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1. Introduction

Down Syndrome (DS) is a congenital condition
caused by a chromosomal anomaly. The presence
of a third copy of chromosome 21 leads to an
underdevelopment of the Central Nervous System,
muscular hypotonia, ligament laxity and flatfoot;
neuromotor deficits are followed by postural
disorders at various levels, problems with balance
and postural stability.

Posturography represents the gold standard for
the clinical characterization of balance in both
healthy and pathological subjects. Based on the
aspects of postural control to be investigated, and
on the specifics of the test, posturography can refer
to static or dynamic analysis conditions.

This thesis focuses mainly on static equilibrium
and its characterization during quiet orthostatic
posture; evaluations were conducted combining
the use of stabilometry, an optoelectronic system
and Principal Component Analysis (PCA). Starting
from the markers’ coordinates, PCA allows the
linear decomposition of wholebody postural

adjustments into unidirectional oscillatory trends,
using the markers’ displacement. Although these
unidirectional sway trends, called Principal
Movements (PMs), do not correspond directly to
physiological movements, they are strongly
indicative of the motor patterns evaluated from the
variance point of view. Principal Movements can
be described by means of Relative Amplitude (RA)
- which measures specific pattern preference — and
Zero Crossing (ZC), that can be interpreted as an
index of postural control activation at neurological
level.

This thesis focuses on identifying postural patterns
during upright quiet standing in patients with
Down Syndrome.

2. State of art

The main mechanisms involved in postural control
and stabilization are the following;:

¢ A purely biomechanical mechanism, with
instantaneous action, due to muscle stiffness.

* A reactive mechanism, which operates in closed
loop and is determined by sensory feedback that,



within a finite time, informs the CNS of the current
state of the controlled system.

* An anticipatory mechanism, which operates in
open loop and is based on an internal model of
sensory integration and on the ability to predict the
dynamics of the system.

To understand the mechanical aspects of postural
control we can refer, as a first approximation, to a
very simple model of upright stance under quiet
conditions: the inverted pendulum model. Two
significant variables are associated with it: the
Center of Mass (CoM) and the Center of Pressure
(CoP). The body is represented as a massless rod of
L length, since all the mass is assumed to be
concentrated at a single point: the CoM. The CoP is
defined as the centroid of the pressures applied by
each point of the foot surface in contact with the
support base. It is also the point of application of
the resultant of the forces exchanged between the
foot and the ground, the Ground Reaction Force
(GRF). Therefore, the CoM reflects the actual
movement of the body segments, where the CoP
represents the action of active muscular forces.

Figure 1: Inverted pendulum model

The key parameters for the quantitative
assessment of posture in clinical field are the
coordinates of the center of pressure. In particular,
from these it's possible to obtain two
representations of CoP behavior, an example of
which is shown in the image below (Figure 2):

e The stabilogram, which represents the time
course of the two CoP coordinates; specifically, the
x-coordinate represents medio-lateral sway, while
the y-coordinate represents antero-posterior sway,
shown at the top of Figure 2.

* The statokinesiogram is instead a planar
representation of the CoP trajectory, shown at the
bottom of Figure 2.
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Figure 2: Stabilograms e statokinesiogram
representative of the CoP

3. Materials and Methods

Data from 121 patients have been selected in our
study (57 females, 64 males) in 5-69 range of age
(avg 21.4 = 9.8 years) and able to get through a
stability trial without external support; in
comparison, a Control Group (CG) of 12 healthy
volunteers went through the same test, in 20-29
range of age (avg 23.5 + 0.7 years).
Due to the early 2000’s database, the exclusion of
several patients has been necessary since the
sustained tests at the time weren’t following the
basic parameters of our study. Therefore, it has
been selected a dataset with 23 eligible patients (9
females, 14 males. Avg 19.5 + 3.5 years).
The main reasons of exclusion has been: lack of one
of the interested tests (open eyed, closed eyes),
flickering, different acquisition protocol and
missing platform data.
For each subject has been measured several
anthropometric datas, such as:

e Weight and height;

e Pelvis thickness;



e Anterior-Superior Iliac Spine distance
(ASIS);

e Lower limb lenghts;

e Femur condyles distance (knee diameter);

e Internal-external malleoluses distance
(ankle diameter).

Later, 22 small passive, retro-reflective markers of
spherical or semi-spherical shape were placed on
the subject in an upright orthostatic position.
Specifically, the position of the markers is based on
the Davies protocol [2], which place them in the
following anatomical landmarks (Fig. 1):

e Cervical vertebra (C7);

e Acromion;

e Second sacral vertebra (sacrum);
e ASIS;

e  Greater trochanter;

¢ Lateral femoral epicondyles;
e Tibial epicondyles;

e Lateral malleolus;

e Heel;

e Head of the fifth metatarsal;
e Bar placed at mid-thigh;

e Bar placed at mid-shank.
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Figure 2: Anatomical landmarks by Davis
protocol [2]

Setup completed, the subjects were asked to
remain standing on the platform for about 40-50
seconds, looking in front of themselves and
keeping their arms relaxed along their sides, while
self-restraining head and upper-limb movements
as much as possible. This test was repeated twice,
consecutively, in two conditions: eyes open (EO)
and eyes closed (EC).

The data related to the tests were acquired and
recorded through the combined use of an
optoelectronic system (ELITE 2002, BTS S.p.A.,
Milan, Italy) and a baropodometric platform
(KISTLER, CH).

The previous anthropometric measurements were
integrated with the kinematic data of the markers
and subsequently processed: in this way it has
been derived the trajectories of 14 points ,
commonly referred as landmarks; specifically:

e 6 landmarks corresponded to the joint
centers of the pelvis, knees, and ankles;

¢ 8 landmarks matched to the anatomical
reference points located at C7, the acromia,
the sacrum, the ASIS, and the heads of the
fifth metatarsals.

Since this was a static posturography test, the
trajectories of the 14 identified landmarks were
very small; nevertheless, they remain fundamental
for the study of slight oscillations, characteristic in
the exercise of a neutral upright posture.

The data extracted from the BTS software were
subsequently processed in the Matlab calculus
platform (MathWorks Inc., Natick, USA).

As for the baropodometric platform data, the
following post-processing protocol was applied:

1. Filtering using a fourth-order Butterworth
low-pass filter with a cutoff frequency of 6
Hz applied to the raw Center of Pressure
(CoP) trajectory.

2. Data skimming so that each trial consisted
of 20 seconds of data; specifically, the first
5 seconds of each trial were removed, as
well as the samples after the frame
corresponding to t =25s.

3. Evaluation of the CoP velocity, the
trajectory length, and the area of the 95%
confidence ellipse.

As for the information coming from the motion-
capture system, it was analyzed using the
following algorithm:

1. Interpolation of the raw trajectories of the
landmarks, using cubic splines. These
trajectories were subsequently filtered
using a fourth-order Butterworth low-pass
filter with a cutoff frequency of 10 Hz. As
in the previous case, the data were
skimmed by removing the initial and final
seconds of recording, so that each trial
consisted of the same time window of 20 s.



Definition of a local reference system to
express the coordinates of the landmarks,
in addition to the global one. This system
was constructed using the three pelvic
landmarks (sacrum and both ASIS), where
the origin of the local system coincides
with the midpoint between the pelvic
markers. The z-axis is oriented to the right,
along the line connecting the two ASIS; the
y-axis is vertical; the x-axis is given by the
cross product of the other two axes, with
the positive direction pointing forward.
Creation of a posture matrix for each trial
of dimensions [2001x42]; each row of this
matrix contains the posture vector
corresponding to that specific time instant,
with dimensions [1x42]. Each posture
vector therefore contains the coordinates
of all markers in the considered time
window (14 landmarks x 3 dimensions).
Computation of the mean posture vector
for each i-th trial, Pumemi. This vector has
dimensions [1x42] and is defined as the
temporal mean of the coordinates of the 14
landmarks (j = 1, ..., 14) during the trial:
Prean,i = [xlﬂyl'zlv“'vxj'ijzj]
This vector is subtracted from the posture
matrix for each i-th trial in order to
highlight postural variations relative to the
neutral position. The resulting temporary
matrix is called Premp,i [3].
Definition of a weight vector w [1 x 42],
since each landmark  contributes
differently in terms of mass.
Normalization of each posture vectors was
performed by multiplying the weight
vector wj and dividing by the Mean
Euclidean Distance (MED) computed on
Premp,i, in order to minimize anthropometric
differences among subjects. In this way,
the  normalized  posture  matrix
Prorm,i[2001x42] was obtained.
Construction of the global matrix P, by
concatenation of the posture matrices of
each individual, with final dimensions [(35
subjects x 2 trials) x (2001 x 42)]. Each
subject contributes to two matrices—one
for each trial —which are used to build the
overall dataset, each with the same
variance. In addition, an ordered matrix [2
x 23] was created, in which the columns are
the patients and the rows correspond to a

type of trial. Thus, this matrix essentially
consists of two arrays in which each cell
refers to the i-th posture matrix containing
the set of landmark positions for all
sampling frames of the considered trial.

Prean,i = [*1, Y1, 21, %}, ¥j, 2]

The Singular Value Decomposition (SVD) was
applied to the global matrix P, and the outputs
were processed in order to obtain:

e The eigenvectors of the covariance matrix
of P, the Principal Components (PCs),
represented by the matrix pck[42x42].

e The eigenvalues (EVs) of the covariance
matrix of P, which quantify the variance
explained by each component.
Specifically, the SVD returns a diagonal
matrix S containing the eigenvalues; these
were extracted into a column vector, evk[42
x 1].

e A matrix of Scores [(35 subjects times 2
trials) x (2001 times 42)], obtained as the
projection of the global posture matrix
onto the PCs: Scores = P X pcy

By splitting the Scores matrix, a three-dimensional
matrix was obtained that describes the temporal
evolution of each movement component: the so-
called Principal Positions (PPs). Of the 42
components produced by the SVD, only those
explaining more than 1% of data variance were
retained. In this case, 8 principal components
satisfied this criterion.

The variables obtained via PCA enabled the
reconstruction of the movement by considering
each component independently and defining the
Principal Movements (PMs) as projections of the
PCs onto the PPs.

Finally, the Principal Accelerations (PAs) were
obtained by numerically computing the second
derivative of the PPs. These accelerations were
used to characterize the movement-control system
during post-processing.

In the final stage of data processing, the curves of
the principal positions ppk(t) and principal
accelerations pax(t) were analyzed to extract two
independent variables:
e Zero Crossing (ZC): the number of times
the principal acceleration crosses the
horizontal axis, i.e., the zero position.



¢ Relative Amplitude (RA): the relative
amplitude, defined as the ratio between
the area under the principal position curve
for each trial (weighted with the
corresponding  eigenvalue) and the
weighted sum of the areas under all
components.

Once these variables were computed, each
significant principal movement could be described
in terms of its two values (ZC and RA), considering
the two different testing conditions: EO and EC.

To investigate differences in the variables, a two-
way univariate analysis of variance (ANOVA) was
performed. This technique was chosen to
independently analyze the two dependent
variables RA and ZC relative to two fixed factors:
® Group (Control Group and Down Syndrome).

¢ Test condition (Eyes Open and Eyes Closed) in
both CG and DS groups.

The analysis was repeated n_retained times to
respect the previously mentioned selection
criterion regarding the significance of the PCs. The
threshold for statistical significance was set at p =
0.01. Interaction effects between the two fixed
factors were also considered. Additionally, the
effect size n? was calculated: )2 = 0.01 corresponds
to a small effect; n? = 0.059 corresponds to a
medium effect; n? = 0.138 corresponds to a large
effect (Richardson, 2011).

The Principal Movements deemed significant were
8, explaining 94.42% of the variance of the dataset
used in this study. It can be observed that the
movement described by each PM has a preferential
plane of execution. Since these are movements of
extremely small amplitude, a scaling factor was
used in the stick diagrams to amplify the oscillation
by 100 times. Because the PMs are linear
combinations of real movements—not oscillations
directly recorded by the optoelectronic system —it
is assumed that each PM represents a combination
of multiple simultaneous strategies used to
maintain  balance. Nevertheless, in each
combination a predominant oscillation can be
identified, making it possible to isolate a dominant
movement for each PM.

Whenever a p-value is close to the significance
threshold, it is useful to refer to the corresponding
effect size (n?), which expresses, in terms of

variance, the influence that the k-th variable has on
the corresponding PMy compared with the other
k-1 variables.

4. Conclusions

What said allows to outline an interpretation of the
Principal Movements (PMs) obtained through
PCA on the postural matrices. PM3 reflects a
sagittal-plane oscillation of the entire kinematic
chain: this resembles a strategy widely
investigated in literature, known as the ankle
strategy. In addition, hip and knee flexion-
extension are also evident: indeed, the temporal
evolution of the PM3 stick diagram resembles the
characteristic CoP—CoM tracking typical of the
inverted pendulum model [4,1].

In contrast, the preferential plane of movement of
PMS8 is the frontal one. In this case, a cyclic shift of
body weight from one lower limb to the other is
observed, enabled by hip abduction. The temporal
evolution of the stick diagram shows an alternating
inclination of the pelvis around the anteroposterior
axis, together with knee flexion and rotation, and
ankle dorsiflexion. Altogether, these elements
contribute to postural control in the medio-lateral
direction.

The results obtained from traditional stabilometric
parameters are consistent with the literature
concerning the typical features of postural control
in individuals with Trisomy 21, ie. that this
population tends to rely on anticipatory postural
adjustments rather than compensatory actions,
even during a static task. In this regard, the CoP
trajectory of subjects with Down Syndrome is
significantly longer, but no significant differences
are observed between the eyes-open and eyes-
closed conditions. Moreover, no appreciable
differences are found between the control and
pathological groups in the area described by the
95% Confidence Ellipse.

Principal Component Analysis applied to the
postural matrices enabled the derivation of two
complex parameters: Relative Amplitudes and
Zero Crossings. The RAs of two out of eight
Principal Movements were found to be significant
in characterizing a behavioral difference between
the pathological and control groups. The Principal
Movements to which they refer operate



respectively in the sagittal and frontal planes,
similarly to the ankle and hip strategies. The fact
that all ZC are statistically significant suggests that
there is no preferential direction of movement on
which the postural control of individuals with DS
acts more prominently. In the DS population, the
number of transitions through the neutral position
is noticeably reduced, a sign of their tendency to be
consistently rigid. Indeed, no appreciable
differences are found between the eyes-open and
eyes-closed conditions in the number of zero
crossings.

The area of the Confidence Ellipse, which contains
with 95% probability the points of the
statokinesiogram, was not significant between the
two examined populations. This means that there
are no appreciable differences between the
pathological and control groups in the spatial
distribution of the postural “skein” specific to each
PMk. The healthy subjects examined exhibit, on
average, a larger area in the eyes-closed condition
and a smaller area in the eyes-open condition—
since visual deprivation typically alters balance-
maintenance strategies. In contrast, in the
pathological sample, this trend is reversed: the area
recorded with eyes closed is smaller than with eyes
open. It therefore appears that the exclusion of one
afferent sensory pathway slightly improves their
already impaired control ability, as the reduced
flow of information helps optimize the postural
strategy implemented.

Trajectory Length values are statistically
significant between groups and exhibit a
substantial effect size. Specifically, the pathological
group reaches CoP path lengths that are twice
those of the healthy sample, in both testing
conditions. Individuals with Trisomy 21 follow
longer trajectories and therefore use higher sway
velocities.

In conclusion, the use of PMs provides information
that confirms what is widely reported in the
literature regarding the characteristic postural
behaviors of individuals with Down Syndrome.
However, due to the inherent nature of PMs, a
unique interpretation of them does not exist. This
is because each Principal Movement is the linear
combination of actual oscillations, which implies
that both ankle and hip strategies contribute —
although to a different extent—to all PMs.
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