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Abstract
Estimating local dynamic stability is considered a powerful approach to identify 
persons with balance impairments. Its validity has been studied extensively, and 
provides evidence that short-term local dynamic stability is related to balance 
impairments and the risk of falling. Th us far, however, this relation has only been 
proven on group level. For clinical use, diff erences on the individual level should also 
be detectable, requiring reliability to be high. In the current study, reliability of short-
term local dynamic stability was investigated within and between days. Participants 
walked 500m back and forth on a straight outdoor footpath, on two non-consecutive 
days, and 3D linear accelerations were measured using an accelerometer (DynaPort 
MiniMod). Th e state space was reconstructed using 4 common approaches, all based 
on delay embedding. Within-session intra class correlation coeffi  cients were good 
(≥0.70), however between-session intra class correlation coeffi  cients were poor to 
moderate (≤0.63) and infl uenced by the reconstruction method. Th e same holds for 
the smallest detectable diff erence, which ranged from 17% to 46% depending on the 
state space reconstruction method. Th e best within- and between-session intra class 
correlation coeffi  cients and smallest detectable diff erences were achieved with a state 
space reconstruction with a fi xed time delay and number of embedding dimensions. 
Overall, due to the infl uence of biological variation and measurement error, the 
short-term local dynamic stability can only be used to detect substantial diff erences 
on the individual level. 
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Introduction
Estimating local dynamic stability is a promising approach to quantify someone’s 
ability to withstand perturbations and avert falling [76]. Local dynamic stability 
could thus be a useful measure to identify individuals with balance impairments or 
at risk of falling. It is considered to capture how the neuromuscular system responds 
instantaneously to small perturbations by the average exponential rate of separation 
after such perturbations in state space [149], often referred to as maximum Lyapunov 
exponent. 
Th e validity of local dynamic stability during gait has been studied extensively in 
modeling [86, 98, 150, 151], experimental [136, 152-154] and observational studies 
[60, 61, 131, 134]. Th ese studies provided evidence that short-term, fi nite-time local 
dynamic stability (Ȝs) is related to impairments of balance and the risk of falling, 
on the group level. However, clinical use, i.e. identifying individuals at risk or 
monitoring intervention eff ects, requires detection of individual changes, and thus 
high reliability. Only a single study [155] investigated test-retest reliability of Ȝs of 
trunk kinematics, and reported intra-class correlation coeffi  cients (ICCs) between 
0.45 and 0.85 for estimates obtained from 1 to 5 min walking. As ICCs between 
0.71 and 0.96 have been reported for other commonly used balance measures [143, 
156, 157], this seems promising. However, this study only assessed within-day 
reliability, whereas clinical practice often requires measurements on several days, 
which increases within-subject variation. In addition, test-retest reliability was 
investigated during treadmill walking, which might be less variable and more stable 
than over-ground walking [104]. 
An important aspect in estimating local dynamic stability is a reconstruction of the 
state space, a set of vectors describing every point in time uniquely. However, since 
various linear combinations of a system’s state variables may be used to span its state 
space, diff erent reconstruction methods may yield diff erent solutions [158] rendering 
their comparison a challenge. In fact, even linear transforms of the state space may 
aff ect the mean and standard error of the local dynamic stability estimate [159, 160]. 
Nonetheless, there is no consensus in literature yet on how to reconstruct the state 
space for gait dynamics. We hence employed diff erent, commonly used techniques 
to address our primary aim, namely to assess test-retest reliability of short-term, 
fi nite-time local dynamic stability based on trunk accelerations during over-ground 
gait, within and between sessions. 
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Methods 
Twenty healthy young adults (aged 28.5 ± 3.3 years) participated in this study. 
Th ey all signed informed consent and the protocol was approved by the local ethics 
committee. 
Participants walked 500m forth and back (2 trials) over a straight outdoors footpath 
at their preferred walking speed. Measurements were done on two non-consecutive 
days, with 2 to 30 weeks between measurement days, resulting in 2 sessions of 2 
trials each. Participants fi tted themselves with a portable wireless accelerometer 
(DynaPort MiniMod, McRoberts, Den Haag, the Netherlands) attached to a 
neoprene belt around their pelvis with the accelerometer over the spine at the level 
of L5. Th is accelerometer measured linear accelerations in 3D over a range of ±6g, 
and sampled at a rate of 100 samples/s. To avoid the eff ect of fatigue, participants 
were seated for minimally 2 min between the 2 trials of a session. 
Data were analyzed using MATLAB (version 7.12, Th e MathWorks BV, Natick, 
USA). Heel strikes were determined as the maximal vertical acceleration of the 
trunk, and the middle 200 strides were analyzed. As diff erences in the number of 
samples is known to cause a bias in estimating local dynamic stability [88, 103], 
strides were time-normalized to 99 samples on average per stride (i.e. to the mean 
stride length across subjects in this study). 
To investigate the eff ect of state space reconstruction on test-retest reliability of 
Ȝs, diff erent state spaces were reconstructed using time delay methods [160]. To 
this end, we either started off  with a 1D signal, e.g., acceleration in mediolateral 
direction, or the full 3D signal, i.e. acceleration in all 3 directions, and created their 
time delayed copies that were embedded in a high-dimensional space [90, 158]: 

X(t) = [x(t), x(t + J), ..., x (t + (m - 1) * J)]
where X(t) is the state of the system at discrete time t, x(t) is the original time series,  
J is the time delay, and m is the number of embedding dimensions. For the number 
of embedding dimensions, we either used the global false nearest neighbors method 
(GFNN) for every individual signal [161], or fi xed the dimensions across data (see 
below). Reconstruction further diff ered by the choice of the embedding delay that 
was either determined individually for every signal via the fi rst minimum of its 
average mutual information (Imin) [162], or fi xed to a certain value that agreed for all 
signals (see again below). In sum, test-retest reliability was investigated for 4 state 
space reconstruction methods:
1. accelerations in mediolateral direction, dimension determined by GFNN and 

time delay by Imin;
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2. accelerations in mediolateral direction, a fi xed number of dimensions (median of  
for our data = 7), and time delay determined by Imin;

3. accelerations in mediolateral direction, 7 dimensions, with a fi xed time delay 
(median of Imin for our data = 6 samples), and

4. a state space using accelerations in all 3 directions, 9 dimensions (since one time-
delayed copy plus the original 3D data is lower than the required 7), and a fi xed 
time delay (¼ of the mean stride time = 24 samples). 

In order to estimate local dynamic stability, for each point in state space the nearest 
neighbor was found, and the Euclidian distance between these nearest neighbors 
was determined as a function of time. In the case of local instability nearest 
neighbors will diverge, in particular along the most unstable direction. It is the rate 
of this divergence that specifi es the linear part of the dynamics under study, i.e. the 
divergence evolves exponentially:

   d(t)≈ d0eȜt          or alternatively       ln d(t) ≈ Ȝt + ln d0  
where d(t) is the divergence between the neighboring points at time t and d0 is the 
initial distance between the nearest neighbors. Th e local dynamic stability Ȝs is 
thus the divergence curve’s slope Ȝ that can be determined via a conventional least-
squares fi t over a certain (initial) time span [90]. More specifi cally, Ȝs as used in gait 
is the slope over a span of 0-0.5 strides [103]. In general, a positive Ȝs indicates that 
systems with initially small diff erences will soon behave quite diff erently, hence such 
systems are considered locally unstable [90]. By contrast, if Ȝs is negative, orbits will 
converge in time and the system is considered locally stable. A schematic is given in 
Figure 1.  
To explore the eff ect of within and between day measurements on Ȝs, a 2 (sessions) 
x 2 (trials) repeated measures ANOVA was done separately for all four methods 
(PASW statistics, version 18.0, SPSS Inc., Chicago, USA). To quantify test-retest 
reliability ICCs (2,1) absolute agreement [163] were calculated within and between 
sessions,    MSR - MSE
 MSR + (2 - 1) MSE + 2/n (MSC - MSE)
where MSR is the mean square for rows (i.e. within subjects),  MSE the mean square 
error, MSC is the mean square for columns (i.e. between subjects), and n the number 
of subjects.  ICCs quantify the resemblance between two measures and range from 0 
to 1, where an ICC of 1 indicates identical outcomes on two repeated measurements. 
In addition, the smallest detectable diff erence (SDD) was estimated, i.e., the smallest 
individual change that can be determined with 95% confi dence as:

SDD = ± 1.96 * √2 * SEM

ICC (2,1) =
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where SEM is the standard error of mean. For all statistical tests a p-value <0.05 was 
considered signifi cant. 
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Figure 1: Estimation of local dynamic stability. Original time series depicted in (A) are 

normalized to on average 99 samples per stride and embedded in 3D state space (B). 

In a local region in state space (C) the nearest neighbor is found for each point, and 

the mean logarithmic divergence between these points is tracked over time (D). Ȝ s  is 

calculated as the slope of the divergence curve between 0-0.5 strides. 



Assessing gait stability | 35

3

Results
No signifi cant diff erences in Ȝs were found between sessions and trials. Means of  Ȝs 
ranged from 0.64 to 1.55 (Table 1). Within sessions, ICCs ranged from 0.74 to 0.92 
(Table 2). Between sessions, ICCs were considerably lower, and ranged from 0.38 to 
0.63 (Table 3). Th e SDD expressed as percentage of the mean Ȝs ranged from 8-46% 
(Tables 2 and 3). Th e best SDD values were observed for the full 9D state space 
(within 12%, between 20%) and method 3 (9.5% and 20%, respectively). 

Table 1: Mean (and standard deviation) of λ s per method, where state space reconstruction 

is based on: (1) mediolateral accelerations with dimensions determined by GFNN and 

time delay determined by Imin; (2) mediolateral accelerations with 7 dimensions and 

time delay determined by Imin; (3) mediolateral accelerations with 7 dimensions and a 

time delay of 6 samples, and (4) 3D accelerations, 9 dimensions and a time delay of 24 

samples.

Method Mean  λs

1 1.53 (0.31)

2 1.55 (0.30)

3 1.37 (0.12)

4 0.64 (0.06)

Table 2: Intra Class Correlations (ICC) and Smallest Detectable Differences (SDD) within 

sessions, where state space reconstruction is based on the methods described above.

Method Session 1 (trial 1 vs. 2) Session 2 (trial 3 vs. 4)

 
ICC p SDD

SDD
mean λs

ICC p SDD
SDD

mean λs

1 0.79 <0.001 0.58 0.38 0.78 <0.001 0.48 0.31

2 0.81 <0.001 0.64 0.41 0.74 <0.001 0.50 0.33

3 0.92 <0.001 0.12 0.08 0.83 <0.001 0.15 0.11

4 0.80 <0.001 0.07 0.11 0.79 <0.001 0.09 0.13
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Table 3: Intra Class Correlations (ICC) and Smallest Detectable Differences (SDD) within 

sessions, where state space reconstruction is based on (1) mediolateral accelerations 

with dimensions determined by GFNN and time delay determined by Imin; (2) mediolateral 

accelerations with 7 dimensions and time delay determined by Imin; (3) mediolateral 

accelerations with 7 dimensions and a time delay of 6 samples, and (4) 3D accelerations, 

9 dimensions and a time delay of 24 samples.

Method Trial 1 vs. 3 Trial 2 vs. 4

 
ICC p SDD

SDD
mean λs

ICC p SDD
SDD

mean λs

1 0.51 0.011 0.59 0.39 0.45 0.025 0.71 0.46

2 0.54 0.008 0.54 0.35 0.46 0.022 0.69 0.45

3 0.38 0.051 0.31 0.23 0.44 0.026 0.23 0.17

4 0.53 0.008 0.13 0.21 0.63 0.001 0.12 0.19

Discussion
Local dynamic stability is considered a promising approach to quantify one’s ability 
to withstand perturbations and avert falling. However, its between sessions reliability 
has not been studied yet, although it is important for the application of this method 
as a scientifi c and diagnostic tool. Hence, we assessed the test-retest reliability of 
short-term fi nite-time local dynamic stability, within and between sessions, for 
several commonly used state space reconstructions based on trunk accelerations 
during over-ground walking. Th e within-session ICCs found in this study were all 
above 0.70, indicating that test-retest reliability of short-term local dynamic stability 
within a session is good [164]. Th e values are in agreement with Kang and Dingwell 
[155], who found an ICC of ~0.75 during treadmill walking for a trial length 
comparable to the one used in this study (± 3 min). Between sessions, the reliability 
was lower (ICCs ≤ 0.63), i.e. poor for methods 1, 2, and 3 and moderate for method 
4 [164]. Th is shows that, depending on the state space reconstruction, local dynamic 
stability can be measured reliably enough to assess diff erences on the group level. 
On the individual level, the smallest individual change the measure is capable of 
measuring (SDD) ranged from 17% to 46%. Th ese percentages are fairly high and, 
therefore, only substantial changes in an individual can be interpreted as meaningful 
using this measure. To put this individual change in perspective, the diff erence in  
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between young and older adults is 35%-50% [131, 134], but the diff erence between 
older fallers and non-fallers is smaller, between 6% and 20% [60, 61]. Th us, local 
dynamic stability can only detect substantial changes on the individual level, which 
might not be realistic. Th is problem could possibly be solved by measuring individuals 
on several days and averaging results, however such a method would come at a cost.  
As expected, between-sessions test-retest reliability was lower than within 
sessions and SDDs were higher. One explanation could be the reattachment of 
the accelerometer. To mimic realistic use, participants were asked to attach the 
accelerometer themselves. Reattachment of the accelerometer between sessions 
may have infl uenced measurement errors if the belt was secured more fi rmly or 
loosely to the body, in addition, diff erences in sensor orientation may have also 
caused systematic diff erences between measurements. Th e latter is supported by the 
higher ICCs and lower SDDs between sessions for the full 9D state space where 
all original 3D directions were used to estimate Ȝs, which reduces the infl uence 
of sensor orientation. Although the attachment of the accelerometer is inherent to 
this method of measuring, our results call for consistency in (re-)attachment and/or 
awareness of this infl uence. Lower between-sessions test-retest reliability could have 
also been caused by true biological variation, possibly related to the time of the day 
or even the individual’s mood. More research is needed to distinguish between all 
possible explanations. 
Methods 3 and 4, which used fi xed delays and embedding dimensions for state space 
reconstruction, yielded the best within- and between-session test-retest reliability, as 
well as the best smallest detectable diff erences. To further explore these diff erences 
between state space reconstruction methods, we assessed the divergence curves of the 
diff erent methods. Figure 2 depicts 2 divergence curves obtained from the same data 
but with a diff erent time delay and embedding dimension (method 1 vs. method 3). 
In the fi rst 50 samples (0-0.5 strides), there are marked negative peaks that appear at 
distinct intervals (i.e. [0, 1,2, ..., m] * J + 1, with m being the embedding dimensions 
and J the time delay). Th is could have been caused by noise-related errors that 
pertain due to the iterative nature of embedding and may have yielded a (spurious) 
dependency of Ȝs on the selected time delay and number of embedding dimensions, 
leading to variance in outcomes between measurements when using diff erent time 
delays and amount of dimensions. Unfortunately, averaging divergence over multiple 
nearest neighbors [158] did not resolve this issue, and therefore it appears advisable 
to use a state space with a fi xed number of dimensions and time delay.
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Figure 2: Effect of state space reconstruction on negative peaks in the divergence curve. 

Two divergence curves of the same mediolateral acceleration signal. In gray, divergence 

calculated for a state space reconstruction with 9 dimensions and a time delay of 4 

samples (following method 1), and in dashed black for a state space reconstruction with 

7 dimensions and a time delay of 6 samples (as in method 3).

In the current study we only used accelerations for reconstruction of the state space 
as accelerometry is readily applicable in large-scale studies and clinical practice. 
As signal characteristics are diff erent for, e.g., angular velocity, reliability might 
improve when adding these variables for estimation of Ȝs. Future research should 
address this, what we believe, important issue. Ȝs in gait analysis is an approximation 
of the ‘true’ maximal Lyapunov exponent [76, 90, 151, 154], and this approximation 
might be susceptible to noise [151]. Th erefore, new methods for estimating local 
dynamic stability from gait data need further investigation. Th is may also increase 
reliability. We note that several studies have used kinematic variability together 
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with short-term local dynamic stability to quantify stability [61, 153]. Th is will 
probably infl uence test-retest reliability but as reliability of variability is fairly low 
[165], its benefi cial capacities are yet unclear. Overall, our results show that the 
estimation of local dynamic stability deserves improvement but nonetheless can be 
used to detect group diff erences. On the individual level, only large diff erences can 
be detected, making this measure not yet suited for the evaluation of interventions 
on the individual level or use as a screening tool, due to the infl uence of biological 
variation and/or measurement error. In addition, state space reconstruction strongly 
infl uences test-retest reliability due to the appearance of negative peaks in divergence 
curves. Th erefore, test-retest reliability is better when the state space is reconstructed 
with a fi xed number of embedding dimensions and a fi xed time delay.



 


