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Abstract
Background Falling is a significant concern for many elderly adults but identifying individuals at risk of falling is difficult, 
and it is not clear how elderly adults adapt to challenging walking.
Aims The aim of the current study was to determine the effects of walking at non-preferred speeds on the coordination 
between foot and trunk acceleration variability in healthy elderly adults with and without fall history compared to healthy 
young adults.
Methods Subjects walked on a treadmill at 80%–120% of their preferred walking speed while trunk and foot accelerations 
were recorded with wireless inertial sensors. Variability of accelerations was measured by root mean square, range, sample 
entropy, and Lyapunov exponent. The gait stability index was calculated using each variability metric in the frontal and 
sagittal plane by taking the ratio of trunk acceleration variability divided by foot acceleration variability.
Results Healthy young adults demonstrated larger trunk accelerations relative to foot accelerations at faster walking speeds 
compared to elderly adults, but both young and elderly adults show similar adaption to their acceleration regularity. Between 
group differences showed that elderly adult fallers coordinate acceleration variability between the trunk and feet differently 
compared to elderly non-fallers and young adults.
Discussion The current results indicate that during gait, elderly fallers demonstrate more constrained, less adaptable trunk 
movement relative to their foot movement and this pattern is different compared to elderly non-fallers and healthy young.
Conclusions Coordination between trunk and foot acceleration variability plays an important role in maintaining stability 
during gait.
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Introduction

Falling is a significant concern for many elderly adults, with 
approximately one-third of elderly adults experiencing at 
least one fall per year [1]. Falls experienced by elderly adults 

can severely impact quality of life through injury, hospi-
talization, and death [2]. This increased risk of falls may 
arise from any combination of common physiological char-
acteristics of aging including decreased muscle strength [3], 
reduced sensory feedback [4, 5], and reduced cognitive func-
tions [6]. However, even if an individual demonstrates nor-
mal capacity in these physiological domains, elderly adults 
may still have difficulty maintaining stability when walking 
under challenging conditions [7, 8]. Simple functional tests 
are often used to screen persons for fall risk [9], but previ-
ous studies have shown that these functional tests may not 
be adequate to predict fall risk [10]. There is a need for 
sensitive, objective measures of fall risk as it relates to gait 
stability that can be employed in a clinical setting or used 
to monitor walking function at home in daily life [11]. Such 
objective measures need to capture features of an individu-
al’s walking pattern which may contribute to loss of stability 
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during walking, but it is not currently clear what features of 
walking are behind increased fall risk in elderly adults. Pre-
vious studies have identified trunk acceleration variability 
measures such as Lyapunov exponents to relate to fall risk 
[12, 13], while other studies using the same measures do not 
find any relation to fall risk [14]. Studies have also identi-
fied numerous gait characteristics that significantly relate 
to fall risk when combined in regression models [14], but 
the individual measures themselves may not be representa-
tive of actual walking performance or may not have a clear 
mechanistic basis for why they would specifically relate to 
fall risk in older adults. Therefore, it remains unclear what 
specific gait characteristics are demonstrated in older adults 
that ultimately lead to decreased stability and an increased 
risk of falling.

Stability during walking can be defined as the ability to 
maintain functional upright gait without falling [15]. Main-
taining upright, stable gait requires a carefully controlled 
interaction between the base of support (BoS) and center 
of mass (CoM) [16]. During walking, this relationship is 
dynamically maintained from step to step, with the sen-
sorimotor system controlling trunk sway and step place-
ment across each step [17, 18]. In healthy adults, altering 
or constraining movement of the trunk segment results in 
altered foot movement to compensate [19], and similarly 
constraining foot movement results in altered trunk move-
ment [20]. In a study by Arvin et al. when step placement 
was constrained to a narrower step width, the peak medi-
olateral CoM displacement also decreased, however, the 
variability of the mediolateral CoM velocity subsequently 
increased in elderly adults, suggesting that elderly adults’ 
trunk movement was more actively controlled in response to 
the altered step placement [20]. These studies highlight the 
underlying coordination that must exist between the trunk 
and the feet during healthy, stable walking. However, it is 
currently not clear how this coordination between segments 
directly relates to stability or fall risk during walking. If this 
coordination is directly related to fall risk, then one would 
expect to observe altered segment coordination in elderly 
adults with a history of fall risk compared to those without 
a history of falls. Additionally, walking under challenging 
conditions which make walking inherently unstable (i.e., 
non-preferred walking speed) would likely require a specific 
adaptation to maintain the coordination between the trunk 
and feet, with inappropriate adaptations potentially underly-
ing increased fall risk.

Elderly adults tend to walk with shorter and wider steps, 
demonstrating a conservative gait pattern [21]. This con-
servative gait pattern is demonstrated in measures of mar-
gin of stability, where elderly adult fallers demonstrate a 
larger margin of stability compared to healthy young adults, 
keeping their CoM well within their BoS [18]. However, 
the margin of stability generally requires a gait lab with a 

motion capture system to measure subjects’ gait, which lim-
its its clinical or real-world utility for measuring fall risk. 
To monitor movement outside of a laboratory setting, many 
previous studies have identified measures of acceleration 
variability to be related to fall risk in aging individuals [13, 
22]. Measuring variability of movement at a particular seg-
ment provides an understanding of how movement at that 
segment is being controlled through the underlying senso-
rimotor system [23]. Healthy adults demonstrate an optimal 
gait pattern, with optimal levels of variability of movement 
of their individual segments to allow for stable and adaptable 
gait [24]. Previous studies have shown that elderly adults 
demonstrate higher standard deviations of step width and 
mediolateral margin of stability [20, 25]. These are linear 
measures of variability which provide information about the 
magnitude of variability around an average [26]. Nonlinear 
measures of variability provide information on the temporal 
structure of variability in a time series, which is of signifi-
cant interest in measuring the control systems driving the 
movement being recorded [24]. Structure of trunk accelera-
tion variability has also been associated with fall history in 
elderly adults, where elderly adults who have a history of 
falls also have more unpredictable trunk accelerations [13, 
27]. All of these previous studies have examined movement 
variability of the trunk or feet independently, but it is likely 
that the coordination between the trunk and feet may actually 
be more important for maintaining stability during walking 
compared to movement of the trunk or feet independently 
[17]. For example, altered trunk movement could stabilize 
center of mass motion to compensate for altered foot move-
ment, thus maintaining whole body stability even though 
motion of an individual segment is abnormal. It is com-
mon for elderly individuals to have weakness or decreased 
range of motion, which could give rise to altered segmental 
relationships and ultimately lead to a higher risk for falls 
[28]. Since the optimal walking pattern is demonstrated at 
a person’s normal walking speed [24, 29], it is important to 
understand how elderly adults and elderly adults at risk for 
falls adapt their gait to changing walking speeds since this is 
common during walking a real-world environment.

The aim of the current study was to determine the effects 
of walking at non-preferred speeds on the coordination 
between foot and trunk acceleration variability in healthy 
young adults compared to healthy elderly adults with and 
without fall history. Specifically, we expect that elderly 
adults with a history of falls may maintain coordination 
between their trunk and foot segments differently compared 
to elderly adults who do not fall and compared to the opti-
mal gait of healthy young adults. We hypothesized that (1) 
the trunk and foot segment coordination will be different 
between healthy young, elderly fallers and elderly non-fall-
ers, and (2) the segment coordination will not change in 
response to changing gait speeds.
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Methods

Participants

Twenty-five healthy young (HY) adults (mean 23, range 
20–30), 25 healthy elderly (HE) adults (mean 73, range 
67–85) and 15 elderly adult fallers (EF) with two or more 
falls in the previous 12 months (mean 74, range 65–85) 
were enrolled in the current study (Table 1). The Univer-
sity of Kansas Medical Center Human Research Committee 
approved this study and all participants gave informed writ-
ten consent prior to testing. All subjects were free of any 
known musculoskeletal or neurological disorders that would 
negatively affect their gait or balance.

Data collection

Subjects’ preferred walking speed (PWS) was determined 
following previously used protocol where treadmill speed 
was increased and decreased until subjects reported the 
speed was faster or slower than preferred [29]. Subjects 
wore two wireless inertial sensors (Opal, APDM, Portland, 
OR, USA; 128 Hz), one lumbar accelerometer and one foot 
accelerometer [30, 31]. The lumbar sensor was placed over 
the posterior surface of the lumbar spine at approximately 
the level of L5. The foot sensor was placed on the lateral 
surface of the distal shank, superior to the ankle joint such 
that subjects’ footwear would not come into contact with the 
sensor during walking. A treadmill (Woodway Bari-Mill, 
Eugene, OR, USA) was used to collect sufficiently long sam-
ples of walking [32, 33] and to sensitively control the speeds 
at which subjects walked for all trials [29, 34]. Accelerations 
from both sensors were recorded while subjects walked for 
3 min at five different speeds: 80%, 90%, 100%, 110%, and 
120% of their own PWS. The speed conditions were pre-
sented in random order.

Data analysis

The raw three-dimensional acceleration time series were 
exported to Matlab (Matlab version R2013b, The MathWorks 
Inc., Natick, Massachusetts, USA) and were transformed to 

resultant frontal and sagittal plane time series local to the 
individual sensors. The frontal and sagittal planes were exam-
ined separately since gait is laterally unstable, and control 
of movement in this plane requires active control compared 
to passive control in the sagittal plane [35]. Since subjects 
walked at different speeds, the middle 60 strides were used 
for consistent analysis across subjects and speeds. A custom 
Matlab program was used to calculate all variability meas-
ures. All subsequent analyses were performed on the resultant 
sagittal and frontal plane time series. Data were left unfiltered 
for appropriate analysis of time series characteristics [36].

Linear variability measures root mean square (RMS) 
and range were calculated from the frontal and sagittal 
plane acceleration time series for the foot and lumbar 
sensors [30]. RMS was used to measure the absolute dis-
persion of accelerations in each time series. Range was 
calculated as the difference between the maximum and 
minimum peaks in the acceleration time series.

Nonlinear variability measures were used to quantify 
the temporal structure of variability within the time series, 
which provides information about how movement of the 
foot and trunk segments is controlled [37]. As the gait 
cycle repeats, patterns in the time series repeat, and non-
linear measures provide information about how tightly 
controlled the patterns are over the entire length of the 
time series [24]. Sample entropy (SaEn) and Lyapunov 
exponents (LyE) were calculated from the foot and lumbar 
time series in the frontal and sagittal planes. A thorough 
explanation of sample entropy can be found in the previous 
literature [32, 37–39]. Methods for all variability calcula-
tions have been outlined in detail previously [30].

As the primary outcomes, gait stability index (GSI) 
metrics were calculated as the ratio of lumbar acceleration 
(ACC) variability divided by foot acceleration (ACC) vari-
ability, using each of the four variability metrics (RMS, 
range, SaEn, LyE) in the frontal and sagittal planes [40].

Four GSI metrics were calculated in the frontal and sag-
ittal planes:  GSIRMS,  GSIRange,  GSISaEn,  GSILyE, resulting 
in eight GSI metrics total used in the statistical analysis.

The GSI metrics are unitless measures to examine lum-
bar acceleration variability relative to foot acceleration 
variability within an individual subject. A GSI equal to 1 
indicates that acceleration variability at the two segments 
is exactly equal while a GSI greater than one indicates 
more lumbar acceleration variability relative to foot accel-
eration variability and a GSI of less than one indicates less 
lumbar acceleration variability relative to foot acceleration 
variability [40].

(1)
GSI = LumbarACCVariabilityFrontal or Sagittal∕

FootACCVariabilityFrontal or Sagittal.

Table 1  Demographics of healthy young, elderly non-fallers, and 
elderly fallers

Healthy young Elderly non-fallers Elderly fallers

Age (years) 23 ± 2.4 73 ± 5.3 74 ± 6.7
Gender 17 F/8 M 18 F/7 M 13 F / 2 M
Preferred walk-

ing speed 
(m/s)

1.27 ± 0.13 1.10 ± 0.27 0.84 ± 0.22
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Statistical analysis

The Shapiro–Wilk normality test indicated that all data were 
normally distributed. Three Group (HY, HE, and EF) by 5 
Speed (80%–120% PWS) analysis of variance was used to 
determine whether the GSI metrics differed across Groups 
or Speeds. Post hoc paired comparisons were performed to 
investigate any significant interactions.

Results

Speed effects

The  GSIRMS showed a main effect of Speed in the sagit-
tal (F = 5.055, p = 0.001) and frontal (F = 5.158, p = 0.001) 
planes.  GSIRMS was the only variable to demonstrate a sig-
nificant interaction between Group and Speed in the sagit-
tal (F = 3.384, p = 0.001) and frontal (F = 5.817, p < 0.001) 
planes. The HY group showed adaptations to Speed 

where the  GSIRMS at the two fastest walking speeds was 
greater than at the three slower speeds for both the sagittal 
(p < 0.001) and frontal (p < 0.001) planes, while the HE and 
EF groups did not show adaptations to Speed (Fig. 1a, b). 
The  GSISaEn showed a main effect of Speed in the sagit-
tal (F = 5.912, p < 0.001) and frontal (F = 2.253, p = 0.041) 
planes (Fig. 1c), where the  GSISaEn at the two slowest speeds 
was significantly higher compared to the two highest speeds 
in the sagittal (p < 0.040) and frontal (p < 0.021) planes.

Group effects

The  GSIRMS in the sagittal plane showed a main effect of 
Group (F = 4.905, p = 0.011) where EF had lower  GSIRMS 
values across all speeds compared to HE (p < 0.04) and com-
pared to HY (p < 0.030) (Fig. 1a). The  GSISaEn showed a 
main effect of Group in the sagittal (F = 12.525, p < 0.001) 
and frontal (F = 3.198, p = 0.049). In the sagittal plane, HY 
had lower  GSISaEn values across all speeds compared to HE 
(p < 0.026) and EF (p < 0.013). In the frontal plane, HY 

Fig. 1  Means and standard 
deviations for GSI metrics. 
a Sagittal plane  GSIRMS, b 
frontal plane  GSIRMS, c sagittal 
plane  GSISaEn, d frontal plane 
 GSISaEn, e frontal plane  GSILyE. 
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had lower  GSISaEn values across all speeds compared to HE 
(p < 0.048) and EF (p < 0.047). The  GSILyE in the frontal 
plane also demonstrated a main effect of Group (F = 4.424, 
p = 0.017) where EF had lower  GSILyE values across all 
speeds compared to HE (p < 0.045) and at preferred walk-
ing speed in HY (p = 0.019) (Fig. 1e).

Discussion

The purpose of the current study was to determine how 
elderly fall-prone adults control their trunk acceleration 
variability and foot acceleration variability during walk-
ing under normal and challenging conditions when com-
pared to healthy young and elderly non-faller subjects. Our 
first hypothesis regarding effects of Speed was partially 
supported, as we found that the  GSIRMS (a measure of 
amount of lumbar acceleration relative to foot acceleration) 
increased with walking speed in healthy young adults, but 
elderly adults did not show similar adaptations to speed. 
However, our results also indicate that younger and elderly 
adult fallers and non-fallers similarly adapt their  GSISaEn (a 
measure of the regularity of lumbar acceleration relative to 
foot acceleration) to increasing walking speed. Our second 
hypothesis regarding differences between groups was also 
partially supported, as the elderly adult fallers walked with 
lower  GSIRMS and  GSILyE compared to elderly non-fallers 
and healthy young adults, and healthy young adults walked 
with lower  GSISaEn compared to both elderly adult groups.

The  GSIRMS results in the sagittal and frontal planes indi-
cated that both elderly fallers and non-fallers adapt their 
lumbar acceleration relative to their foot acceleration dif-
ferently compared to healthy young adults. As healthy young 
adults walked faster, their lumbar accelerations increased 
more than their foot accelerations (Fig. 2). Previous studies 
have shown that lumbar accelerations increase in all direc-
tions as walking speed increases [41], however, no previous 
studies have examined how walking speed effects lumbar 
accelerations relative to foot accelerations. The results from 
the current study indicate that while elderly fallers, elderly 
non-fallers, and healthy young adults increased lumbar and 
foot accelerations with increasing walking speed, the healthy 
young adults increase their lumbar accelerations relative 
to their foot accelerations more than is seen in both of the 
elderly groups. These results indicate that the elderly fallers 
and elderly non-fallers constrain their lumbar accelerations 
to minimize motion of their head [22] and center of mass 
[18], while healthy young subjects are able to safely allow 
for more lumbar accelerations during walking. One possibil-
ity is that healthy young adults can safely use the momen-
tum of the lumbar segment in forward propulsion at faster 
walking speeds more than elderly adults who constrain their 
lumbar motion more within their base of support to maintain 

a stable consistent gait. Future studies should further explore 
how lumbar motion is used in forward propulsion at differ-
ent walking speeds. Elderly fallers and elderly non-fallers 
demonstrated the lowest  GSIRMS across all speeds compared 
to healthy young subjects. This result seems to parallel the 
conservative gait phenomena observed in previous studies, 
where elderly adults walk with a more conservative gait 
pattern, minimizing trunk motion to keep their CoM more 
within the boundaries of their BoS [18].

While the  GSIRMS showed different adaptations to Speed 
across the three groups, the  GSISaEn in the sagittal plane 
showed that all three groups adapted the regularity of their 
foot and lumbar accelerations similarly across speeds, with 
lumbar acceleration becoming more regular relative to foot 
acceleration as walking speed increased. Previous studies 
have shown that more irregular lumbar accelerations at slow 
walking speeds may represent more active control of lumbar 
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movement when walking at slower speeds, whereas lumbar 
movement becomes more passively controlled when walk-
ing at faster speeds [41]. While the sagittal plane  GSISaEn 
revealed similar adaptations to walking speed in the three 
groups, there were differences in the  GSISaEn between the 
three groups across walking speeds. Elderly fallers had the 
lowest  GSISaEn of the three groups, which indicates that 
elderly fallers walked with more regular lumbar accelera-
tions relative to foot accelerations than did elderly non-
fallers and healthy young. Previous studies have showed 
that elderly fallers demonstrate more regular accelerations 
at the trunk compared to elderly non-fallers, which may be 
indicative of decreased adaptability leading to gait instability 
[42]. Therefore, in the current study, increased regularity of 
lumbar accelerations relative to foot accelerations in elderly 
fallers compared to elderly non-fallers and healthy young 
adults would indicate a lack of stability that is maintained 
across slow and fast walking speeds.

Group differences in GSI were also evident in the frontal 
plane, which is considered to be controlled by more active 
feedback during walking [35]. Elderly fallers had the lowest 
 GSILyE across speeds compared to elderly non-fallers and 
healthy young adults. The lower  GSILyE in elderly fallers 
compared to indicates that elderly fallers have more predict-
able accelerations at the lumbar relative to the feet across 
all walking speeds. In relation to the loss of complexity 
hypothesis, a lower LyE at the lumbar relative to the feet 
compared to healthy young adults indicates a less complex 
and more predictable gait pattern in the elderly fallers [24]. 
The increased predictability of lumbar accelerations in the 
elderly faller group may further indicate a lack of adapt-
ability or lack of flexibility to appropriately react to small 
perturbations from step to step, as has been shown in previ-
ous studies of elderly adults with fall history [13].

The  GSIRange did not demonstrate any effect of Speed or 
Group in the frontal or sagittal plane. Range of acceleration 
is a linear measure of variability which provides an indica-
tion of the absolute spread of the maximum and minimum 
accelerations in the time series. In practice, the extreme 
acceleration values that are quantified in the range metric 
are likely the points at which an individual experienced a 
slight stumble or otherwise deviated their gait. Compared to 
RMS which provides information about the average spread 
of accelerations around the mean over the entire time series, 
the range metric is an indicator of extreme values at two 
points in the time series (one minimum value, one maxi-
mum value). While range of accelerations may be useful as 
a global value, or as a single segment acceleration measure 
[22], it may not be a good metric to use when examining 
relationships between the lumbar and foot accelerations.

A limitation of the current study is that the three groups 
walked with different preferred walking speeds, which could 
have an effect on the accelerations of the lumbar and the 

feet. However, since we examined subjects’ gait using a ratio 
of lumbar acceleration variability to foot acceleration vari-
ability, any normalization of the lumbar and foot accelera-
tion metrics would cancel out, and any effect due to differ-
ent preferred walking speeds would be negated. Therefore, 
the GSI metrics are not dependent on subjects’ preferred 
walking speed. A second limitation of the current study is 
that a treadmill was used to collect the walking data, and 
individuals can demonstrate altered muscle activation when 
walking on a treadmill [43, 44]. However, previous work has 
also shown that kinematics and kinetics of treadmill gait is 
largely similar to that of overground walking [45, 46]. In the 
current study, whole body stability was examined, which 
has been shown to be similar between treadmill and over-
ground walking when examining margin of stability [47]. 
The treadmill was necessary for use in the current study to 
collect a sufficiently long time series to appropriately ana-
lyze gait variability [32], and to accurately control the speeds 
at which subjects walked for each of the five trials. A third 
limitation of the current study is that the elderly subjects 
with and without falls had no comorbidities that would sig-
nificantly affect their walking or balance. Therefore, caution 
should be taken when generalizing the results of the current 
study to the wider population of elderly adults who may have 
comorbidities such as neuropathy or loss of vision which 
could additionally affect their walking and balance function.

The coordination between trunk and foot acceleration 
variability appears to play an important role in maintain-
ing stability during gait. The current results indicate that 
during gait, elderly fallers specifically demonstrate more 
constrained, less adaptable trunk movement relative to 
foot movement and this pattern is different compared to 
elderly non-fallers and healthy young adults. Additionally, 
we showed that healthy young adults adapt to speed differ-
ently compared to elderly adults, with healthy young adults 
increasing their lumbar acceleration relative to their foot 
accelerations when walking at faster speeds. These findings 
demonstrate the importance of interpreting the control of 
lumbar and foot movement in context of the whole body, as 
the movement of these segments must be coordinated with 
each other to maintain stable gait under challenging condi-
tions. The GSI metrics used in this study quantified these 
cautious gait characteristics using portable wireless sensors 
which could be used for examining a range of fall-risk popu-
lations in clinical and at-home settings without the need for 
a treadmill. Future studies will examine what GSI metrics 
are most appropriate for identifying fall risk, and how much 
overground walking is necessary for appropriate calculation 
of the GSI metrics to determine feasibility for use in clinical 
and at-home settings.
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