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Abstract: The majority of people with Multiple Sclerosis (pwMS), report lower limb motor dys-
functions, which may relevantly affect postural control, gait and a wide range of activities of daily
living. While it is quite common to observe a different impact of the disease on the two limbs (i.e.,
one of them is more affected), less clear are the effects of such asymmetry on gait performance.
The present retrospective cross-sectional study aimed to characterize the magnitude of interlimb
asymmetry in pwMS, particularly as regards the joint kinematics, using parameters derived from
angle-angle diagrams. To this end, we analyzed gait patterns of 101 pwMS (55 women, 46 men, mean
age 46.3, average Expanded Disability Status Scale (EDSS) score 3.5, range 1–6.5) and 81 unaffected
individuals age- and sex-matched who underwent 3D computerized gait analysis carried out using
an eight-camera motion capture system. Spatio-temporal parameters and kinematics in the sagittal
plane at hip, knee and ankle joints were considered for the analysis. The angular trends of left and
right sides were processed to build synchronized angle–angle diagrams (cyclograms) for each joint,
and symmetry was assessed by computing several geometrical features such as area, orientation and
Trend Symmetry. Based on cyclogram orientation and Trend Symmetry, the results show that pwMS
exhibit significantly greater asymmetry in all three joints with respect to unaffected individuals. In
particular, orientation values were as follows: 5.1 of pwMS vs. 1.6 of unaffected individuals at hip
joint, 7.0 vs. 1.5 at knee and 6.4 vs. 3.0 at ankle (p < 0.001 in all cases), while for Trend Symmetry we
obtained at hip 1.7 of pwMS vs. 0.3 of unaffected individuals, 4.2 vs. 0.5 at knee and 8.5 vs. 1.5 at
ankle (p < 0.001 in all cases). Moreover, the same parameters were sensitive enough to discriminate
individuals of different disability levels. With few exceptions, all the calculated symmetry parameters
were found significantly correlated with the main spatio-temporal parameters of gait and the EDSS
score. In particular, large correlations were detected between Trend Symmetry and gait speed (with
rho values in the range of −0.58 to −0.63 depending on the considered joint, p < 0.001) and between
Trend Symmetry and EDSS score (rho = 0.62 to 0.69, p < 0.001). Such results suggest not only that
MS is associated with significantly marked interlimb asymmetry during gait but also that such
asymmetry worsens as the disease progresses and that it has a relevant impact on gait performances.

Keywords: gait; kinematics; spatio-temporal; multiple sclerosis (MS); cyclograms; angle-angle
diagrams; symmetry

1. Introduction

Multiple Sclerosis (MS) is a chronic immunomediated and neurodegenerative disease
of the central nervous system, which represents the most frequent cause of disability among
young adults [1–3]. Being characterized by symptoms such as weakness, fatigue and spas-
ticity, MS can significantly compromise the efficient performance of several basic motor
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functions, including postural control [4], locomotion [5], upper extremity capabilities [6]
and, in general, several common activities of daily living (ADL [7]). In people with MS
(pwMS), lower limb motor dysfunctions, although present in both limbs, are usually asym-
metrical in magnitude. This is especially true regarding self-perceived weakness, muscular
strength and activity, power and limb loading [8,9], but spasticity is also characterized by
unilateral presentation in a non-negligible percentage (estimated between 10 and 16%) of
pwMS [10].

Since pwMS primarily complain about weakness, a relevant number of studies have
attempted to objectively quantify the existence of actual interlimb muscle strength asym-
metries. These were indeed almost unanimously found, especially at knee level [11–15].
However, it remains unclear how, and to what extent, they impact motor tasks that rely on
optimal bilateral coordination such as balance and gait. As pointed out in the recent review
by Rudroff and Proessl [9], although some studies report significant associations between
muscle function asymmetries, postural stability and walking performance, others do not. It
has been suggested that such inconsistencies are due to wide variability in asymmetry assess-
ment methods [9] but it is also to be considered that in many cases, asymmetry assessment is
separately performed with respect to the specific motor task that is supposedly affected by it.
Thus, the role of muscle function cannot be analyzed in a true ecological context.

In contrast, less explored appears the effect of the disease in terms of joint kinematics
asymmetry as, to the best of our knowledge, only a few studies have explicitly investigated
the existence of possible differences in mobility of lower limb joints. Daunoraviciene
et al. [16] employed inertial sensors to assess asymmetry of lower limb joints in pwMS who
carried out the heel-to-shin test, while Filli et al. [17] analyzed the existence of interlimb
differences in the range of motion (ROM) at hip, knee and ankle joints during a gait analysis
using an optical motion capture system in a study aimed to profile walking dysfunctions on
pwMS. Crenshaw et al. [18] employed the angular trend waveforms in the sagittal plane for
hip, knee, and ankle joints during gait to determine several gait symmetry measures (i.e.,
trend similarity, phase shift, minimum trend similarity, range amplitude ratio, and range
offset) using an eigenvector approach. They reported that pwMS were generally more
asymmetrical than unaffected individuals and that asymmetry parameters worsened in the
fatigued condition. Since knowledge of lower limb kinematics has been recognized as an
essential factor in better understanding the underlying mechanisms of walking disability
in MS, [18], it is reasonable to hypothesize that the availability of data on joint movement
asymmetry would be extremely pertinent to quantify the magnitude of its impact on
walking performance.

1.1. Characterization of Gait Asymmetry in PwMS: Methods Based on Discrete Values

The study of gait asymmetry in pwMS is usually performed through analysis of
differences between more affected and less affected limbs in terms of spatio-temporal
parameters. To this end, symmetry is quantified by means of several parameters, among
which the most used is represented by the Symmetry Index (SI, originally proposed by
Robinson et al. [19]), which is expressed by the following equation:

SI =
2 × (Vla − Vma)

(Vla + Vma)
× 100 (1)

where Vla and Vma represent the values of the gait variable of interest (usually step time,
step length, or duration of stance, swing and single and double support phases), calculated,
respectively, for the less affected and the more affected limb or, in a more general formula-
tion, for the left and right side. When no differences are measured between the two limbs,
SI becomes null and gait is considered perfectly symmetric, while as SI increases, asym-
metry increases. The original formulation by Robinson has been subsequently modified
by other authors (see the review by Viteckova et al. [20] for details) to adapt it to different
gait variables. Values of SI during gait for pwMS have been reported as regards studies
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on the characterization of gait pattern for different MS phenotypes [21] and as outcome of
rehabilitative treatments [22].

It is noteworthy that other sophisticated approaches, such as nonlinear ones based
on either multiresolution entropy [23] or cross-fuzzy entropy [24], have been proposed to
investigate lower limb symmetry in individuals affected by neurologic conditions. Like
discrete methods, nonlinear methods are based on the calculation of discrete variables
extracted from a continuous signal to perform the assessment of symmetry, through
evaluation of the evolution of a discrete variable over a set of consecutive gait cycles [20].

1.2. Waveform-Based Methods to Assess Interlimb Symmetry During Gait

Since discrete approaches previously described focus on a single or a limited set
of events, they are unable to provide information on the way a certain kinematic vari-
able (and thus asymmetry) evolves over time. This drawback can be overcome by using
waveform-based methods that exploit all kinematic information contained in the curve
of variation of the lower limb joint angles with time during a complete gait cycle. How-
ever, this increase in information content and accuracy comes at a cost: waveform-based
techniques are more complex to implement and time-consuming. Moreover, interpretation
of the parameters they provide is not so straightforward as occurs with classic symmetry
indexes. However, several studies carried out in the last decade on individuals affected
by neurologic (neuropathies, stroke, Parkinson’s disease [25–27]) and orthopedic condi-
tions [28–30] demonstrated that such an approach is versatile and allows a more accurate
and thorough analysis of gait symmetry, thus proving to be of great relevance in all condi-
tions characterized by subtle, not easily detectable alteration of gait with the conventional
discrete indices.

One of the best-known and most widespread methods for investigating symmetry
either between the same joint of left and right lower limb or between two joints of the same
limb is based on analysis of angle–angle diagrams, also known as “cyclograms”. Originally
proposed by Grieve in 1968 [31], they rapidly attracted the interest of researchers and
clinicians, since symmetry was graphically and mathematically expressed through simple
geometrical properties of the figures generated by the angle–angle comparison such as
area, perimeter, etc. In the last two decades, more refined mathematical approaches have
been formulated to make the method sensitive to even relatively low asymmetries.

Surprisingly, although the impact of asymmetry issues associated with MS is extremely
relevant, the literature reports only one study (carried out on a small sample of 13 pwMS)
in which angle–angle diagrams and associated summary parameters were used [32]. Its
major findings were a more marked asymmetry of pwMS with respect to unaffected
individuals and the absence of significant relationships between the level of disability
and the symmetry parameters. Considering the informative potential of this approach
and the substantial lack of data, we propose here a retrospective study performed on a
large cohort of pwMS who underwent a computerized 3D gait analysis during a 5-year
period. In particular, the main purposes of the research are as follows: (1) to employ
waveform-based methods to assess lower-limb joint kinematics asymmetry during gait in a
cohort of pwMS and verify whether the values of the calculated symmetry parameters are
significantly different from those of unaffected individuals or not; (2) to assess the existence
of possible differences in asymmetry between pwMS characterized by different levels of
disability; and (3) to verify the existence of possible relationships between asymmetry
parameters and spatio-temporal parameters of gait and disability level. A secondary goal
of the study is to compare the ability of different indicators associated with angle–angle
diagrams to correctly discriminate pwMS from unaffected individuals and pwMS between
them depending on their level of disability.
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2. Materials and Methods
2.1. Participants

In the period May 2014 February 2020, 236 pwMS followed at the Regional Multiple
Sclerosis Center of Sardinia (Cagliari, Italy) underwent a computerized three-dimensional
gait analysis at the Laboratory of Biomechanics and Industrial Ergonomics of the University
of Cagliari (Cagliari, Italy). They had previously been diagnosed with MS by a neurologist
expert in MS (E.C., G.C.) according to the 2010 revised criteria [33,34] and tested in the
laboratory to either characterize and monitor alterations of gait associated with the disease
progression or assess the effect of pharmacologic and rehabilitative treatments [35–37]. For
the purposes of the present study, only pwMS able to ambulate autonomously (i.e., without
the support of canes, crutches or walking frames) for at least 100 m and free from any
other condition potentially able to severely affect gait or balance were considered. Such
a selection, which resulted in a sub-group composed of 101 unique pwMS (55 women,
46 men, mean age 46.3 years) was carried out to remove any possible confounding effects
on gait kinematics associated with the presence of walking aids [38,39]. In the case of
pwMS who were recruited for interventional studies, the test condition considered for the
present analysis was the “pre-intervention”.

Participants were stratified into two groups depending on their disability level as-
sessed through the Expanded Disability Status Scale (EDSS) score as follows:

• Low-mild disability (EDSS ≤ 3.5, n = 59)
• Moderate-severe disability (EDSS > 3.5, n = 42)

Eighty-one unaffected individuals age- and sex-matched recruited among nurses and
staff of the MS Center and the University of Cagliari served as the control group. The main
anthropometric and clinical features of all participants are reported in Table 1.

Table 1. Anthropometric and clinical features of participants. Values are expressed as mean (SD).

Healthy
Controls All MS

MS Low-Mild
Disability

(EDSS ≤3.5)

MS Moderate-
Severe

Disability
(EDSS >3.5)

Participants (M, F) 81 (44F, 37M) 101 (55F, 46M) 59 (33F, 26M) 42 (22F, 20M)
Age (years) 48.9 (15.2) 46.3 (10.4) 44.2 (10.3) 49.3 (9.7)

Body Mass (kg) 65.2 (11.4) 64.7 (12.0) 66.1 (12.5) 62.8 (11.1)
Height (cm) 167.2 (9.1) 166.3 (9.3) 166.7 (9.6) 165.8 (9.0)
EDSS Score – 3.5 (1.7) 2.4 (1.0) 5.2 (1.0)

EDSS: Expanded Disability Status Scale; MS: Multiple Sclerosis.

All data presented here wer obtained within several studies conducted according
to the principles expressed in the World Medical Association Declaration of Helsinki
and formally approved by the local Ethics Committee (authorization numbers 180/2014,
102/2018 and 198/2019). In all cases, participants signed an informed consent agreeing
to participate.

2.2. Spatio-Temporal and Kinematic Data Collection and Processing

An optical motion-capture system (Smart-D, BTS Bioengineering, Italy) composed
of 8 infrared cameras set at 120 Hz frequency was employed to acquire the trajectories
of 22 spherical retro-reflective passive markers (14 mm diameter) placed on the skin
of participants’ lower limbs and trunk at specific landmarks according to the protocol
described by Davis et al. [40]. After the acquisition of main anthropometric data (i.e.,
height, weight, anterior superior iliac spine (ASIS) distance, pelvis thickness, knee and
ankle width and leg length) and the markers’ placement, participants walked at a self-
selected speed in the most natural manner possible on a 10 m walkway at least 6 times,
interspersed with suitable rest times.
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The raw data were first processed with the dedicated Smart Analyzer software (BTS
Bioengineering, Italy) to calculate the main spatio-temporal parameters of gait (speed,
stride length, cadence, step width, stance, swing and duration of double support phases)
and derive the mean value of the angles at hip, knee and ankle joint during the gait cycle
calculated on the basis of the six trials. Such curves were then exported as ASCII files for
further processing with a custom routine developed under Matlab ® environment (see
Appendix A), which calculated interlimb symmetry as described later in detail.

2.3. Gait Symmetry Quantification by Means of Cyclograms

Synchronized bilateral cyclograms were generated according to the procedure de-
scribed by Goswami [41]. To this end, right and left limb angle values acquired during the
gait cycle were used to build angle–angle diagrams for each joint of interest (i.e., hip, knee
and ankle). A number of geometrical features of cyclograms were then extracted as follows
(see also Figure 1 for a graphical explanation):

• Cyclogram area (degrees2) represents the area of the closed curve obtained from each
angle–angle diagram [42]. Since a perfectly symmetrical gait is achieved when both
left and right joints are positioned at the same angle for a certain time of the gait cycle
(i.e., all the cyclogram points stand on a 45◦ line in the diagram and thus the area is
null), the interpretation of this parameter is quite straightforward; that is, the smaller
the area, the more symmetrical the gait.

• Cyclogram orientation (degrees): this feature is identified by the absolute value of
angle φ formed by the 45◦ line, which corresponds to perfect interlimb symmetry and
the orientation of the principal axis of inertia, which corresponds to the minimum
moment of inertia of the cyclogram [41,43]. The latter was calculated as the direction
of the eigenvector of the matrix of inertia of the cyclogram points distribution in the
x-y (i.e., left joint angle–right joint angle) reference system. Smaller values of this angle
indicate higher interlimb symmetry.

• Trend Symmetry: this dimensionless parameter quantifies the similarity between two
waveforms (in our case time-normalized right leg and left leg angular trend across the
gait cycles for each joint of interest) using an eigenvector analysis (see [44] for details
of the mathematical procedure). In particular, it is obtained by dividing the variability
about the eigenvector to the variability along the eigenvector, and it is not influenced
by the presence of a shift or by magnitude differences in two waveforms. Even in this
case, the interpretation of this parameter is quite simple; a 0 value indicates perfect
symmetry, and asymmetry increases as the Trend Symmetry value increases.

Figure 1. Graphic representation of a cyclogram and its main features considered for the present study.
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2.4. Statistical Analysis

Parametric statistical analysis was adopted after preliminarily checking data for nor-
mality (using the Shapiro–Wilk’s test) and homogeneity of variances (Levene’s test). The
existence of possible differences in symmetry introduced by the presence of MS was in-
vestigated using two distinct one-way multivariate analyses of variance (MANOVA). The
first one, which investigated the differences between spatio-temporal parameters of pwMS
and unaffected individuals, was performed by considering the participant’s status (i.e.,
unaffected and pwMS with low–mild or moderate–severe disability) as independent vari-
ables and the 7 spatio-temporal parameters previously mentioned (speed, stride length,
cadence, step width, stance, swing and duration of double support phases) as dependent
variables. In the second MANOVA, we analyzed the effect of the presence of MS on sym-
metry parameters. In this case, the independent variable was once again the participant’s
status (i.e., unaffected and pwMS with low-mild or moderate-severe disability), while the
dependent variables were the 3 previously listed symmetry indexes calculated at hip, knee
and ankle joints. Two additional analyses were carried out by pooling all the pwMS in a
single group.The level of significance was set at p = 0.05, and the effect sizes were assessed
using the eta-squared (η2) coefficient.

Univariate ANOVA was carried out as a post hoc test by reducing the level of signifi-
cance to p = 0.007 (0.05/7) for spatio-temporal parameters and p = 0.017 (0.05/3) for the
symmetry indexes after a Bonferroni correction for multiple comparisons. When necessary,
a post hoc Holm-Sidak test for pairwise comparison was carried out to assess intra- and
inter-group differences. Data were checked for normality (using the Shapiro–Wilk test) and
homogeneity of variances (by means of Levene’s test) before any ANOVA.

Moreover, for the group of pwMS only, we also explored the existence of a relationship
between gait symmetry parameters, spatio-temporal parameters of gait and disability level
using Spearman’s rank correlation coefficient rho by setting the level of significance at
p = 0.05. Rho values of 0.1, 0.3 and 0.5 were assumed to be representative of small, moderate,
and large correlations, respectively, according to Cohen’s guidelines [45]. All analyses were
performed using the IBM SPSS Statistics v.20 software (IBM, Armonk, NY, USA).

3. Results

The results of the comparison between pwMS and unaffected individuals as re-
gards spatio-temporal parameters of gait and symmetry indexes are summarized in
Tables 2 and 3.

Table 2. Comparison between spatio-temporal parameters of gait of people with MS and unaffected
individuals. Stance, swing and double support phases duration are expressed as percentage of the
gait cycle. Values are expressed as mean (SD).

Healthy Controls All MS
MS Low-Mild

Disability
(EDSS ≤3.5)

MS
Moderate-Severe
Disability (EDSS

>3.5)

Gait Speed (m/s) 1.23 (0.19) 0.85 (0.34) a 1.00 (0.31) a 0.65 (0.27) a,b

Stride Length (m) 1.29 (0.13) 1.02 (0.25) a 1.09 (0.22) a 0.92 (0.24) a,b

Cadence
(steps/min) 113.07 (10.34) 96.49 (20.26) a 104.48 (17.06) a 85.26 (19.17) a,b

Step Width (m) 0.20 (0.03) 0.22 (0.04) a 0.21 (0.03) 0.23 (0.04) a

Stance Phase 59.09 (2.80) 63.63 (4.82) a 62.51 (4.03) a 65.22 (5.41) a,b

Swing Phase 40.45 (1.76) 35.78 (4.78) a 37.22 (4.01) a 33.75 (5.08) a,b

Double Support 19.86 (3.60) 29.38 (10.72) a 25.58 (8.24) a 34.7 (11.60) a,b

The symbol a indicates significant difference vs. Healthy Controls after Bonferroni correction. The symbol b

indicates significant difference vs. people with MS with low-mild disability after Bonferroni correction.
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Table 3. Comparison between symmetry indexes of people with MS and unaffected individuals.
Values are expressed as mean (SD).

Cyclogram
Parameter

Healthy
Controls All MS

MS Low-Mild
Disability

(EDSS ≤ 3.5)

MS
Moderate-Severe
Disability (EDSS

>3.5)

Area
Hip

108.17 (98.54) 195.52 (190.40)
a 144.16 (163.77) 267.68 (203.34) a,b

Orientation φ 1.58 (1.34) 5.09 (7.06) a 2.28 (2.64) 9.05 (9.18) a,b

Trend Symmetry 0.26 (0.43) 1.74 (2.97) a 0.66 (0.98) 3.27 (4.02) a,b

Area
Knee

270.60 (192.50) 311.18 (269.64) 262.71 (259.20) 379.28 (272.33)
Orientation φ 1.51 (1.57) 6.99 (9.60) a 2.22 (2.46) 13.71 (11.71) a,b

Trend Symmetry 0.48 (0.41) 4.19 (6.89) a 1.26 (2.01) 8.29 (8.98) a,b

Area
Ankle

76.45 (62.25) 91.07 (82.40) 74.50 (68.90) 114.33 (94.33)
Orientation φ 3.05 (2.80) 6.45 (6.48) a 4.88 (5.38) a 8.65 (7.28) a,b

Trend Symmetry 1.51 (1.58) 8.46 (10.00) a 5.40 (9.70) a 12.77 (8.84) a,b

The symbol a indicates significant difference vs. Healthy Controls after Bonferroni correction. The symbol b

indicates significant difference vs. people with MS with low-mild disability after Bonferroni correction.

3.1. Spatio-Temporal Parameters of Gait

Parameters that were separately calculated for right and left limb (i.e., stride length
and duration of stance, swing and double support phases) were preliminarily screened
using an independent sample t-test to verify the existence of significant differences between
the limbs. Since this was not the case, their average value was calculated and considered
representative of a certain participant.

The statistical analysis revealed a significant effect of the individual’s status (F (14,346)
= 10.70, p < 0.001, Wilks λ = 0.49, η2 = 0.30) on spatio-temporal parameters of gait. In
particular, the follow-up analysis detected the existence of significant differences between
the three groups in all the parameters investigated except for step width. In this case,
no significant differences were found between unaffected individuals and pwMS with
low–mild disability, while those with moderate–severe disability exhibited a step width
significantly higher with respect to healthy controls (0.23 m vs. 0.20 m, p = 0.007).

3.2. Gait Symmetry Indexes

MANOVA detected a significant effect of the individual’s status on symmetry indexes
in all three joints investigated. In particular, for hip [F (6354) = 13.48, p < 0.001, Wilks
λ = 0.66, η2 = 0.19], for knee (F (6354) = 21.35, p < 0.001, Wilks λ = 0.54, η2 = 0.27) and for
ankle (F (6354) = 12.28, p < 0.001, Wilks λ = 0.68, η2 = 0.17). From the post hoc analysis, it
was observed that in the case of cyclogram area no significant differences were observed
between the groups as regards knee and ankle joints, while in the case of the hip joint, pwMS
with moderate–severe disability exhibited significantly larger areas in comparison with
both unaffected individuals and pwMS with low–mild disability. The orientation and Trend
Symmetry indexes were found significantly different in the three groups at the ankle joint.
In the case of hip and knee, significant differences were observed between the moderate–
severe disability group with both low–mild disability and unaffected individual groups.
Figure 2 shows an example of the different shapes and orientations of the cyclograms for
pwMS of different disability levels and unaffected individuals.
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Figure 2. Example of comparison between cyclograms of unaffected individuals and people with MS
of different disability levels. The diagram refers to the hip joint.

3.3. Relationship between Symmetry Indexes and Spatio-Temporal Parameters of Gait

Table 4 summarizes the results of the correlation analysis between disability level,
spatio-temporal parameters of gait and symmetry indexes for pwMS. Significant corre-
lations were found between all the variables investigated, with a few exceptions, which
involved the cyclograms’ area. For this parameter, we generally observed the weakest
associations with spatio-temporal parameters of gait or (as in the case of the ankle joint) no
correlations at all, except for a low one with EDSS score. Instead, Trend Symmetry was
the index that exhibited the largest coefficient of correlation with EDSS score (rho ranged
from 0.62 to 0.69 depending on the joint: p < 0.001), gait speed (−0.58 to −0.63, p < 0.001),
stride length (−0.52 to −0.55, p < 0.001) and double support phase duration (0.50 to 0.57,
p < 0.001) in all three joints.

Table 4. Spearman’s coefficients for the correlations between spatio-temporal parameters of gait,
symmetry indexes and disability level in people with MS.

EDSS
Score Speed Stride

Length Cadence Step
width

Double
Support

Area
Hip

0.433 ** −0.268 ** −0.245 * −0.240 * 0.147 0.321 **
Orientation φ 0.509 ** −0.511 ** −0.475 ** −0.403 ** 0.262 ** 0.426 **

Trend Symmetry 0.619 ** −0.581 ** −0.519 ** −0.493 ** 0.349 ** 0.568 **
Area

Knee
0.314 ** −0.225 * −0.322 ** −0.093 0.318 ** 0.228 *

Orientation φ 0.644 ** −0.590 ** −0.486 ** −0.517 ** 0.473 ** 0.524 **
Trend Symmetry 0.687 ** −0.634 ** −0.546 ** −0.547 ** 0.419 ** 0.532 **

Area
Ankle

0.223 * −0.136 −0.046 −0.114 0.124 0.100
Orientation φ 0.391 ** −0.439 ** −0.354 ** −0.464 ** 0.281 ** 0.376 **

Trend Symmetry 0.636 ** −0.627 ** −0.512 ** −0.573 ** 0.465 ** 0.509 **
* p < 0.05; ** p < 0.01; EDSS: Expanded Disability Status Scale.

4. Discussion
4.1. General Considerations

The general aim of this study was to assess the magnitude of interlimb asymmetry
during gait in pwMS in terms of joint kinematics and compare it with those of unaffected
individuals using waveform-based methods. Such information is of great importance in the
analysis of motor dysfunctions associated with MS because symmetry has been recognized
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as one of the domains that significantly influences gait quality and efficiency [46], together
with pace, rhythm, variability and complexity. Although the analysis based on cyclograms
is somewhat complex and requires full kinematic data (which can be typically extracted
only from laboratory tests) it may provide a better insight into the mechanisms that lead to
altered gait in pwMS. Moreover, it represents an effective way to quantify the deviation from
a “normal” gait through parameters easy to interpret and thus may be useful, for instance, to
quickly verify the effects of rehabilitation, or training exercise, on a joint-by-joint basis.

Our results show that pwMS exhibit a significantly larger asymmetry with respect
to unaffected participants for hip, knee and ankle joints when considering cyclogram
orientation and the Trend Symmetry parameter. In contrast, a more conventional parameter
such as the cyclogram area was able to discriminate pwMS from controls only as regards the
hip joint. The approach employed also appears capable of detecting asymmetry differences
associated with the disability level of pwMS since all investigated parameters (with the
same exceptions involving the cyclogram areas) were found significantly higher in pwMS
with moderate–severe disability with respect to those with low–mild disability. In contrast,
the analysis generally failed in discriminating pwMS with EDSS ≤3.5 from unaffected
individuals, even though some significant differences were observed at the ankle joint as
regards the cyclogram orientation and Trend Symmetry. Such phenomenon suggests that
the ankle joint might play a specific role in gait alterations. This seems also confirmed
by recent studies [47], which reported greater ankle muscle coactivation (with respect to
unaffected individuals) and alterations in ankle joint kinematics during gait occurring
especially at early stages of the disease in pwMS and that might serve as biomarker of
neurodegeneration. It is also possible that the absence of significant differences between
the two groups of pwMS depends on the specific EDSS score cut-off selected to stratify the
participants. Further studies are thus necessary to clarify such aspects.

On one hand, the findings of the present study confirm those reported by Crenshaw
et al. [30] for a small cohort of pwMS, but further extend them, as they indicate that
asymmetry tends to be more marked as the disability level worsens. Generally speaking,
several previous studies on gait of pwMS included some form of asymmetry analysis,
but this is often restricted to few spatio-temporal parameters. In this regard, there is
strong evidence that pwMS exhibit clinically relevant asymmetries in terms of gait cycle
duration, stride/step length and time and stance/swing phase duration [21,48–50]. To the
authors’ knowledge, only two studies [17,51] specifically investigated asymmetry for lower
limb joint kinematics during gait, even when using discrete values of ROM (typically the
maximum value observed within the entire gait cycle). Consistent with our results, they
both reported higher asymmetries in pwMS with respect to unaffected individuals at hip,
knee and ankle joints.

The existence of interlimb asymmetry in terms of joint kinematics can be attributed
to several factors. Firstly, the differences in muscular function, due to corticospinal tracts
involvement, between more affected and less affected limb (which has been repeatedly
observed in pwMS in terms of strength, torque and metabolism [9]) may introduce some
kind of unbalance even on joint movement control. This can be further exacerbated by the
presence of compensatory mechanisms unconsciously adopted to overcome the uneven
supporting and propulsive action of the two limbs. Secondly, the reduced capability to
optimally coordinate left and right limbs during gait might be due to reduced efficiency in
the neural communication pathways between the two cerebral hemispheres, particularly
as regards the fiber bundle connecting the primary motor cortices [52]. Moreover, imaging
studies have highlighted the existence of a significant correlation between asymmetries
in electrophysiological deficits for both arms and legs and asymmetric anatomic changes
in the spinal cord’s normal-appearing white matter, thus suggesting that the functional
asymmetries are associated with microstructural damage of the spinal cord [53]. Finally,
Filli et al. [17] hypothesized that the loss of inter- and intralimb coordination, particularly at
the distal level, might be due to the altered integrity of the long ascending and descending
myelinated fiber tracts of cortical, cerebellar and brainstem systems.
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4.2. Relationship between Interlimb Asymmetry, Spatio-Temporal Parameters of Gait and
Disability

As previously mentioned, one of the most debated issues related to lower limb asym-
metry in MS involves assessment of its actual impact on gait performance. In this regard,
the findings of the present study suggest the existence of a close relationship between
gait efficiency and interlimb asymmetry of joint kinematics, especially when the latter
is expressed in terms of cyclogram orientation and Trend Symmetry. This link appears
similar in strength regardless of the joint considered for gait speed and stride length (and
consequently for cadence). However, we also detected moderate to large correlations
between asymmetry parameters and other aspects of gait more specifically associated with
dynamic balance, such as step width and double support phase duration.

The recent reviews by Rudroff and Proessl [9] and Ramari et al. [54], which analyzed
the effect of asymmetries in muscular strength and limb loading on walking capabilities
of pwMS (in particular gait speed and performance on timed tests) raised strong doubts
about the possibility of defining a clear relationship between them. However, recent studies
that investigated asymmetry through calculation of the phase relationship between the
step timing of the left and right legs (the so-called Phase Coordination Index, PCI [55])
reported that bilateral coordination of gait was negatively correlated with gait speed and
performance in 6 m and Timed 25-foot walking tests [52,56]. Even from a quantitative point
of view, such results are fully consistent with those of the present study, thus suggesting
that even when assessed with completely independent methods, bilateral coordination neg-
atively affects gait speed and stride length [49]. Interestingly, we also observed significant
positive correlations between symmetry parameters and step width and double support,
the latter being stronger. Although there are no data available for comparison, it has been
suggested that in pwMS, asymmetries in muscle strength may result in a wider base of
support and prolonged double support phase duration during gait [15]. Although in this
study we did not investigate muscular strength, it appears reasonable to hypothesize that
even the asymmetry in kinematics of lower limb joints (through a combined or superposed
effect with those of muscle function) plays a crucial role in the establishment of adaptative
strategies that pwMS are forced to employ to counteract the negative effects associated
with uneven motor functions of the two limbs.

Finally, it is to be mentioned that all asymmetry parameters were found positively
correlated with the EDSS score, thus indicating the strict relationship existing between
bilateral coordination and disease progression, whose nature deserves further in-depth
investigations. This result was not completely surprising, since gait deterioration represents
one of the distinctive hallmarks of the disease, but it is noteworthy that similar findings
were also found by Plotnik et al. [56], who, as previously mentioned, calculated a different
index of asymmetry (i.e., the previously mentioned PCI).

Some limitations of the study are to be acknowledged. Firstly, in our research, the
waveform-based method was employed only to explore interlimb symmetry, but the
same approach might be advantageously exploited to investigate intralimb coordination
considering the different combination of joints (i.e., hip vs. knee, knee vs. ankle, etc.).
This would provide further important data regarding the possible impact of the degree
of coordination (or incoordination) between the two limbs on the quality of coordination
between the joints and vice versa, thus allowing assessment of the existence and type of
compensatory mechanisms. Furthermore, in the present study, men and women were
pooled in a single group, even though recent studies point out that several sex-related
differences exist in lower limb kinematics during gait for pwMS [57]. At last, it should be
considered that all the walking tests performed for the present study refer to a relatively
short distance (i.e., 10 m), but the literature reports that, in pwMS, asymmetry of gait
(calculated in terms of spatio-temporal parameters of gait) tends to worsen in case of longer
distance due to fatigue effects [48–50]. It would be, thus, interesting to verify if a similar
phenomenon would be present also as regards the joint kinematics symmetry.
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5. Conclusions

The analysis of asymmetry of lower limb joint kinematics during gait of pwMS shows
that bilateral coordination is impaired in those with moderate–severe disability at hip,
knee and ankle levels, while individuals characterized by low–mild disability exhibit
anomalous values of asymmetry at ankle level only. Moreover, the existence of moderate-
to-large correlations between symmetry and gait parameters suggest that the former (which
increases as the disease progresses) has a direct influence on gait quality and efficiency
since pwMS with the poorest symmetry indexes are characterized by reduced gait speed
and stride length and increased step width and double support phase duration. While
confirming that MS differentially alters most aspects of lower limb motor functionality,
the findings of the present study also suggest that the asymmetries of spatio-temporal
parameters reported by many studies on gait of pwMS are likely to reflect the combined
effect of muscular and joint kinematics asymmetries. In such a context, the use of waveform-
based methods to assess interlimb (and possibly interlimb) symmetry may provide useful
insights not only to better understand the impairments in motor control associated with
the presence of MS, but also to accurately assess the effect of physical therapy and exercise
training programs, which have been shown to have a positive effect on gait and balance
asymmetries of individuals with MS as well as other chronic neurologic conditions [58].
However, future studies (possible longitudinal) are necessary to clarify the evolution of
asymmetry during the disease progression, to identify specific peculiarities associated with
MS type and with the sex of the affected individual and to assess the effects of fatigue.
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Appendix A

Matlab pseudocode for the calculation of symmetry parameters (see ref. [44] for
details)

function [TS, CO, m_T] = symm_pars(X, Y)
% symm_pars calculates inter-limb joint cyclogram symmetry parameters.
% input:
% X = column array of Left joint data.
% Y = column array of Right joint data.
% Output:
% 1 - TS = Trend Symmetry, as defined by Crenshaw et al.(2006) [44]
% 2 - CO = Cyclogram Orientation (degrees).
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% 3 - m_T = Angular coefficient of the trend line.
XT = X - mean(X);
YT = Y - mean(Y);
M = [XT YT];
S = (M’)*M;
[V, D, W] = eig(S); % eig function returns full matrix W whose columns

are the corresponding left eigenvectors, so that W’*A = D*W’.
eigVals = sum(D); % array containing the eigenvalues or Inertia matrix
[emax, pos_emax] = max(eigVals); % emax = maximm eigenvalue (i.e.

maximum variability; pos_emax = position of emax in array eigVals;
[emin, pos_emin] = min(eigVals); % emin = minimum eigenvalue (i.e.

minimum variability; pos_emax = position of emax in array eigVals;
e1 = V(:,pos_emax); % eigenvector parallel to the direction maximizing

the variability (along which the variability is maximum)
% NOTE:
% from the mathematical point of view, the eigenvalues and the

eigenvectors
% of matrix M represent, respectively, the principal inertia moments

and
% the direction of principal axis of inertia of the cyclograms point

distribution
TS = (emin/emax)*100; % Trend Symmetry: the ratio of the minimum to

the maximum variability expressed as percentage;
% in condition of perfect symmetry, the direction of e2 is 45◦ with

respect
% to the reference axis. "delta_THETA_I", i.e. the difference between

the orientation of e1 and
% 45◦, is a measurement of the asymmetry of the cyclogram points
CO = 45 - (180/pi)*atan(e1(2)/e1(1)); % angle between the eigenvector e2

and 45 degrees
m_T = (e1(2)/e1(1)); % Angular coefficient of the trend line
Fig1 = figure;
p1 = plot(XT, YT, ‘or’); %Cyclogram
axis equal
grid on
hold on
p2 = plot(XT, XT, ‘-k’); % 45◦ line
p3 = plot(XT, m_T.*XT, ‘-r’); % principal axis
legend(‘cyclogram’, ‘45◦ line’, ‘linear regression’, ‘principal axis’);
xlabel(‘left joint (deg)’, ‘fontsize’, 5);
ylabel(‘right joint (deg)’, ‘fontsize’, 5);
title(‘syncronized cyclogram’);
end
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