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Abstract

Previous studies on lateral stepping gait have demonstrated decreased variability and also
decreased involvement of central nervous system’s active control in the direction of progression.
This study sought to further explore this notion through the variability of stride interval time series
(SIT) and signal magnitude difference time series (SMD) while forward and lateral walking using
an inertial sensor mounted at the sternum. Additionally, this study also explored the effects of
dual-tasking on forward and lateral walking variability. Seven young (age 22.6+2.5 years) and
seven old participants (age 71.14+6.5 years) were recruited for this study. Participants performed
forward and lateral walking on treadmill at their preferred speed with and without dual tasking.
The dual task provided was a mental arithmetic task (counting backwards from a random provided
number by subtracting the number three). We found that complexity of stride interval time

series decreased significantly during lateral walking in both young and older adults (p=0.01).

We also found lateral walking affected both young and elderly and the complexity of signal
magnitude differences in angular velocity signals reduced (p=0.01) than that at forward walking.
We also found significant interaction effects in complexity of SMD signals between direction of
progression and age groups. Furthermore, it was also found that dual-tasking affected both forward
and lateral walking and both age groups by decreasing fractal properties in SMD (p=0.02). This
study explored the complexity (approximate entropy and multiscale entropy) of temporal structure
of movement as well as magnitudes of angular velocities and found that there is loss of complexity
in both young and older adults due to lateral walking. We also found dual-tasking induced
anti-persistence in angular velocities.
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INTRODUCTION

Elderly individuals have higher fall risk and this has been correlated with several changes
in movement dynamics and movement variability due to aging. Some studies have found
that inter-stride variability in accelerations of trunk can differentiate frail older adults who
are fall prone[1]. Other authors have reported increased gait variability as an indicator of
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fall risk, with variabilities of step time [2] and step width [3, 4]. It has been suggested that
an increase in amount of stance time variability was associated with higher incidence of
mobility disability in the elderly[5]. Researchers have also linked the increased amount of
variability with decreased motor control in elderly individuals [6]. Thus variability is an
important biomarker of stability of an individual during walking.

Theoretically considering inverted pendulum model, anterior posterior (AP) direction is
stable from passive dynamics (spinal reflexes and mechanics constraints) whereas the
stability in medial-lateral (ML) direction is maintained actively (supraspinal mechanisms) by
higher brain centers [7]. Variability in ML direction while walking has been supporting these
claims of direction specific active balance control while walking [7-9]. As most of these
studies have aligned the direction of progression with the AP direction, which is a naturally
expected bias since human direction of progression is AP. Other existing study with lateral
stepping have looked into linear variability [10]. Nonlinear tools help in describing structure
of the variability (as opposed to amount of variability described by linear statistics such as
standard deviation, coefficient of variation, range etc.). The linear measures of variability do
not accurately define constructs important in movement, such as stability, because they only
provide insights into the amount of variability [11].

In addition to the direction of progression, dual-task related gait changes have also been
found to increase in number of stops, lateral deviations, steps and walking time [12-14],
and also increase in stride width, stride length, stride time variabilities [13, 15]. It has
also been reported that attention demanding tasks during treadmill walking reduce step
width variability in younger adults [16]. Intrasubject variability of kinematic variables is
an index of movement consistency or stability of gait performance. Exploring dual-task
related gait changes is of particular interest in understanding variability because a strong
relationship exists between dual-task related gait changes and the risk of falling in older
adults [14, 17, 18]. The primary objective of this study was to investigate the relationship
between dual-task, direction of progression and movement variability using inertial sensors
and nonlinear dynamics.

METHODS

Participants

Seven young and seven old participants were recruited for this study. The younger
population consisted college students of Virginia Tech campus, and older adults were
retired people in Blacksburg area. The recruited participants were in a general good health
condition, with no recent cardiovascular, respiratory, neurological, and musculoskeletal
abnormalities. All participants were first familiarized with laboratory equipment’s and were
provided a verbal explanation of the experimental procedure. Participants were requested to
wear laboratory clothes and shoes, fitting to their sizes. Height and weight of participants
were noted below the ID numbers assigned to the subject. This study was approved by

the Institutional Review Board (IRB) of Virginia Tech. All participants who participated in
this study provided written consent prior to the beginning of data collection. Demographic
information for the participants is provided in Table 1.
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The experiment was divided into two sessions: normal session and dual-task session. Each
session was separated by 4 days and each participant was randomly assigned to either
normal or dualtask as his/her first session.

Treadmill walking: Participants were asked to walk with four different conditions on

a treadmill for 4 minutes, 1) Forward Walking- participants had to face forward along

the direction of progression while walking. 2) Forward Walking with counting backwards-
Participants had to face forward along the direction of progression while walking and had to
count backwards. 3) Lateral stepping- participants had to walk sideways on a treadmill and
had to face orthogonal to the direction of progression while walking. 4) Lateral stepping
with dual tasking: participants had to walk sideways on a treadmill and had to face
orthogonal to the direction of progression while walking along with counting backwards
(Figure 1). Participants were corrected if they made an error in counting.

Participants were asked to face to their left, such that their right leg is leading leg and

left leg is lagging leg. They were also asked to keep their head up while stepping, and

not to cross their legs at any time, and not to have both of their feet off the ground at

any time. Participants were asked to walk at their own preferred speed and this speed

was determined by incrementally increasing the treadmill speed at 0.45m/s [19], until the
participant indicated that his/her preferred speed was reached. Speed was incremented
again to get a reconfirmation from the participant that it was fast and was reduced back

to preferred speed. If it was not confirmed by the participant that the speed is preferred
walking speed, then the process was repeated until the preferred speed was reached. After
selection of preferred speed by the participants, they were given 10 minutes to get used to
the treadmill; this amount of time has been previously found to be adequate to achieve a
proficient treadmill walking pattern [20]. This was followed by a minimum of 3 minute rest.
Then the participants were requested to perform all four conditions of walking. The order
was random for all four conditions.

Stride Interval Time series (SIT): The temporal fluctuations in stride intervals time

series has been widely used as a non-invasive technique to evaluate effects of neurological
impairments on gait and its changes with aging and disease[21, 22]. A customized
MATLAB algorithm was used to identify peaks from gyroscope signals from trunk mounted
inertial sensor. The time difference from one peak to the other was considered as stride
interval and all these consecutive intervals made up Stride Interval Time Series (SIT).(Figure
2)

Signal Magnitude Difference Time series (SMD): The differences in peak heights of
angular velocity signals are categorized as signal magnitude differences. These differences
in magnitudes of angular velocity were used to construct a time series which was named as
Signal Magnitude Difference (SMD) time series. The total length of SMD time series is one
less than the total number of strides walked by the subject.
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It was found that there was significant decrease in Stride interval time series complexity
during lateral stepping gait for both young and older adults (p=0.01) (Figure 3). It was also
found that lateral stepping gait had decline in complexity for SMD time series for both
young and older adults (Figure 4). We also found significant interaction effects between age
groups and direction of progression (Figure 5).

DISCUSSION

The findings support the use of inertial sensors as a tool for understanding variability in
healthy young and older adults and augments preexisting knowledge of variability structure
during lateral stepping and dual-task gait in young and elderly population. Time series were
derived from trunk kinematics: Stride interval time series and signal magnitude difference
time series. These time series were investigated for the changes in structure of variability
while walking on a treadmill with four conditions (forward, lateral and with/without dual-
tasking). We found that lateral stepping gait resulted in loss of complexity as found by ApEn
and MSE values for SIT and SMD. Loss of complexity is known to reduce one’s capacity to
adapt to stress with aging and disease [23]. This reduced complexity [23], is dependent on
the nature of the intrinsic dynamics of the system and one’s ability for short time adaptive
change, which is required to meet an immediate task demand is reduced [24].

Dual tasking resulted in loss of fractal properties in trunk kinematic signals, which implies
less anti-persistence or less neuronal-control involved in the movement. This study revealed
the structure of variability during treadmill walking with the four conditions (forward, lateral
and with/without dual-tasking). Structure of variability is actually temporally organized

and is quantified by the degree to which values emerge in an orderly (i.e., predictable)
manner [11]. The structure of variability pertains to the time ordered variance within

the human movement [25]. Variability may be viewed as increased flexibility of skill to
allow adaptation to external perturbations. Thus it is important to understand how much is
variability regulated in healthy young and older adults and this information is critical in
assessing fall risk.

CONCLUSIONS

This study has contributed in measuring nonlinear variability using portable inertial sensors
while walking on a treadmill with four conditions (forward, lateral and with/without
dual-tasking). This study is an important ground work for launching inertial sensors

in understanding kinematic variabilities in clinical settings for measuring patients with
pathologies. For healthy young and old adults’ various nonlinear variability parameters were
determined using inertial sensors which showed promising results.
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(@) (b)

Forward Walking Lateral Stepping

Figure 1.
(a) Forward walking and (b) lateral walking on treadmill
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Figure 2:
Schematic diagram of derivation of SID and SMD time series from angular velocity signals

from trunk IMU during walking on treadmill.
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MSE of SIT time series (p = 0.01)
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Figure 3:
Effects of direction of progression in multiscale entropy of SIT signals
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MSE of SMD time series
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Effects of direction of progression on complexity (ApEn, MSE) of SMD time series signals

Biomed Sci Instrum. Author manuscript; available in PMC 2020 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soangra and Lockhart

ApEn_SMD LS Means

Page 11

1.4-

.

1.2

1 a e
1 _—F
0.8 e

06—

Forward ===
Lateral ===

04 : .

Cid Young

Age

Figure 5:

Interaction effects between age and direction of progression for ApEn (p<0.01)
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Detrended Fluctuation Analysis of
SMD time series (p = 0.021)
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Effects of task condition on hurst exponent.
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Background characteristics of study participants

Age Group

Old Young

Mean SD Mean SD
Age 71.143 6.5174 22.643 2.5603
Height [cm] | 174.571 | 10.2446 | 170.376 | 9.3302
Weight [Kg] | 78559 | 18.2576 | 69.651 | 155270
BMI 25.529 4.2731 23.786 4.0004
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