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ABSTRACT

Expanded disability status scale (EDSS) is the most widely used clinical scale to evaluate levels of
multiple sclerosis (MS). As MS can lead to disruptions in the regulation of balance and the disability
can be evaluated by force platform posturography, we have developed in this study a new strategy
to estimate EDSS from postural data. 118 volunteers with EDSS ranging from 0 to 4.5 participated in
this study, with eyes closed. By using second-order polynomial regression models, EDSS was
estimated from two postural sway parameters, respectively, the length and the surface and four
recurrence quantification analysis (RQA) parameters: percentage of recurrence (%Rec), Shannon
entropy (Ent), mean diagonal line length (LL) and trapping time (TT). In addition, all four RQA
parameters were calculated for position, instantaneous velocity and acceleration of the center of
pressure. In order to select the most accurate method for estimating EDSS, four statistical indices
(percentage of agreement, underestimation and overestimation, as well as mean error) were
calculated comparing clinical and estimated EDSS scores. The results demonstrate that estimations of
EDSS from surface, %Rec and LL of position, best agreed with clinical scores. This study emphasizes
the possibility of distinguishing EDSS scores using postural sway and RQA parameters.

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory and immunological disease characterized by
demyelization of the central nervous system [1]. It is one of the most frequent neurological diseases
in young adults [2] and its prevalence shows a heterogeneous distribution amongst countries [3].
Symptoms of MS are multifold, and varied including visual disturbances, pyramidal signs (muscle
weakness and spasticity), sensory dysfunction, incoordination, balance disorders and cognitive
impairment.

Over the course of the disease, MS can lead to severe handicap. To evaluate the degree of
neurologic impairment in MS, Kurtzke [4] proposed the expanded disability status scale (EDSS), which
is the most widely used scale. EDSS is a 20-step scale of disease severity ranging from 0 (normal) to
10 (death due to MS). This scale includes two parts: one (from 0 to 3.5) taking into account functional
parameters and the other (from 4 to 10) estimating degrees of mobility in patients. The scale
considers eight functional systems (FS): pyramidal, cerebellar, brainstem, sensory, bowel & bladder,
visual, cerebral, and other. These FS represent eight different areas of the central nervous system
and each ranges from 0 (normal) to 5 or 6 (maximal impairment). These FS grades, indications of
mobility and restrictions in daily life, are used to define EDSS as an ordinal measurement whereby
differences between scale steps are not homogeneous. In order to overcome the neurologist inter-
examination variability, a minimum of 1.0 EDSS unit difference has been needed to define a
significant clinical change [5]. Although EDSS has some shortcomings, it is still considered as the
standard scale for quantitative assessment of the MS status.

Perturbations in balance representing one of the main symptoms in MS Sensory disorders, appear
early in the disease and considerably hamper patients. Proprioceptive ataxia is found in more than
80% of cases after 5 years of evolution and contributes to increase balance disturbances [6]. Force
platform posturography is a common method for quantifying balance performance. Various
parameters derived from the center of pressure (COP) signal provide different types of information
on postural control mechanisms [7]. Displacements of the COP in anteroposterior and/or
mediolateral directions are used in the analysis of postural sway [8, 9]. Recurrence quantification



analysis (RQA) has been presented in order to provide many features of given time series, including
the quantification of deterministic structures and of non stationarity [10].

Some studies [2, 11] have used a force platform to evaluate balance control in MS patients
observing significantly greater sway (postural disorders) in the MS group than in controls. In a
previous paper [12], we found a significant correlation between EDSS and posturologic data. Hence,
the purpose of the present study was to estimate EDSS scores by using values extracted from the
posturologic data of MS patients, in order to select the most pertinent parameters.

2. Material and Methods

2.1. Participants

89 MS patients and 29 healthy subjects were included in this study (Table 1). Ms Patients were
selected among those who underwent neurological consultation at Saint Philibert Hospital, Lomme,
France. Healthy controls were recruited from the hospital staff. The diagnosis of MS based on clinical,
biological and magnetic resonance imaging findings was established under carefully standardized
conditions, in accordance with MacDonald criteria revised in 2005 [13]. The EDSS score was set by a
well-trained neurologist with extensive clinical experience. For the patients, the median EDSS score
was 3 with a range between 1 and 4.5.

Inclusion criteria were age: 18-70 years and relapsing remittant MS range: 0 to 4.5.

Exclusion criteria were mental disorders affecting comprehension, orthopedic or rheumatologic
perturbation within six months prior to inclusion for all and, at least three months after a recognized
relapse for MS. Pyramidal, sensory, visual, cerebellar and brainstem impairments which can alter
balance regulation were thereby listed (presence or absence) for each patient. Disturbance data of
patients for each EDSS score are presented in Table 2. Written consent before study onset had been
obtained from all participants.

2.2. Study protocol

Patients were asked to stand upright on a force plate with bare feet and with arms by their sides.
They were instructed to stand as still as possible during the record. A Satel force plate was used in
our experiments. This balance analysis technique is based on the measurement of COP sway in a
standing subject and enables calculation of the intensity and vector of ground reaction forces.
Recording time was 51.2 seconds with a sampling frequency of 40 Hz. The evaluation was performed
under static conditions with eyes closed. COP variability is generally higher under eyes-closed
conditions than under eyes-open conditions, for the same subject, in quiet stance [2]. Records were
directed and controlled by a physiotherapist specialized in clinical posturology.

2.3. Measures for estimating EDSS score

2.3.1. Postural sway measures

Two estimates of postural sway were computed for each trial: length, which represents the total
length of the COP path over time, and surface, which corresponds to the surface area of the ellipse
that circumscribed 90% of COP points, computed by principal component analysis (PCA).



2.3.2. RQA measures

RQA is a tool for studying the temporal dynamics of a time series by providing quantitative
information on the properties of the underlying dynamic process [9, 14]. It is based on the
construction of a recurrence plot (RP) from which quantitative values are extracted.

Due to COP fluctuations of the subject with eyes closed forming a dynamic structure, RQA was
first performed by using the coordinate position (X, ¥) of all COP points. Four RQA estimates were
calculated from a constructed RP [10]: (1) percentage of recurrence (%Rec) which is expressed as the
density of recurrence points, (2) Shannon entropy (Ent) which represents the probability of finding a
diagonal of a given length, (3) mean diagonal line length (LL) which measures the mean length of the
diagonal lines, and (4) trapping time (TT) which quantifies the mean length of the vertical lines. For
these calculations, the time delay was set to 1/40s and the embedding dimension was 1. The minimal
diagonal length was set to 2 samples. The radius threshold for identify recurrence was set to 15mm
for maximum correlation between EDSS and each recurrence estimate.

To further explore the dynamics of the posturogram which reflects the movement of the COP,
two movement parameters, instantaneous velocity V(i) and acceleration 4(f), were analyzed by

using RQA and calculated as follows:

V() = ﬂl'(v;m}f + W 0)2 (1)

AQ) = J(Ax(z}}ﬂ + (4, (D)2, 2)

where V(=G +1)-XGi—-1))/2«At) , VE=FE+D-Yi-1)/2=At) |,
A = (LG + 1) = V(@) /(A0), A, () = (1, + 1) =V, (1))/(At)), At was the sample duration
equal to 1/40 s, V(i) and A(i) were in mm/s and mm/s respectively. Except for the radius value (39

mm/s for the velocity and 360 mm/s>for the acceleration), all other parameters were as mentioned
previously.

2.4. Analysis

Correlation coefficients were calculated between clinical EDSS scores and the logarithm of each
calculated estimate. If correlation was significant (p<0.05), a second-order polynomial regression was
applied to obtain an equation. EDSS scores were then established by using the estimate and the
equation. In order to select the most pertinent value for estimating EDSS score, four statistical
indices between clinical and estimated EDSS scores were determined for each estimate: percentage
of agreement within a £ 0.5 EDSS steps (% Agreement), underestimation, i.e. the estimated score was
lower than the clinical score (% Underestimation) and overestimation, i.e. the estimated score was
higher than the clinical score (% Overestimation). In addition, the mean of the estimation errors was
calculated (i.e. the absolute value of the difference between the estimated and clinical values for
each participant (Mean error).

3. Results



Figs. 1A and 1B present, respectively, the distributions of instantaneous velocity and acceleration
for each EDSS score. In all cases, excepting perhaps at EDSS=4, both velocity and acceleration
increase significantly with EDSS score (ANOVA, p<0.05).

Figs. 2A and 2B plot clinical EDSS scores as a function of the logarithm of the surface (Fig. 2A) and
of %Rec of the position (Fig. 2B) with the corresponding second-order polynomial regressions and
equations. EDSS scores increase with the surface log and decrease with %Rec.

Correlation coefficients (R) between clinical EDSS scores and all estimates are shown in Table 3.
The four statistical indices (%Agreement, %Underestimation, %Overestimation and Mean error)
calculated comparing clinical EDSS scores and EDSS scores estimated from postural sway and from
the RQA of the position, the velocity and the acceleration are also reported in Tables 3A and 3B
respectively. All correlations were found to be significant (p<0.05), although the highest correlation
was between the Ent of the position and the clinical EDSS score (R=-0.8448).

On the basis of highest %Agreement and lowest mean error, best results were obtained
with %Rec of the position (%Agreement=70.49%, Mean error=0.63), surface (%Agreement=68.03%,
Mean error=0.62) and LL of the position (%Agreement=68.03%, Mean error=0.63).

The difference between %Overestimation and %Underestimation ranged from -4.10% (%Rec of
the velocity) to 3.28% (Ent of the position).

4. Discussion

Our cohort disability level was similar to other MS published cohorts [6, 15]. Pyramidal, sensory
and visual impairments are usually present in early stages of the disease while cerebellar
involvement generally occurs later on [15].

EDSS is the most widely used clinical scale for evaluating disability in people with MS. It is usually
determined by the physician specialist who performs the neurological examination. Although some
methods have been developed for the automatic estimation of EDSS, most are based on a set of
predefined rules derived from functional systems findings [16, 17]. In this study, we extracted two
postural sway estimates and four RQA values from posturologic data, all having a significant
correlation with the clinical EDSS scores. This observation corroborates and extends our previous
study [12] in which only the two parameters of surface of the circumscribing ellipse and %Rec of the
COP position were considered. It is thus possible to estimate EDSS scores from the posturologic data
with a Mean error of less than 0.85.

Furthermore, during a previous study, we presented an EDSS estimation method by using RQA
measures of COP position [12]. In order to provide a more detailed view of the dynamics of COP
trajectory, we herein proposed to calculate RQA values of instantaneous velocity and acceleration of
the COP and expected that these two movement parameters would more accurately estimate EDSS
scores compared to COP position. However, the results show that the RQA parameters of position
are generally more discriminant than those of velocity and acceleration.

The first possible reason is that recurrence measurements of instantaneous velocity and
acceleration require a higher sampling rate than that to sample the trajectory of the COP. The



recurrence method used in this study to analyze the combined X-Y data has a combined maximum
frequency which may be higher than that for each individual coordinate. What is more, as taking the
derivative of a signal (velocity and acceleration) attenuates lower frequency components and
amplifies higher frequency components of a signal, a higher sampling rate is necessary to reproduce
the signal [18]. For this, we propose to increase the sampling rate to 100 Hz in agreement with
previous authors as [19] and then to filter COP signals with a low-pass filter before calculating
velocity and acceleration. This will decrease the sensitivity to noise ratio by which the numerical
derivatives are easily affected.

The second possible explanation is based on the profile of the instantaneous velocity and
acceleration over the EDSS scale (Figs. 1A and 1B). Except for EDSS=4, both velocity and acceleration
increase significantly with EDSS score. It is well known that lower scores, up to 3.5, are largely
dependent on the functional systems, but disability in the higher scores is mainly determined in
reference to ambulation. EDSS is a mixture of impairment (lower EDSS levels) and disability (higher
EDSS levels) heavily weighted towards ambulation. Therefore, presence of different pathological
behaviors at EDSS=4 could affect the representation of the posturogram and the profile of the
velocity and acceleration, such as spasticity [20].

5. Conclusion

In this study, we presented methods for estimating EDSS score of patients with MS, from postural
data. The most pertinent and accurate method uses surface of the ellipse, %Rec and LL of the COP
position. The results reinforce the ability to well estimate EDSS scores and further the possibilities
distinguishing EDSS scores by using postural sway and RQA values. In the future, the combination of
these parameters, the examination of other values such as time delay and embedding dimensions for
construction of the RP matrix and the use of shorter intervals of a few minutes or a few days may
prove fruitful.
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Fig. 1. Instantaneous velocity (A) and acceleration (B) for each EDSS score (ANOVA, p<0.05).

Fig. 2. EDSS score as a function of the logarithm of the surface (A) and of the %Rec of the position (B).



Tablel

Table 1
Demographic data.
Control MS Group
n =29 (m/w = 8/21) n =89 (m/w = 20/69)
Age (Y) Age (Y) Diagnostic Duration (y)
Mean 34.79 46.11 13.46
SD 12.31 10.26 8.89

n: number; m/w: sex ratio.



Table2

Table 2
Disturbances in MS patients for each EDSS score.
EDSS score n Pyramidal Sensory Visual Cerebellar  Brainstem
1 5 2 4 3 0 0
1.5 16 5 14 7 1 2
2 12 4 12 6 1 0
2.5 11 11 11 4 1 3
3 14 14 14 3 2 7
3.5 12 7 12 4 3 5
4 11 8 11 2 3 3
4.5 8 8 8 2 3 5

n: number.



Table3

Table 3
Statistical analysis: (A) postural sway measures and (B) RQA measures of the COP’s position,
instantaneous velocity and instantaneous acceleration.

Surface Length
R 0.8446* 0.8335*
%Agreement 68.03% 63.12%
%Underestimation 17.21% 18.03%
%O0verestimation 14.76% 18.85%
Mean error 0.62 0.68
(A)
Position Velocity Acceleration
%Rec
R -0.8324* -0.8004* -0.7221*
%Agreement 70.49% 64.76% 59.84%
%Underestimation 15.57% 19.67% 19.67%
%0verestimation 13.94% 15.57% 20.49%
Mean error 0.63 0.72 0.77
Ent
R -0.8448* -0.7853* -0.7427*
%Agreement 65.58% 58.20% 54.10%
%Underestimation 15.57% 21.31% 22.13%
%O0verestimation 18.85% 20.49% 23.77%
Mean error 0.65 0.76 0.84
LL
R -0.8214* -0.7532* -0.6863*
%Agreement 68.03% 53.28% 54.92%
%Underestimation 15.58% 23.77% 22.13%
%O0verestimation 16.39% 22.95% 22.95%
Mean error 0.63 0.77 0.82
T
R -0.8123* -0.7513* -0.6907*
%Agreement 65.58% 54.92% 55.74%
%Underestimation 17.21% 23.77% 22.95%
%0Overestimation 17.21% 21.31% 21.31%
Mean error 0.65 0.77 0.81

(B)
R: correlation coefficient between clinical EDSS scores and calculated measures; *: statistically
significant correlation, p<0.05; %Agreement, %Underestimation and %Overestimation:
percentages of agreement with a + 0.5 EDSS steps allowed, underestimation and
overestimation between estimated and clinical EDSS scores; Mean error: mean of the
estimation errors for each participant.



Figurel
Click here to download high resolution image

A
1“-7 2 | T LS L) L Al Al T
&
+
:gmo-
i a8
§’°' i %
l FE 3 i
+
% -+ + + + o
o kY + + + + + +
0 1 15 2 25 3 35 4 45
EDSS
B
+
+
m" +
£ ol
E +
glm'- ;
il . %% I
= T
OFI 1 1 1 I i | L I
0 1 15 2 25 3 35 4 a5



http://ees.elsevier.com/gaipos/download.aspx?id=169018&guid=91a1e34a-0e75-41e6-9065-e1a7f3fab6d5&scheme=1

Figure2

Click here to download high resolution image

A
5/ y=0095%-012'-18 !
* R
4} et K
* ¥ = Yo Rt
3t e -
LR N
g 2} ¥ wsmewe o
O e e
1+ . e :
o . . AR B W 4 4
1k 1
-2 s A A A A '
3 “ 5 6 7 8 9 10
Log(Surface)
B
s-s L4 Al Ll .
i y=-094" -30x+023
45 » . LR L - - -
4 . Lo e I T - R
3514 . w e @ . ® i
g b L - . -
Woast e B W = -
2F L S .
154 D T
14 L
0S5 A
0 + 4 . ‘M
2.5 -2 -15 -1 05


http://ees.elsevier.com/gaipos/download.aspx?id=169019&guid=b5bede6e-b4eb-4a50-9085-b47481ed29e1&scheme=1

