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Introduction

Maintaining stable gait requires controlling the interaction between the center of mass
(CoM) and base of support (BoS) in order to avoid instability and fall risk [1]. Stable gait
can be defined as the ability to maintain functional gait without falling down, even in the
presence of perturbations [2]. Healthy individuals should theoretically display optimal and
stable gait, thus it is of interest to examine the interaction between their CoM and BoS.
Studies have shown that center of mass motion can be approximated by trunk motion [3]
while step width is an indicator of dynamic balance during gait [4, 5]. Wireless
accelerometry shows promise for its ability to measure temporal and spatial parameters of
trunk and foot motion outside of a laboratory and in the real world [6-8]. However, since
wireless accelerometers do not allow for direct measurement of step width, which is strongly
related to stability and lateral postural control [9], other accelerometer based metrics must be
explored to quantify gait stability.

Previous studies have used the acceleration time series taken from these inertial
measurement units to investigate changes in gait and balance using various linear and
nonlinear variability analysis techniques [9, 10]. Menz et al. found that elderly individuals at
risk for falls had greater step timing variability [11]. Huisinga et al. reported that persons
with multiple sclerosis displayed altered variability in the form of higher Lyapunov
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exponents compared to age-matched controls [12]. Tochigi et al. found that accelerations at
the leg during walking yielded lower sample entropy results, indicating more regularity, in
older adults compared to healthy younger adults [13]. However, most studies have focused
on movement patterns of one segment only, typically the movement of the trunk or foot.
Stable gait requires coordination between upper and lower body segments, therefore
examining these segments simultaneously during walking may provide a more
comprehensive picture of stability. Kavanagh et al. found that accelerations at the head are
significantly attenuated and more tightly controlled compared to accelerations at the trunk,
which may indicate that the body aims to reduce motion at head during walking [14]. The
current study takes a similar approach in assessing the accelerations from two separate
segments simultaneously, specifically the foot and the trunk.

Thus, the purpose of this study was to examine the relationships between foot and trunk
segment acceleration variability during walking in healthy adults. To examine the
acceleration time series, we employed both linear and nonlinear measures of variability.
Linear measures of variability such as root mean square (RMS) give information about how
much variability is present in the time series [15-17]. Since walking is a cyclic and repetitive
activity, it is useful to examine not only the overall magnitude of variability but also the
structure of the variability throughout the time series to assess adaptive and reactive
strategies during walking [18-20]. For the current study, approximate entropy (ApEn) was
used to quantify the periodicity and regularity of a time series, and has previously been used
to analyze acceleration time series during gait [21].

The aim of this study was to examine relationships between acceleration patterns at the trunk
and at the foot during walking at self-selected pace in healthy adults. Previous studies have
shown that accelerations during walking are attenuated from inferior to superior segments of
body [22] and that the attenuation of these accelerations may be a result of prioritizing the
stability of the trunk and head over inferior segments of the body during walking. Thus, we
expected that accelerations at the trunk would be less variable (lower RMS) and more
periodic (lower ApEn) than accelerations at the foot. Additionally, we also expected there to
be a strong relationship between variability at the foot and at the trunk since foot motion and
behavior of the center of mass are strongly linked [1].

A sample of 40 healthy adult subjects participated in this study. The participants had an
average age of 43.6 + 9.8 years (range: 20 — 59 years). All participants gave informed
written consent. The University of Kansas Medical Center Human Research Committee
approved this study.

Wireless inertial sensors containing accelerometers (Opal, APDM, Portland, OR, USA) were
secured to the participants’ trunk and right ankle via elastic strap. The trunk accelerometer
was placed over the midline of the sternum, inferior to the manubrium and superior to the
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xiphoid process. The right ankle accelerometer was placed over the anterior surface of the
distal lower shank, superior to the ankle joint. While the sensor was not placed directly on
the foot, its position on the ankle is sufficient to approximate foot motion and footfall
information [23, 24]. Previous studies have shown that accelerations are attenuated inferiorly
to superiorly within the trunk segment [22]; thus, we chose to place the trunk accelerometer
over the sternum rather than the lumbar spine in order to measure accelerations which are
maximally dampened by being in the superior portion of the trunk segment [22]. The
accelerometers collected data at 128 Hz while subjects walked on a motorized treadmill
(Woodway Bari-Mill, Eugene, OR, USA) at self-selected comfortable pace for 3 minutes.
The participants walked at an average walking speed of 1.01 + 0.33 m/s (range: 0.48 — 1.89
m/s).

Data processing

The raw acceleration time series were exported to Matlab (MATLAB version R2013b, The
MathWorks, Inc., Natick, Massachusetts, USA) and translated from local Cartesian
coordinates to resultant frontal and sagittal plane time series. The frontal plane time series
was formed from the resultant of the X and Y acceleration time series, while the sagittal
plane time series was formed from the resultant of the X and Z acceleration time series
(Figure 1). All subsequent processing took place on the resultant frontal and sagittal
acceleration time series. For accurate analysis of the variability and complexity within the
time series, data was left unfiltered [25].

A custom Matlab program was used to calculate RMS from both the frontal and sagittal
plane acceleration time series. Root mean square was calculated as the square root of the
mean of squares of the numbers in the time series, and was used to quantify the dispersion of
the acceleration traces.

A custom Matlab program was used to calculate ApEn from both frontal and sagittal plane
acceleration time series. A thorough explanation of the approximate entropy calculation
method can be found in previous literature [26]. ApEn was calculated using customized
Matlab software based upon the methodology of Pincus [26, 27], m=3 and r=0.2*(time
series standard deviation). These parameters were chosen after varying r from 0.1t0 0.3 in
increments of 0.02 and finding relative consistency in the results for r=0.2. The vector length
m=3 was chosen after m=2 and m=4 gave very inconsistent results for all values of r. The
time lag (t) was calculated for each time series based on the average mutual information
algorithm [28-31]. Time lags ranged from 5 to 30 samples, with an average time lag of 12
+ 5 samples. Due to the wide range of time lags, ApEn was calculated using each time
series’ specific time lag in order to appropriately capture the characteristics of each
individual data set. The processing resulted in a total of four RMS and four ApEn values for
each subject — trunk sagittal, trunk frontal, foot sagittal, and foot frontal.

Statistical analysis

A two-way ANOVA was performed on the ApEn and RMS values to test the effects of
Location (trunk v. foot) and Plane (frontal v. sagittal) on the results. Paired t-tests were used
to analyze any significant interactions. Pearson’s correlations were used to assess the
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relationship between sensor locations within the same plane, with correlation coefficient of
0.5-0.7 indicating a moderate correlation, and greater than 0.7 indicating a strong
correlation [32]. A significance level of 0.05 was used for all analyses, and all analyses were
completed in SPSS 2013 (version 22, IBM Corp., Armonk, NY).

ANOVA and Paired Tests

Correlations

RMS of acceleration showed a main effect of Location (/=369.71, p<0.01) with RMS
significantly higher at the foot compared to the trunk. RMS values showed a main effect of
Plane (/=82.38, p<0.01) with RMS values significantly higher for the sagittal plane
compared to the frontal plane. RMS values showed a significant interaction (/=77.66,
p<0.01). Paired tests showed that RMS was significantly higher at the foot compared to the
trunk in both the sagittal ({39 =18.460, p<0.01) and frontal ({39)=17.411, p<0.01) planes.
Paired tests showed that RMS was significantly higher in the sagittal plane compared to the
frontal plane at both the foot ({39)=-9.016, p<0.01) and the trunk (#39)=-2.355, p=0.024)
(Figure 2).

ApEn of acceleration showed a main effect of Location (/=550.85, p<0.01); with ApEn
significantly higher at the trunk compared to the foot. ApEn showed a main effect of Plane
(F=117.93, p<0.01); with ApEn significantly higher for the frontal plane compared to the
sagittal plane. ApEn showed a significant interaction (/=67.19, p<0.01). Paired tests showed
ApEn significantly higher at the trunk compared to the foot in the sagittal ((39)=-27.247,
p<0.01) and the frontal ({39)=-15.591, p<0.01) planes. Paired tests showed ApEn
significantly higher in the frontal plane compared to the sagittal plane at both the foot
(439)=11.058, p<0.01) and the trunk (#39)=3.727, p<0.01) (Figure 3).

RMS at the trunk displayed a strong, positive correlation with RMS at the foot in the sagittal
plane (=0.883, p<0.01) and in the frontal plane (/=0.811, p<0.01).

ApEn at the trunk displayed a moderate, positive correlation with ApEn at the foot in the
sagittal plane (=0.603, p<0.01), but there was not a significant correlation in the frontal
plane (r=0.293, p=0.066) (Table 1).

Discussion

The goal of this study was to examine the acceleration patterns of the trunk and the foot
during walking, and the relationship between these patterns. Using ApEn as a measure of
variability periodicity and RMS as a measure of variability magnitude, we compared the
acceleration time series from the foot and trunk in the frontal and sagittal planes. As
previous studies have shown, accelerations are attenuated inferiorly to superiorly in the body
during walking [22]. Therefore, we hypothesized that the trunk would display lower
magnitudes of acceleration variability (lower RMS) compared to the foot and that the trunk
would display more periodic acceleration patterns (lower ApEn) compared to the foot. It was
also expected that there would be strong relationships between foot and trunk acceleration
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for both RMS and ApEn. The results show that our hypotheses were partially supported as
RMS was greater at the foot compared to the trunk and there was a significant relationship
between accelerations at the trunk and the foot, but ApEn was higher at the trunk compared
to the foot.

Root mean square (RMS), as a linear measure of variability, gives information about the
magnitude of variability present in a time series. In the current study, our RMS results
displayed overall greater magnitude of acceleration variability at the foot compared to the
trunk and in the sagittal plane compared to the frontal plane. These findings are in agreement
with previous studies which found inferior to superior decreases in variability of acceleration
time series [22]. A possible reason for decreasing variability of acceleration from inferior to
superior body segments is to keep the trunk, and therefore the body’s center of mass, as
stable as possible to minimize energy expenditure during walking [33, 34]. Additionally, the
trunk has been shown to act as a physical low pass filter that diminishes higher frequency
accelerations that can adversely affect the visual and vestibular systems during gait [35, 36].
Our results also show that there is a significantly higher magnitude of variability of
accelerations in the sagittal plane compared to the frontal plane at the trunk and at the foot.
As the majority of motion occurs in the sagittal plane during gait, it is reasonable that one
will also find larger overall magnitudes of variability.

In both the frontal and sagittal planes, our results show that ApEn was significantly lower for
accelerations at the foot compared to the trunk. Lower ApEn indicates a more periodic and
therefore more predictable patterns within the time series, which in the case of walking
signifies less variability from step to step. This finding suggests that the body aims to
maintain predictable foot motion during each step, resulting in a consistent base of support
while walking. With a consistent base of support during walking, the trunk is free to be
adaptive and react to postural disturbances to maintain stability. The adaptability of the trunk
relative to the foot in the present study is represented by higher ApEn of the trunk. Previous
studies on stability during walking and quiet standing have illustrated that there is a level of
movement variability which is healthy and demonstrates adaptability of the system [37, 38],
where any change from the optimal amount of variability, either increased or decreased
variability, can result in instability. In the current study, we assume the healthy individuals to
have optimal variability, thus the trunk and foot accelerations here are representative of an
optimal system. Our results seem to indicate that accelerations at the foot are more
predictable and larger in magnitude relative to the trunk. Without a predictable base of
support, the trunk may not be able to be adaptive and react to perturbations during walking,
thus leading to overall decreased stability. This conclusion is supported by previous studies
which found that variable foot motion is indicative of decreased stability [9, 39].
Specifically, step width variability has been shown to be an indicator of gait function [40]
and our results show that accelerations at the foot and at the trunk are significantly more
regular in the sagittal plane than in the frontal plane for healthy adults which may be
indicative of different control mechanisms presiding over motion in the sagittal and frontal
planes. This possibility is supported by studies which identify lateral foot placement
variability or step width variability but not specifically step length variability as an indicator
of less stable gait [4, 5]. Alternatively, this result could stem from the fact that the sagittal
plane is the primary plane of motion during gait, exhibiting more regular patterns of motion
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in this plane compared to the frontal plane. To further understand where these differences
stem from, future work should examine frontal and sagittal plane relationships in
populations with known gait instability.

Our results also show a positive correlation between movement of the foot and the trunk in
the sagittal plane (RMS & ApEn) and the frontal plane (RMS). Accelerations at the foot are
transferred to the upper body through the physical connections of the legs, pelvis, and trunk.
The physical link between these segments yields a strong relationship between magnitudes
of variability at the foot and at the trunk in both the sagittal and frontal planes. As the
sagittal plane is the primary plane of motion during gait (flexion/extension of the lower limb
joints), a deviation from the normal pattern at the foot (i.e. a change in step length) should be
reflected by a deviation from the normal pattern at the trunk, hence the significant
correlation for both RMS and ApEn in the sagittal plane. The frontal plane also showed a
significant correlation between foot and trunk but only for RMS. Lack of correlations in the
predictability (ApEn) of foot and trunk motion may indicate that trunk motion in the frontal
plane is related to the magnitude of variability of the foot acceleration but not the
predictability of the foot acceleration. When taken together, these results indicate that the
body may aim to primarily maintain a predictable base of support through controlling foot
placement during walking, while decreasing extreme mation in superior segments of the
body. Additionally, maintaining a more predictable base of support allows for greater
adaptability of the center of mass, as represented by trunk motion. The ability for the trunk
to control and attenuate motion during walking is critical to providing a stable base for the
head which contains various balance control mechanisms [36]. Future work should examine
these relationships in a population with a risk of falls to determine if these trends may be
related to stability during gait.

A limitation of this study is that the data was collected on a motorized treadmill, which
constrains speed. While the treadmill could have eliminated some variability in the subject’s
gait, the use of this method was necessary to record a time series of sufficient length and the
use of treadmill gait to assess variability of movement patterns is well established [40-43].
Similarly, subjects’ gait was only assessed at their preferred gait speed, and it is unknown
how these results may change under challenging conditions such as faster or slower than
preferred pace. Further, one may find different results if accelerations are recorded at
different points on upper and lower body segments. Lastly, ApEn can be volatile to changing
data length and other input parameters [44]. This was addressed prior to conducting our
analysis, with relative consistency being established as outlined above in the Methods
section. Additionally, our data sets were relatively large and should allow for the entropy
calculation to be stable [44]. Future work may warrant the exploration of additional
nonlinear variability measures such as sample entropy which is much less dependent on data
length [44], as well as other established measures.

Employing both linear and nonlinear measures of variability in this study allowed us to more
thoroughly examine the relationship between foot and trunk motion during walking. The
results of this study illustrate the utility of objectively measuring motion of the body during
gait, specifically with the use of small portable accelerometer available for use outside of a
research laboratory. Since common gait parameters relating to stability (ie. step width) are
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not easily measured outside of a research laboratory, it is important to explore the
application of portable tools for objective gait measurements. Future studies should aim to
expand this research to populations of different ages as well as populations with
neuromuscular pathologies which would allow for further examination of the coordination
between foot and trunk motion during walking in altered dynamic systems.
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Highlights
. Acceleration variability magnitude at feet is greater than at trunk during
walking.
. Structure of variability shows greater regularity at the foot than at the
trunk.
. Foot and trunk acceleration variability correlated in frontal and sagittal
planes.
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Acceleration at Foot in Sagittal Plane
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Figure 1.
Example resultant time series of accelerations at the foot in the sagittal plane. (TO - toe off,

HC - heel contact)
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Means and standard deviations for root mean square of foot and trunk accelerations.
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Significant differences are indicated for results of paired tests where RMS was higher (larger
magnitude) at the foot compared to the trunk, and higher (larger magnitude) in the sagittal

plane compared to the frontal plan. * Significant difference; p < 0.05
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Figure 3.
Means and standard deviations for approximate entropy of foot and trunk accelerations.

Significant differences are indicated for results of paired tests where ApEn was higher (more
signal irregularity) at the trunk compared to the foot, and higher (more signal irregularity) in
the frontal plane compared to the sagittal plane. * Significant difference; p < 0.05
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Table 1

Pearson’s correlations between of the foot and the trunk within the given plane for root mean square (RMS)
and approximate entropy (ApEn). RMS at foot is strongly correlated with RMS at trunk in sagittal and frontal
plane. ApEn at foot is moderately correlated with ApEn at trunk in sagittal plane, but a weak non-significant
correlation exists in the frontal plane.

Plane | | r —value (p - value)

RMS 0.883 (<0.01)

Sagittal
ApEn 0.603 (<0.01)
RMS 0.811 (<0.01) *
Frontal
ApEn 0.293 (0.07)

*
Significant Correlation
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