performed in accordance with the Helsinki Decla-
ration. The study protocol was approved by the local
Ethics Committee and the Motol University Hospital,
and informed consent was obtained from all subjects.
The subjects were chosen for the measurements ran-
domly, and on different days.

2.2. TEST PROCEDURE AND MEASUREMENT
EQUIPMENT

The Xsens system, composed of the Xbus Master
(central unit), a lightweight (330g) portable device
using MTx units (tri-axial IMUs) for orientation and
acceleration measurement of body segments, was used
for measuring trunk movements (see Fig. [I). The
MTx unit is an accurate IMU providing drift-free 3-D
orientation and 3-D acceleration. The MTx unit was
calibrated before each measurement, and was set up
in such a way that one axis of the coordinate system
was parallel to the anterior-posterior axis, i.e., the
axis of symmetry of the fixed stationary platform on
which the participants stood, and the other two axes
were perpendicular to the anterior-posterior axis (i.e.,
the axis of symmetry of the platform) with respect to
the direction of the Earth’s gravitational field, i.e., the
anterior-posterior axis was co-linear with the direction
of gravity. After calibration, one MTx unit was placed
on the patient’s trunk, according to [8, I3} 25], at the
level of the lower back (lumbar 2-3), see Fig.

The data, i.e., the three angles (Euler angles: roll,
yaw and pitch) [26H28] and the three accelerations
(in the accelerometer coordinate system) [29] of the
trunk, were measured by the IMU while the patients
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(Pts) and the healthy subjects (control group — CG)
were standing quietly standing on a fixed stationary
platform. In brief, trunk sway was measured during
quiet stance on a firm surface (FiS) and on a soft
foam surface (FoS) with eyes open (EO) and with eyes
closed (EC) [30]. The tasks included standing on each
legg for at least 60 seconds [3I]. The measurements
usually lasted for a few seconds longer, and the initial
data were cut off, so that all datasets have a record
length of 60 seconds. The subject’s bare feet were
positioned next to each other, splayed at an angle of
30°, with the arms always in hanging position. The
three angles, the three accelerations and the task
duration were recorded with a sample frequency of
100 Hz. There was no need to normalize the data
measured during quiet stance because the standard
ranges of angles and accelerations are the same for all
three planes of the body and for all adult subjects,
since the IMU was placed on the same anatomical
point.

2.3. DATA ANALYSIS

The roll (®), yaw (¥) and pitch (0) angles and the
three orthogonal accelerations (asq, asy, as-) in the
accelerometer coordinate system [29] were measured
by one MTx unit. The conventions of the Euler angles
(roll, yaw and pitch) are described in [27] 28| [32]. The
three accelerations measured by the accelerometer of
the IMU (i.e., the MTx unit) are described in detail
in [33, 34]. These angles and accelerations 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 Rgg can be interpreted in
terms of the Euler angles [35]:

Rgs = RY - RY - Ry, (1)
where

[cosT —sinT 0]

RZ = |sin¥ cos¥ 0], (2)
| 0 0 1]
[ cos® 0 sinO]

RE=1 0 1 0 [, (3)
| —sin © 0 cos G)_

1 0 0

Ry =0 cos® —sin®|. (4)

0 sin® cos® |

Matrix Rgg rotates an acceleration vector a_g> =
(asz,asy,as,)T in the sensor co-ordinate system (S)
to the global reference system (G):

ac = Ras - ag. (5)

The acceleration vector ag = (aGz,acy, ag:)" in
the global reference system is then rotated by second
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FIGURE 2. Example of the confidence ellipsoid ob-
tained by plotting superior-inferior (SI), medio-lateral
(ML) and anterior-posterior (AP) accelerations against
each other.

rotation matrix Rag to the anatomical coordinate

frame (A) [36]:

@4 = Rac - 8, (6)
where
cosWy —sin¥y 0
Rjic = Rio = |sin¥y cos¥y Of. (7)
0 0 1

The angle ¥q is obtained during the calibration
process of the MTx unit. The calculated accelera-
tion vector a4 = (aap,anr,asr)” in the anatomical
coordinate frame represents the superior-inferior ac-
celeration (agr), the medio-lateral acceleration (asr,)
and the anterior-posterior acceleration (aap).

Using the accelerations derived above we are able
to evaluate the 3-D movements of the patients. The
calculated acceleration vectors, or in other words,
the time dependent data (asr, apr, aap) obtained
by the tri-axal accelerometer are plotted as a 3-D
plot, i.e., a set of points is obtained by plotting the
three accelerations against each other, see Fig.[2] The
number of points is determined by the time of the
measurements, i.e., the recorded length of the dataset
(60s) and the sample frequency (100 Hz).

The method for identifying pathological balance
control is based on the mathematical tools for static
posturography, which are used to analyze the body
sway of unsteady patients [I6HI8]. We can model the
distribution of the measured data by a 2-D ellipse or
a 3-D ellipsoid. The confidence ellipse area has al-
ready been used in clinical practice to study postural
balance problems, but the concept of the confidence
ellipsoid volume has not been used before in clinical
practice for studying the postural balance problems
by three accelerations. We have used a method based

231



L. Hanakova, V. Socha, J. Schlenker et al.

AcTA POLYTECHNICA

5" 4,0E-01 -
v
£
< 4,0E-02 -
o
(%]
o
T 4,0E-03 -
G
(@]
£
£ 4,0E-04 - ?
o
S = o
4,0E-05
CG Pts CG Pts

EOFS EOFS ECFS ECFiS

F1GURE 3. Comparison of the volume of the ellipsoid of
the control group (CG) and the patients (Pts) standing
on a firm surface (FiS), with eyes open (EO) and with
eyes closed (EC).

on a description of the distribution of the measured
data (i.e., asr, apr and asp) by a confidence ellip-
soid. The confidence ellipsoid is determined using
the Principal Component Analysis (PCA) [37]. The
volume of an ellipsoid is given by an ellipsoid matrix
and the ellipsoid matrix is composed of entries from
the covariance matrix [38] [39]. The symmetric 3 x 3
covariance matrix is given by the equation [40, [41]:
Var(aap) Cov(aap,amr) Cov(aap,asr)
C = Cov(anr,aap) Var(amr) Cov(amr,asr) | . (8)
Cov(asr,aap) Cov(asr,amr) Var(asr)

The eigensystem of the covariance matrix consti-
tutes a quadratic surface which is used for visualiza-
tion. The confidence ellipsoid that makes the fewest
assumptions about the shape of the underlying distri-
bution from which the measured data can be drawn
is a three-dimensional ellipsoid, Fig. 2l We use a 95%
confidence ellipsoid (CE) to verify the applicability
of a 3-D confidence ellipsoid [42H44]. The 95% confi-
dence ellipsoid (with 0.95 probability [45] 46]) volume
is the volume of an ellipsoid that is expected to bound
95 % of the measured data, i.e., the set of points is
obtained by plotting three accelerations against each
other. The confidence ellipsoid volume is given by the
equation:

V= gﬂabc, (9)

where a = /x%?A1, b = /x%?\2, ¢ = /x%\3 are
semiaxes, Aj 23 are the eigenvalues of matrix C, and
x? = 5.991 as reported by Greenwalt, C. R. and
Schultz [47]. In our case, the physical unit of the
volume is m3s~¢. Although the MTx unit also senses
the gravitational acceleration it is not necessary to
subtract the gravitational acceleration because the
method for calculating VE uses only changes in the
accelerations, and the gravitational acceleration is
constant and perpendicular to the horizontal plane of
the Earth’s surface.
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FI1GURE 4. Comparison of the volume of the ellipsoid of
the control group (CG) and the patients (Pts) standing
on a foam surface (FoS) with eyes open (EO) and with
eyes closed (EC).

All calculations were performed using custom-
written MatLab programs with principal component
analysis implemented in MatLab software (MatLab
R2010b, Mathworks, Inc., Natick, MA, USA) to de-
termine the symmetric 3x3 covariance matrix of the
measured data and the confidence ellipsoid volume.

2.4. STATISTICAL ANALYSIS

After calculating the VE of each patient and of each
healthy subject standing on an FiS and on an FoS with
EO and EC, the statistical analysis was performed
using MatLab software. The Jarque-Bera test was
used to test the normal distribution of the calculated
VEs [48]. The test returns a value of h = 1 if it rejects
the null hypothesis at the 0.05 significance level, and
h = 0 otherwise. The median (Mdn), minimum (Min),
maximum (Max), the first quartile (Q1) and the third
quartile (Q3) of the AV and TL are then used to
compare the results for Pts and CG. In addition, the
Wilcoxon signed rank test and the Wilcoxon rank sum
test [49] were used to assess the significance of the
differences between the results of the measurements.
The significance level was set at p < 0.05.

3. RESULTS

The statistical data are used to illustrate the differ-
ences between the VEs of Pts with EO, Pts with EC,
CG with EO and CG with EC (Tab. . The following
plots (Fig. [3| and Fig. [4]) display the Min, Max, Mdn,
Q1, and Q3 for the VEs. Since some calculated values
were not distributed normally, the Wilcoxon test was
used to compare and analyze sets of calculated values.

The comparison of CG on FiS with EO and CG
on FiS with EC (p = 0.18) revealed no differences.
Differences were found when comparing Pts on FiS
with EO and Pts on FiS with EC (p = 0.02), CG on
FoS with EO and CG on FoS with EC (p < 0.01),
and Pts on FoS with EO and Pts on FoS with EC
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CG EO Pts EO CG EC Pts EC

FiS Min 4.30-107° 1.00-10"* 5.60-107°> 2.28.10~*

Max 1.79-107% 1.04-107' 2.53-10~* 5.10-107!

Mdn 1.14-107% 3.90-10~* 1.31-107* 9.76-10"*

Q1 9.80-107° 2.86-10~* 1.09-10~* 3.70-10~*

Q3 143-107* 4.49-107% 1.85-107* 3.36-1073

FoS Min 2.74-107* 1.08-107% 4.94-10~* 4.80-102
Max 1.31-107% 2.03-10° 9.43-107% 2.65-10°

Mdn 4.76-10"* 1.68-1072 1.76-10"% 4.23-107"

Q1  4.15-107* 5.34-107% 1.51-107% 6.71-1072

Q3 748-107*% 2.89-1072 2.76-107% 7.93-10°!

3

TaBLE 1. Comparison of the volume of the ellipsoids of the control group and the patients (all values in m®s~%).

(p < 0.01). For the subjects standing on FiS, the
measured data of the CG or Pts with EO and EC
show the same median or a slight increase in the
median of the VEs after the eyes were closed (Fig. |3).
For the subjects standing on FoS, the measured data
for the CG or Pts with EO and EC show a significant
increase in the median of the VEs when the eyes were
closed (Fig. [4).

Differences were found when comparing CG on FiS
with EO and Pts on FiS with EO (p < 0.01) show
a significant difference, CG on FiS with EC and Pts
on FiS with EC (p < 0.01), CG on FoS with EO
and Pts on FoS with EO (p < 0.01), and CG on FoS
with EC and Pts on FoS with EC (p < 0.01). It
can therefore be concluded, that there is significant
difference between the data for CG and for Pts.

The method based on the VE provides significantly
different results if the CG and Pts are measured when
standing on both types of surface. The median of the
VEs in Pts standing on FiS with EO is 3.4 times larger
than the median of the VEs for CG standing on FiS
with EO. The median of the VEs in Pts standing on
FiS with EC is 7.5 times higher than the median of the
VEs in CG standing on FiS with EC. The median of
the VEs in Pts standing on FoS with EO is 35.3 times
higher than the median of the VEs in CG standing on
FoS with EO. The median of the VEs in Pts standing
on FoS with EC is 240.3 times higher than the median
of the VEs in CG standing on FoS with EC.

4. DISCUSSION

A technique based on the volume of the confidence
ellipsoid of the set of points obtained by plotting three
accelerations against each other has been tested in
clinical practice. The results for the method show that
in all cases where the subjects stand on FiS or FoS
the VEs in Pts with progressive cerebellar ataxia are
significantly higher than the VEs in healthy subjects.
However, the differences are much more pronounced
when standing with EC on FoS. For patients or healthy

subjects standing on FoS with EO and EC, the findings
are consistent with findings obtained by traditional
methods [I3, B0], and show a significant difference
between the postural stability of Pts and CG. These
findings also justify the decision to ask the subjects
stand on a foam surface with EC during the medical
examination [511 [52].

For Pts standing on FoS with EC, the median of the
VE is 4.23-107' m3 s~6. For healthy subjects, the me-
dian of the VE is only 1.76 - 1072 m®s~6. The results
show that our method clearly identifies a deteriora-
tion in postural control, and large differences between
the postural stability of Pts and CG. This difference
is caused by a strong tremor or swaying of patients’
trunks, which is one of the manifestations of cerebellar
diseases [22], 50]. According to the method presented
here, VE can yield insights into the postural stability
and postural balance problems in patients with neu-
rological disorders. This information is important in
medical examinations and in rehabilitation medicine.
The method based on VE can therefore be used as
an additional method for determining and evaluating
of postural instability. The primary advantage of the
method is that the use of a cheap tri-axial IMU en-
ables us to study the patient’s trunk movements in
all three planes/axes of the human body.

There are potential limitations to our study. The
most important limitation is that the sample of sub-
jects was small, and was probably not representative
of the population as a whole. Although statistically
significant results were observed, it would be helpful to
see these findings proven in a larger study. However, a
sample of ten Pts and eleven CG was sufficient to test
the basic features of the techniques proposed for the
study of the Pts with degenerative cerebellar disorder
in this preliminary study. The proposed techniques
should be seen as a contribution to the study of the
postural stability of Pts with a neurological disorder,
for which widely used method based on cheap tri-axial
IMU is not adopted.
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5. CONCLUSIONS

We have carried out a study of postural instability
in patients with a neurological disorder based on the
volume of a confidence ellipsoid of the set of points
obtained by plotting three accelerations against each
other, and have shown that our technique is suit-
able for identifying postural balance problems. The
technique enables us to study the distribution of the
three measured variables (superior-inferior accelera-
tion, medio-lateral acceleration and anterior-posterior
acceleration) of body movements, and to overcome the
greatest limitation of traditional methods, which rely
only on two variables, one in each of the axes of the
human body (medio-lateral and anterior-posterior).
This method is used for studying the COP. Our new
technique, based on the confidence ellipse volume, has
never been used before for studying patients diag-
nosed with neurological disorders. The findings have
shown that a single inexpensive tri-axial accelerome-
ter placed on the patient’s body segments can be a
reliable tool for clinical measurements, and that our
method more suitable than the force platforms that
are currently widely used [4]. Finally, it should be
mentioned that our new technique can also be used
for analyzing data obtained using the accelerometers
installed in cell phones or in electronic watches. This
can make it possible to use the methods proposed here
in small health clinics or even in the patient’s home.
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