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Assessment of Walking Stability of Elderly by Means of
Nonlinear Time-Series Analysis and Simple Accelerometry*

Yasuaki OHTAKI**, Muhammad ARIF***, Akihiro SUZUKT**,
Kazuki FUJITA', Hikaru INOOKA**, Ryoichi NAGATOMI™ and Ichiro TSUJIH

This study presents an assessment of walking stability in elderly people, focusing on lo-

cal dynamic stability of walking, Its main object

ives were to propose a technique to quantify

local dynamic stability using nonlinear time-series analyses and a portable instrument, and to
investigate their reliability in revealing the efficacy of an exercise training intervention for el-
derly people for improvement of walking stability. The method measured three-dimensional
acceleration of the upper body, and computation of Lyapunov €Xponents, thereby directly

Key Words:

Biomechanics, Human Engineering, Information Processing and Signal Anal-

ysis, Walking Stability, Accelerometer, Nonlinear Time-Series Analysis, Med-

ical Application

1. Introduction

Falls pose a serious hazard to elderly people. Hip-
fractures caused by fall accidents account for more than
10% of elderly persons with bed-bound status in Japan.
Furthermore, iinpaired mobility and fear of falling dimin-
ish a person’s ability to perform activities of daily liv-
ing®™ @ Aging effects on motor control have been im-
plicated as a key factor in adjusting posture during walk-

ing. Sensory feedback and muscular strength play impor-
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tant roles in maintaining stability against the presence of
unpredictable external perturbations or internal variations
of gait. Although falls result from complex and multi-
factorial problems, falls among elderly persons might re-
late to their difficulty in maintaining walking stability.
In addition, recent randomized controlled trials that have
tested the effectiveness of intervention for elderly people
have indicated that exercise training markedly increases
their aerobic capacity and muscle strength, which might
engender improvement of their postural stability®» @)
Nevertheless, no practical technique has been demon-
strated to evaluate their stability improvements in terms
of walking stability.

Traditionally, personal walking ability has been as-
sessed in clinical fields with a main emphasis on quan-
tifying the regional amounts of body sway or statistical
mean deviation of gait variability. It has been reported
that increased variability of gait patterns is related with
an increased risk of falling in elderly persons® © Re.
cently, some advanced techniques using nonlinear time se.-
ries analyses have been proposed to investigate gait vari-
ability and dynamic stability in continuous walking(?)-(10)
Dynamic stability represents a resilient ability to main-

Series C, Vol. 48, No. 4, 2005
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tain certain continuous vibratory motion by accommodat-
ing internal or external perturbations. In other words, dy-
namic stability indicates robustness of periodic gait pat-
terns when subjected to internal or external perturbations.
Moreover, dynamic stability bas two aspects: local sta-
bility and global stability. For this study, local stability
is defined as the sensitivity of the dynamical system to
small perturbations or gait varjability which produced by
one’s locomotor system itself, whereas the global stabil-
ity is defined as the capacity of the locomotor system to
resist external perturbations such as slips or trips ). Non-
linear time series analyses specifically elucidate temporal
variations in the gait pattern. Dingwell et al. computed
largest Lyapunov exponents to quantify the local dynamic
stability of neuropathic patients('?. Buzzi et al. applied
Jargest Lyapunov exponents in joint kinematics between
elderly and young subjects, and reported that elderly sub-
jects showed less dynamic stability than young ones?,

This study was intended to present a pracfical method
to assess dynamic walking stability using a portable and
wearable instrumentation unit, then to present its feasi-
bility in assessing effects of an exercise interve'ntion on
walking performance in elderly people. The method em-
ployed a measurement of three-dimensional acceleration
of the body, and computation of largest Lyapunov expo-
nents of the time series acceleration data, which directly
assess the local stability of the dynamic system. Straight
walking in self-selected speed was investigated experi-
mentally. First, differences in gait variability and local dy-
namic stability between elderly and young subjects were
investigated. Secondly, effects and efficacies of six-month
interventions, including aerobic exercise training for el-
derly persons, were investigated in an experimental study
using the proposed method.

2. Experiment

Seven healthy young adults ,(26.1 +1.9 yr) and 52 el-
derly persons (76.4 4.3 yr) participated in our experi-
ment. Detailed. characteristics of the subjects are shown
in Table 1. The elderly subjects were those who partici-
pated in the comprehensive geriatric assessment (The Tsu-
rugaya Study) performed in the suburban district in Sendai
City in 2002 —2003(4-05) They were selected consider-
ing the following exclusion criteria: moderate to severe
motor impairment or neurological deficit, history of coro-
nary heart disease, joint pain or arthritis, mental or other
conditions, history of fracture of a lower extremity or inju-
rious fall within six months, and presence of cardiovascu-
lar abnormality revealed by exercise training. All subjects
gave signed informed consent.

The intervention was designed for elderly subjects as
a five-month fall-prevention training prograrm conducted
and supervised by medical doctors and ‘physical thera-
pists. The training program was intended to improve both
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Table 1 Results for the continuous twelve steps (six strides)
walking in comparison of a young and elderly subject.

Signiﬁig:ant differences (p < 0.05) are marked with as-

‘terisks

Young Elderly
Male/Fernale  5/2 28/24
Age 26.1(1.9) 76.4(4.3)
Height [cm] 170.8 (4.5)* 154.8(10.3)*
_ Weight [kgl 58.46 (4.07)% 59.25(12.88)*
Step Number ~ 14.4(1.3)* 18.6 (2.2)*
Cadence 109.2(7.9)* 117.4(9.9)*
[step/min]
Walking Speed  1.26 (0.03)*  1.06 (0:15)*
[m/s]
CV Gait Cycle 0.057 (0.020) 0.064(0.053)
SD Lateral . 0.075(0.024) 0.073(0.028)
SD Vertical 0.067 (0.021) 0.086(0.039)
SD Ant. post.  0.052(0.014) 0.064 (0.026)
LyEp Lateral ~ 0.060(0.016) 0.069 (0.029)
LyEp Vertical ~ 0.047(0.026) 0.064 (0.032)

LyEp Ant. post. . 0.048 (0.027) 0.056 (0.026)

static and dynamic body balance by strengthening mus-
cular groups involved in standing and walking. Subjects
attended two-hour classes once a week. The class training
comprised stretching, balance training, and strength train--
ing including flexible rubber-band exercises.

Functional physical capacities were measured in
medical and fitness examinations before and after the in-
tervention. Muscle strength and range of motion (ROM)
of lower extremities are important determinants of the
physical functional capacity of elderly persons. The pas-
sive ranges of knee flexion and ankle dorsiflexion angles
were measured by an experienced physical therapist us-
ing a hand-held goniometer. The muscle strength of the
Jlower leg extensors and hip abductors were examined us-

ing a calibrated dynamometer (Biodex 3; Biodex Medi-

cal Systems, New York, USA). The hip abductor muscle
strength was divided by the bodyweight (BW). The func-
tional reach test of dynamic balance criteria measures the
m,éximum distance one can reach forward and laterally
while maintaining a fixed base of support'®.

For the walking test, we have developed a portable de-

-vice consisted of IC accelerometers (£2 G, ADXL202E;

Analog Devices Inc., MA, USA) with 16-bit duty cycle
converter, Li-Jon batteries, microprocessor units, and a
compact flash card. This equipment is sufficiently small
and lightweight (100% 55 x 18.5mm, 97 g) to be carried
without any restriction. Figure 1 shows that the equip-
ment was attached to the center of the lower back, rep-
resenting the center of gravity of the body using a back
supporter. Three-dimensional acceleration as lateral, ver-
tical and anteroposterior directions were measured by the
portable equipment with sampling frequency of 100 Hz.
All subjects wore rubber-soled walking shoes. Subjects
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Fig. 1 View of the experimental study. The subject (center)
wore the portable instruments. Three-dimensional
accelerations during walking were measured

were instructed to walk at their self-selected speed on a
16 m straight track without any restriction. The beginning
and the end of the strait track, separated by 3 m, were con-
sidered as transition phases of walking. Constant walking
phase in the middle 10 m of the track was applied to the
calculation,

3. Analysis

Our nonlinear technique reveals temporal variations
in the gait pattern. This variability was assumed to occur
. within the locomotor system, which provides the ability to
accommodate perturbations. Lyapunov exponent estira-
tion was applied to evaluate the local dynamic stability of
walking. The methods are based on examining structural
characteristics of a time series that is embedded in an ap-
propriately constructed state space. First, the state space
was properly reconstructed from the obtained acceleration
data for each direction after determining the appropriate
time delay and embedding dimension:

YO = (x(@), x(t+7), -, x(t+ (d - 1)7)). _ 1)

Therein, y(r) represents the d dimensional state vector, x(z)
is the original acceleration data, 7 is the time delay, and d
is the embedding dimension. A schematic representation
of the reconstruction process is shown in Fig.2. A valid
state space must include a sufficient number of coordinates
to unequivocally define the state of the attractor trajecto-
ries. Time delay 7 was determined as a time when the
autocorrelation coefficient of the data becomes less than
the reciprocal value of the natural log. - The embedding
dimension d was determined using the global false near-
est neighbors algorithm!”). In our case, the embedding
dimension was four, to form a valid state space. Similar
results were found for all directions and all subjects.

Estimation of the largest Lyapunov exponent per-
formed with the method proposed by Kantz(1®, The Lya-
punov exponent A was defined as the following,

I3

D(Ar)= D(0)e™™. 2

The notation D(Ar) denotes the dispiacement between
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Fig.2 Reconstruction of an attractor trajectory in the state
space (in case of the embedding dimension d = 3)

neighboring trajectories after the At interval. The notation
D(0) is the initial distance between neighboring points.
The Lyapunov exponent 1 quantifies the average exponen-
tial rate of divergence of neighboring trajectories in a re-
constructed state space. That exponent is calcnlated as the
slope of the average logarithmic divergence of the neigh-
boring trajectories in the state space. A higher value of
the Lyapunov exponent indicates a greater divergence of
the attractor in the state space, that is, less stability of the
dynamic system.

We calculated the exponent from acceleration data of
12 continuous steps (six strides) for steady 10-m walking,
Data were analyzed without filtering to avoid complica-
tions associated with linear filtering effects on nonlinear
signals. It was also assumed that the level of measurement
noise would be consistent for all data.
" We also evaluated traditional variability indexes for
the gait factors. In order to recognize the gait cycle from
time series data, distinct spikes in the vertical acceleration
were detected as a heal strike instance. Subsequently, the
step number, gait cycle (s), and cadence (step/min) were
calculated. Coefficients of variation (CV) were calculated
for gait cycle variation. Furthermore, each stride was nor-
malized to 100 sample points, then variation of the ac-
celeration waveform pattern in strides was evaluated as a
mean value of the standard deviation (SD) across all data
points (six- strides), as follows. The notation a;., indicates
i-th data point of the n-th stride.

8D =Mean(S(1---100)},

S()=S8td{a; 1..n}, N=12. ' 3)

All above calculations were programmed using MAT-
LAB (The Mathworks, Inc.). ANOVA was used to test
for significant between group differences. All statistical

investigations were processed using SPSS computer soft-
ware (SPSS, Inc.).

4. Result

Figure 3 shows a typical example of acceleration
waveforms measured respectively in the young subject in
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ig. 3 Example of trunk acceleration during six strides (12
steps) walking in a young subject
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Fig. 4 Example of the trunk acceleration during six strides (12
steps) walking in an elderly subject

lateral, vertical, and anterior posterior directions. Fig-
ure 4 shows the same elderly subject before intervention.
That subject illustrated more variability than young sub-
jects had in all directions. Table 1 shows results of anal-
yses with comparison between young and elderly sub-
jects. Significant differences were found in the step num-
ber, cadence, and walking speeds (p < 0.05). Elderly sub-
jects walked significantly more slowly than young sub-
jects. The Lyapunov exponents of elderly subjects were
slightly higher than those of young subjects, indicating
less local dynamic stability, but no statistical significance
was observed (p = 0.05). It is noteworthy that elderly
persons demonstrated almost identical instability at much
slower walking speeds than did young subjects. Results
suggested that aging diminished the local dynamic stabil-
ity of walking, consequently decreasing elderly subjects’
walking speed to improve stability to compensate for vari-
ations of gait.

Table 2 shows results of male eiderly subjects with
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Table 2 Comparison of a male elderly subject before and af-

" ter the exercise intervention. The standard deviation
is shgwn in parentheses. Significant differences (p <

0.05) ate marked with asterisks

Before After
N 28 '
Age 75.9(4.2) 75.9(4.2)
"Height [cm] 162.4(7.0) 162.4(7.0)
Weight [ke] 65.6(12.0) 66.3(12.1)
ROM Ankle [deg] 15.5(5 2y 17.6(5.6)
ROM Knee [deg] 137.1(10.8) 138.3(7.9)
Hip Abductors
Strength [kg/BW] 1.22(0.24)*  1.45(0.31)*
Leg Extension '683.5(179.5) 686.2(212.8)
Power [watts] :
Functional Reach
—Forward {cm]  26.4(4.8) 27.1(5.0)
— Lateral {cm] 15.9(2.4)* 19.7 (2.3)*
Step Number 17.5(1.4) 17.2(1.2)
Cadence 116.5(11.1) 118.7(7.9)
[step/min]
Walking Speed 1.27(0.16) 1.31(0.17)
[m/s]
CV Gait Cycle 0.067 (0.067) 0.068 (0.042)
SD Lateral 0.076(0.036) 0.072(0.019)
SD Vertical 0.089 (0.049) - 0.081 (0.026)
SD Ant. post. 0.068 (0.032) 0.083(0.032)
LyEp Lateral 0.065 (0.026)* 0.048 (0.018)*
LyEp Vertical 0.057 (0.026) 0.046 (0.020)

LyEp Ant. post.  0.051(0.023)* 0.038(0.018)*

_comparison between groups before and after the exercise

intervention. Mean values of the right and the left side
records were calculated for the ROM, the hip abductors
muscle strength, the lower leg extensor power, and the
functional reach. For male subjects, significant improve-
ments were found in the hip abductors muscle strength and
the lateral functional reach (p <0.05). The Lyapunov ex-
ponents after the exercise intervention indicated signifi-
cantly lower values in the lateral and the anteroposterior
direction, which indicated improvement of local dynamic
stability. Table 3 shows that female elderly subjects also
presented significant improvements in the muscle strength
of hip abductors and the lateral functional reach. Addi-
tionally, a significant increase of the forward functional
reach and decrease of the step number were also observed.
The Lyapuhov exponents of the group after exercise inter-
vention were significantly lower than those of the before
group in-all directions. No remarkable differences in SD
and CV vilues were found between the groups before and
after, in either male or female elderly subjects.

According to those results, we hypothesized that
strengths of hip abductors contributed to improvement of
the local dynamic stability while walking. Figures 5 and 6
show relationships between the strength of hip abductors
and the Lyapunov exponents in the group of after exercise
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Table 3 Comparison of a female elderly subject before and af-
ter the exercise intervention. Significant differences
(p <0.05) ate marked with asterisks

‘Before After

N 24
Age 77.0(4.5) 77.0(4.5)
Height [cm] 146.0(5.2) 146.0(5.2)
Weight [kg] 51.9(9.8) 51.6(8.8)
ROM Ankle [deg] 19.9(7.5) 18.0 (5.5)

- ROM Knee [deg] 141.6 (15.4) 141.4(15.2)
Hip Abductors ‘
Strength [kg/BW] 0.89 (0.25)* 1.07 (0.28)*
Leg Extension 252.8(111.0) 264.4(100.2)
Power [watts] '
Functional Reach
—Forward [em]  23.4(5.2)* 24.7(4.7)*
— Lateral [cm] 15.1(2.5)* 18.0(3.3)*
Step Number 20.04(227)*  19.67 (2.24)*
Cadence 118.64(8.56) 117.98(8.42)

[step/min] ,
Walking Speed 1.14(0.18) 1.16(0.16)
{m/s]

CV Step 0.061(0.032) 0.074(0.038)
SD Lateral 0.071(0.018) 0.076(0.023)
SD Vertical 0.084(0.025) 0.085(0.031)
SD Ant. post. 0.061(0.017) 0.077(0.021)
LyEp Lateral 0.075(0.032)* 0.056 (0.019)*
LyEp Vertical 0.073 (0.038)* 0.048 (0.019)*

LyEp Ant. post.

0.062 (0.029)* 0.043 (0.014)*

intervention, respectively, for the male and female elderly
subjects. Remarkable correlations were observed in the
female elderly subjects (p < 0.05), but not in the male el-
derly subjects. Hip abductors are known to contribute to

stabilizing the pelvis in biped locomotion. Further inves-

tigation is required to ascertain specific effects of muscle
building or balance training on improvement of walking
stability.

Results of the traditional variability index used in this
study did not reveal significant differences between sub-
jects before and the after the intervention. Elderly per-
sons’ walking patterns refiect not only the direct effects
of aging, but also some adaptive mechanisms developed
to compensate for their diminished physical performance.
They acquired their own gait pattern, engendering vari-
ability in the acceleration waveform. However, standard
deviations merely provided a picture of the overall level
of variability in the gait patterns. Although they provided
a general picture of the level of variability, no information
is apparent about any temporal structure of the variations
involving with time'®). In contrast, the technique used to
analyze nonlinear dynamic systems illustrates both spatial
and temporal aspects of the data.

In the experimental study, a shert walking distance
was chosen to avoid effects of fatigue from elderly per-
sons’” walking. According to a pre-experiment, 16 m was
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Fig. 5 Relationships between the strength of hip abductors and
Lyapunov exponents in male elderly subjects after the
exercise intervention
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Fig. 6 Relationships between the strength of hip abductors and
Lyapunov exponents in female elderly subjects after the
exercise intervention

a feasible and proper condition to assess stable continuous
walking. It is important to mention that estimation of Lya-
punov exponents is sensitive to the data size and the ob-
servation time'!”. Therefore, estimation accuracy of Lya-
punoy exponents was rather low in this study. However,
we quantified the exponential rate of divergence of tra-
Jectories, which followed trends of Lyapunov exponents.
Consequently, we assumed that our indices were reliable
for this inter-subjective study to assess relative improve-
ment of walking performance. '

The proposed method was adequate to quantify the
nature of the dynamic system, which changes the states
continuously while walking. It should also be emphasized
that the method analyzes the dynamic stability of walk-
ing using a light-weight portable instrument that is easy
to wear and convenient to use. A quantitative measure
of walking stability might provide a promising method to
assess personal risk of falls. It might also contribute to
designing of proper training strategies and monitoring of
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