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Abstract

Variability of movement reflects important information for the maintenance of the health of the
system. For pathological populations, changes in variability during gait signal the presence of
abnormal motor control strategies. For persons with multiple sclerosis (PwMS), extensive gait
problems have been reported including changes in gait variability. While previous studies have
focused on footfall variability, the present study used accelerometers on the trunk to measure
variability during walking. Thus, the purpose of this study was to examine the variability of the
acceleration pattern of the upper and lower trunk in PwMS compared to healthy controls. We
extracted linear and nonlinear measures of gait variability from 30s of steady state walking for 15
PwMS and 15 age-matched healthy controls. PwMS had altered variability compared to controls
with greater Lyapunov exponent in the ML (p < 0.001) and AP (p < 0.001) directions, and greater
frequency dispersion in the ML direction (p = 0.034). PwWMS also demonstrated greater mean
velocity in the ML direction (p = 0.045) and lower root mean square of acceleration in the AP
direction (p = 0.040). These findings indicate that PwMS have altered structure of variability of
the trunk during gait compared to healthy controls and agree with previous findings related to
changes in gait variability in PWMS.
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Introduction

Multiple sclerosis (MS) is a degenerative neurological disease which affects myelin,
oligodendrocytes, and axons* and impacts people early in life.12 Due to problems with
neural functioning, persons with MS (PwMS) experience both sensory and motor
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dysfunction which contributes to problems with balance, coordination, and walking.2 54
Gait analyses of MS patients reveal abnormalities in speed, stride length, cadence, double
support time, swing time, and muscle contraction and relaxation times.2 13 Additionally,
biomechanical assessment of kinematic gait parameters in PWMS reveals significant
changes in lower extremity movement and force production.20: 57 The causes of such gait
dysfunction are complex and incompletely understood. Factors contributing to mobility
disorders in MS may include slowed spinal somatosensory conduction?, abnormal
sensorimotor control1®, and leg power asymmetry®, among others.

Another method to assess changes in gait in PwMS is to evaluate the variability present in
the walking pattern since variability reflects important information for the maintenance of
the health of the system.14 Previous studies have examined gait variability in PwWMS and in
other neurological disease populations by looking specifically at footfall data and lower
extremity movement. Sosnoff et al®® reported that PwMS had greater variability in the time
between steps, in single support percent, and in step width than controls. Crenshaw?!
reported that PwMS had significantly greater hip, knee, and ankle joint angle variability than
control subjects. Kaipust et al24 found that in PwMS, the stride length and step width time
series were more regular and repeatable which the authors interpreted to mean that PwMS
have reduced capacity to adapt and respond to perturbations during gait. Because these
findings are based solely on footfall and lower extremity data, there is no information
provided regarding any specific movement strategies that are employed to control whole-
body motion during walking. Since walking is a motor task which requires both forward
movement toward a goal and the maintenance of upright posture, evaluating changes in gait
variability provides unique information on balance control that is necessary to perform the
task.36 In the present study, rather than measuring lower extremity movement, we examine
the walking pattern in PwMS by investigating the acceleration pattern at the lower (lumbar)
and upper (sternum) trunk. Measuring acceleration of the trunk segment during walking is
an alternative and suitable method of assessing motion during walking since two-thirds of
the body’s weight is located at two-thirds of the body’s height above the ground.2® This
technique has been used previously in both healthy32-35 and in pathological

populations?2: 23. 29 to assess movement patterns during walking and has been shown to
have good test-retest reliability.1’ Acceleration of the trunk can also be measured in any
environment, laboratory or clinical, with very little equipment which offers an advantage to
footfall measures which require some type of footfall detection system. Assessing the
acceleration pattern at the lower and upper trunk using two sensors allows for investigation
of trunk motion which is responsible for regulating and attenuating gait related oscillations
to achieve stabilization for the head’s perception of sensorimotor information.>®> Any
alterations in the control of trunk oscillation might be associated with poor balance control
during gait.26: 36 Previously, Sosnoff et al*9 used accelerometry to examine real-life walking
in PWMS by employing both linear and nonlinear measures to assess movement variability.
That study evaluated a time series of step counts obtained from an accelerometer worn at the
waist over several days, so the construct of the outcome variables in the present study is
quite different, but that study does represent a previous application of nonlinear measures
applied to accelerometer data in PwMS. The outcome variables described in the present
study, both linear and nonlinear variables, have been used extensively in examining the
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center of pressure time series during quiet standing in PwMS9: 21,54 and in other
populations.4”7- 15. 18 This study, however, represents the application of these outcome
variables to assess motion during a single walking task and focused on the motion of the
trunk only.

Thus, the purpose of this study was to examine the variability of the movement pattern
during walking, as represented by the acceleration time series at the upper and lower trunk,
during walking in PwMS. In order to examine variability of trunk motion during gait in
PwMS, we used both linear and nonlinear tools to assess both amount and structure of
variability within the acceleration pattern. Walking is a continuous movement task which
requires dynamic stability, therefore the temporal structure of the movement path can
provide information regarding the behavior of the body over time. Linear measures to assess
variability provide information on the amount of variability within the signal by employing
averaging procedures. These averaging procedures assume that variations between
repetitions of a task, in this case consecutive steps, are independent of future and past
repetitions. When variability within the time series is measured with nonlinear tools, it helps
to explain the adaptive strategies of the system.15: 16

For this study, we hypothesize that if the stabilogram of acceleration during gait follows that
same trend as the center of pressure stabilogram during quiet standing in PwMS?21, then we
expect PwWMS to exhibit a greater range of acceleration and greater root mean square of
acceleration at both the sternum and lumbar sensor. In addition, we would expect the
acceleration time series to show less divergence (lower LyE) and greater periodicity (lower
ApEn) at the lumbar and sternum sensors compared to controls. However, previous studies
have described PWMS as having greater variability during gait!l 50 so if the acceleration
time series follows these previous results, then we would expect the acceleration time series
to show a greater range of acceleration and greater root mean square of acceleration as well
as greater divergence (greater LyE) and less periodicity (greater ApEn) of motion at the
lumbar and sternum sensor compared to controls.

Materials & Methods

Participants

Patients with MS (n = 15), recruited through the University’s Medical Center, and healthy
controls (n = 15), recruited through the community, provided informed consent. Patients
with MS and healthy controls were matched according to age, height, and mass (Table 1).
The research protocol was approved by the University’s Institutional Review Board.
Inclusion criteria for the MS group was 1) diagnosis of MS made by a neurologist, 2) ability
to walk 25 feet without walking aid, 3) no clinical relapses within the previous 60 days, 4)
free from any other problems which may affect gait such as vestibular issues, orthopaedic
problems, and diabetic neuropathy. Healthy controls were age, height, and mass matched to
the MS group and were also free of any conditions which could affect gait. On the day of
testing, PWMS completed the self-reported Expanded Disability Status Scale (EDSS). The
EDSS is a standard and heavily used disability classification scale for PwMS.28 The self-
reported EDSS correlates strongly3 with the clinician administered version and was utilized
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in this study to avoid requiring MS participants to visit multiple study locations since the
laboratory testing location and participating neurologist were located on different campuses.

Walking protocol

Subjects walked at self-selected pace down a 100 foot hallway, free from any persons,
objects, or possible distractors, while wearing 6 MTX Xsens sensors (49A33G15, Xsens,
Enschede, NL, USA) sampling at 50 Hz. The sampling frequency was chosen based on
examination of the power spectral density of the acceleration signal in pilot subjects which
showed the entire signal contained below 5 Hz. The sensors contained 3D accelerometers (+
1.7 g) and 3D gyroscopes (+ 300°/s range) mounted on: (i) sternum, (ii) posterior trunk
approximately at L5 level (lumbar), (iii) right and left wrist, (iv) right and left lower shank.
The sternum and lumber sensors were used to assess trunk motion while the leg sensors
were used to assess stride velocity. In order to obtain steady state walking, data analysis was
performed on the acceleration time series starting 5 seconds after the onset of the walking
trial such that the gait initiation period was not included in the analysis. Only 30 seconds of
walking was included for analysis since some subjects took longer than others to complete
walking the entire distance.

Data analysis

The acceleration time series in the medio-lateral (ML) and antero-posterior (AP) directions
from the sternum and lumbar sensors were analyzed for 30 seconds of steady state walking.
Before extracting the linear variables, 3D acceleration signals from both trunk sensors were
transformed to a true horizontal-vertical Cartesian coordinate system38 and filtered with a 2
Hz cut-off, zero-phase, low-pass Butterworth filter. The filtered signal was used to extract
the following trunk variables only: range — to quantify the peak-to-peak amplitude of
acceleration traces; root mean square acceleration (RMS) — to quantify the dispersion of the
acceleration traces; mean velocity — computed by the integration of the acceleration traces;
and frequency dispersion — to estimate the variability of the frequency content of the power
spectral density of the acceleration traces. Values for frequency dispersion are between 1
and 0 where 0 indicates a purely sinusoidal signal. All variables were calculated using
customized MatLab software (The Mathworks Inc., Natick, MA).44

Data was analyzed for nonlinear variables unfiltered so as not to mask or remove any
dynamical properties or variability present within the system.1®> Temporal structure of the
trunk acceleration time series was quantified from both directions using Lyapunov Exponent
(LyE) and approximate entropy (ApEn). The largest LyE is a measure of the rate at which
nearby trajectories in state space diverge and the system’s sensitivity to initial conditions
thereby.52 Lack of divergence in the acceleration pattern will produce small values for the
LyE and vice versa. The LyE was calculated using customized MatLab software based on
Wolf’s algorithm>6 with an embedded dimension of 5 for both groups which was calculated
using a Global False Nearest Neighbor analysis.52 The time evolution constant was set at 5
for PwMS and at 7 for healthy controls based examination of a range of constants for each
group. ApEn quantifies how predictable and regular are data patterns within a time
series.42: 43 ApEn was calculated using customized MatLab software based upon the
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methodology of Pincus?? 43 (lag = 5, m = 2, r = 0.2 were used as default parameters for both
groups).

Figure 1A illustrates a stabilogram from both an MS subject (right) and a healthy control
(left) created from the acceleration time series. Figure 1B illustrated the ML time series
only, taken from the same subject, from which the linear variables were calculated. Figure
1C is the ML time series plotted against its first derivative to represent the signal in a higher
dimension where the presence of an attractor within the time series begins to be visible.

Group means for range, mean velocity, frequency dispersion, RMS, LyE, and ApEn were
calculated for healthy controls and PwMS at both the lumbar (sacrum sensor) and sternum.
Two separate 2x2 repeated measures ANOVA models were employed to test for effects of
GROUP (MS v. Control) and POSITION (lumbar v. sternum) in the ML and AP directions
since directional control of movement is performed independently.#8 Independent and
dependent t-tests were used for post hoc analysis when significant group by condition
interactions were identified. Independent t-tests were used to compare demographics
between groups. Statistical analysis was performed using SPSS 20.0 (SPSS, Inc., Chicago,
IL) with level of significance set at 0.05.

The MS group (75.22 cm/s) and healthy controls (76.88 cm/s) showed no significant
differences (p = 0.597) in mean stride velocity. Groups were also matched based on age,
height, and body mass (Table 1).

Effects of Group

Linear Measures—In the ML direction, the RMS demonstrated no significant main effect
(p = 0.540) for Group. Range also demonstrated no significant main effect (p = 0.895) for
Group but mean velocity did show a significant main effect (p = 0.045) where PWMS
showed greater values than healthy controls. Frequency dispersion also demonstrated a
significant main effect (p = 0.034) for Group where PwMS showed values greater than
healthy controls.

In the AP direction, RMS demonstrated a significant main effect (p = 0.040) for Group
where PWMS showed lower values than healthy controls. Range (p = 0.197), mean velocity
(p = 0.145) and frequency dispersion (p = 0.581) showed no main effect for Group (Figure
2)

Nonlinear Measures—In the ML direction, LYE demonstrated a significant main effect
(p < 0.001) for Group where values for PwWMS were greater than healthy controls. ApEn
demonstrated no effect for Group (p = 0.264).

In the AP direction, LyE demonstrated a significant main effect (p < 0.001) for Group were
PwMS were greater than healthy. ApEn demonstrated no effect for Group (p = 0.585)
(Figure 3).
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A main effect for Group was seen in both linear (ML velocity, ML frequency dispersion)
and nonlinear (ML & AP Lyapunov exponent) measures where values for PwMS were
significantly greater than in healthy controls.

Effect of Position

Linear Measures—In the ML direction RMS showed a significant main effect (p < 0.001)
for Position where the values for RMS were greater in the lumbar position than the sternum.
Range also showed a significant main effect (p < 0.001) for Position where lumbar was
greater than sternum. Velocity also showed a significant main effect (p = 0.001) for Position
where values for the sternum were greater than lumbar. Frequency dispersion demonstrated
a significant main effect (p < 0.001) for Position where values were greater at sternum
compared to the lumbar sensor.

In the AP direction, the RMS demonstrated a significant main effect (p < 0.01) for Position
where the lumbar showed greater values than the sternum. Range showed a significant main
effect (p < 0.001) for Position where lumbar values were greater than the sternum.
Frequency dispersion demonstrated no significant main (p =0.379) for Position. Velocity
showed no main effect for Position (p = 0.167) (Figure 2).

There were no significant interactions between Group and Position for RMS, range, mean
velocity, or frequency dispersion in the ML direction or in the AP direction (Table 2).

Nonlinear Measures—In the ML direction, the LyE showed a significant main effect (p
< 0.001) for Position where lumbar values were greater than the sternum. ApEn showed a
significant main effect (p < 0.01) for Position where lumbar values are greater than sternum.

In the AP direction, the LyE showed no effect for Position (p = 0.095). ApEn showed a
significant main effect (p < 0.01) for Position where sternum values are greater than lumbar
(Figure 3).

There were no significant interactions between Group and Position for LyE or ApEn in the
ML or the AP direction (Table 2).

A main effect of Position was seen for both linear (ML & AP root mean square, ML & AP
range, ML velocity, ML frequency dispersion) and nonlinear (ML Lyapunov exponent, ML
& AP approximate entropy) measures.

Discussion

In this study, we investigated gait variability in PwMS compared to healthy controls by
evaluating the acceleration pattern of the trunk during steady state walking. Gait variability
was measured using both linear and nonlinear variables in order to describe both the amount
and the structure of the variability within the time series. Different gait variability measures
represent different constructs and should be included in gait analysis to enhance our
understanding of variability in gait.3” Our findings indicate that acceleration of the trunk
during walking in PwMS had a larger frequency dispersion in the ML direction, but in the
AP direction, RMS was lower in PwMS compared to controls. The acceleration of the trunk
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in PWMS also exhibits greater divergence (LyE) in both the ML and AP directions. Mean
velocity was greater in PWMS in the ML direction only. These findings generally agree with
previous studies which have reported increased amount of gait variability in PwMS,11: 50
We also found several differences in variability of trunk acceleration due to position of the
sensor, but no interactions between group and position effects which indicates that we did
not identify differences in movement strategy of the lower vs. upper segments of the trunk
between the groups.

It is important to note that there were no statistical differences in stride velocity between the
groups (Table 1) and therefore both groups walked at effectively the same speed. Large
differences in walking speed could imply that increases in trunk acceleration could be
attributed to an unsteady speed due to pathology. Because the groups walked at effectively
the same speed, we did not need to normalize the outcome variables to walking speed.22

Frequency dispersion effectively quantifies the sinusoidal properties of the power spectrum
of the acceleration signal where values closer to zero are indicative of a purely sinusoidal
signal.8 PwWMS exhibited greater frequency dispersion than controls in the ML direction
which indicates that the acceleration signal was less periodic with more frequencies included
in the signal indicating greater variability of the acceleration frequencies. This finding, along
with increased LYE for PWMS, indicates an acceleration pattern of the trunk during gait that
is less periodic and contains greater divergence in the ML direction compared to healthy
controls. It is possible that PwMS control for greater divergence of the trunk in the ML
direction by increasing step width*® as control of motion in the ML is thought to require
more step-by-step control compared to the AP direction.2”: 41 The role of lateral trunk
motion is a key component of dynamic balance control during gait.: 27 Accordingly, loss of
sensory information could impact the active adjustment required for lateral control.2” PWMS
have previously demonstrated decrements in postural control due to changes in sensory
input®, but during gait, the impact of sensory loss has not been quantified. While this study
did not specifically remove sensory information during gait, PwMS have demonstrated loss
of somatosensory information during standing tasks*. Thus, it is likely that altered
somatosensation in PwMS could likely impact gait. In addition to loss of sensory input, up
to 80% of PWMS report problems with spasticity, the velocity-dependent increased tonic
stretch reflexes and exaggerated tendon jerks resulting from hyper-excitability of the stretch
reflex.30: 46 Problems with spasticity could account for the increased ML velocity of the
lower and upper trunk in PwMS compared to healthy controls found in the present study,
though spasticity is typically reported in the lower extremities.® We did not directly
measure spasticity for the included subjects, but it would be of interest to examine the
relationship between spasticity reports and control of the upper and lower trunk during
walking.

In the AP direction, the results do not strictly identify an increase in variability during gait.
RMS was actually decreased in PwMS which would indicate that the amount of variability
was lower. If we consider motion in the AP direction to exhibit more passive dynamics*?,
then lower RMS for PwMS could indicate less overall peak-to-peak mation of the trunk in
the AP direction during gait. Spain et al°! actually reported increased trunk motion in
PwMS, but only in the lateral direction. Also in the AP direction, LYE was increased in
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PwMS which indicates greater divergence of the movement pattern. LyE quantifies
separation between continuous paths of movement and whether these paths will expand or
contract within a dynamical system.52 Increased LyE values for PwMS in both the ML and
AP directions compared to controls indicate an acceleration pattern with more divergence
and reduced complexity. The change in complexity in the PWMS corresponds well with the
optimal movement variability model. This theory states that optimal movement variability
has a highly complex structure which is associated with healthy movement patterns and
reflects a rich behavioral state that allows for diverse movement strategies. Systems that are
either too variable or too periodic reflect reduced complexity.>3 Effectively, variability
reflects multiple options for movement, providing for flexible, adaptive strategies that are
not reliant on specified programs for each task or for each changing condition
encountered.4 Too much variability, such as in individuals with an ataxic movement
disorder which is characteristic for PwMS52, can be a problem and indicates a less complex
system which has excessive degrees of freedom.39 For example, if movement during a
healthy individuals gait typically falls within a certain range of variability, then increasing
the variability beyond this range will lead to disturbances in the movement pattern. In other
words, if the variability is too high, then unexpected disturbances in one gait cycle will
impact the next gait cycle and so on. Gait is an example of a cyclic task which is continuous
and cannot be too variable else an individual will not be able maintain control from one
cycle to the next. Alternatively, the task cannot be too periodic else the pattern would be
completely unadaptable.1* It appears that compared to controls, PWMS are effectively too
variable in their trunk movement pattern during gait. Too much variability in the movement
pattern could help explain the high incidence of falls reported by PwMS® and agrees with
the Lipsitz and Goldberg hypothesis of loss of complexity of a physiological or behavioral
control system with age and disease.3! It is not yet clear what relationship gait variability
has with other clinical assessment measures in PWMS, thus specific suggestions regarding
the clinical interpretation of the present study’s findings may be premature. From a clinical
perspective, it may be of interest to examine the relationship between excessive gait
variability and increased falls in PwMS.

This study also found several differences in variability of the lower trunk (lumbar) compared
to the upper trunk (sternum). Overall, these findings indicate greater variability at the lumbar
compared to the sternum. This finding fits well with the goal of attenuation of movement of
the head where motion of the upper trunk compared to the lower trunk would be limited in
order to stabilize the head.>® Because there were no interactions between Group and
Position, it appears that both groups demonstrate the same strategy in terms of dampening
motion of the trunk from the lower to upper position. These findings may indicate that
positioning the sensor at the lumbar position, rather than the sternum, to study variability of
trunk motion during gait will provide more relevant information.

Employing different measures of variability to examine the acceleration signal allowed us to
gain a unique perspective on control during gait in PwMS. The use of accelerometers also
allowed us to examine continuous gait outside of the laboratory and without the use of a
treadmill. In PwMS, the acceleration time series showed increased frequency dispersion in
the ML direction and increased LyE in both the ML and AP direction which indicates
excessive divergence and reduced behavioral complexity as compared to controls. One
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limitation of this study is only PwMS who were independent ambulators and did not require
a walking aid were evaluated. This makes our results generalizable only to PwMS who don’t
use a walking aid though it would be of interest to perform this evaluation on a wider range
of disability levels. Future studies should also investigate the relationship between gait and
specific system (sensory, pyramidal, cerebellar) disability to determine whether disability of
a specific subsystem is related to changes in gait variability. In addition, direct measurement
of altered somatosensation and the relationship with gait could identify whether a common
sensory input impacts changes in gait variability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Demographics of PwMS and healthy control participants.

MS (n=15) Control (n=15) p-value

Age (yrs) 4375+11.9 422041031  0.703
Height (cm) 168.96 +9.43  166.13 +18.13 0.598
Mass (kg) 71.19+15.69  71.07 +20.06 0.985
Gender 11F/4M 12F/3M -

Stride velocity (cm/s) 75.22 +8.35 76.88 + 8.64 0.597

Self-reported EDSS mean (IQR) 4.21(1.0) - -

EDSS — Expanded Disability Status Scale.
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