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Abstract—This study is to evaluate the repeatability of the
accelerometric-method to detect step events for hemiparetic
stroke patients. To evaluate this method, four adults with
chronic hemiparetic stroke were participated. The repeatability
of this method using a single three-axis accelerometer was
evaluated with a six optical camera motion capture system. The
correlation statistics and Bland-Altman plot were then used to
evaluate the agreement between the step-time differences from
the accelerometer data and the reflective markers data. The
correlation coefficient of each two data was 0.99 (p < 0.001) and
retest result was 0.99 (p <0.001). The mean + standard deviation
(SD) between each two data along with the 95% limits of
agreement (LOA =+1.96 SD) was 2.58+2.37 ms (LOA =-2.07 ms
and 7.23 ms), and retest result was 3.73£2.02 ms (LOA = -0.22
ms and 7.68 ms). These results show that the suggested method
is useful to detect step events for hemiparetic stroke patients.

I. INTRODUCTION

ORTABLE gait monitoring devices using accelerometer

is more comfortable, inexpensive and easy-to-use than
conventional motion capture system with either opto-
electronics or ultrasounds. Thus, various portable gait
monitoring devices were developed and many researches to
monitor gait pattern and daily activity were performed by
using these devices [1]-[3]. Especially, some related
researches to detect step events were performed [1], [4].
Recently, we have developed novel computational methods to
detect step events for gait evaluation using an accelerometer
[5]. One of the computational methods is based on both the
least squares acceleration filter and the morphological
operators. This study demonstrated that the performance and
application of the method were useful and accurate in
detecting and distinguishing the step events in normal and
pathological populations. However, the evaluation of the
repeatability in the method was not performed.

In this paper, we evaluated the repeatability of the
developed accelerometric-based method to detect step events
for gait monitoring of hemiparetic stroke patients. The
repeatability was based on the correlation statistics and the
Bland-Altman plot.
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II. MEASUREMENTS

A. Subjects

Four adults with chronic hemiparetic stroke (2 men and 2
women, age 55.7 = 8.0, weight 67.2 + 10.1 kg, height 164.24
+ 6.3 cm) volunteered and provided informed consent prior to
participation in this study.

B. Data acquisition

Laboratory setting diagram is illustrated as Fig. 1. A
three-axis accelerometer (CXLO2LF3, Crossbow, US) was
placed on the surface of the 2nd sacrum near body center of
mass to detect step events for hemiplegic gait monitoring. A
3-D motion capture system with the six optical cameras
(Vicon, Oxford Metrics Ltd., UK) as reference was applied to
evaluate our proposed method and two reflective markers
were attached on each heel. Data from an accelerometer and
two heel markers were synchronously recorded at 120 Hz
sampling rate by 3-D motion capture system while the
subjects walked on the 8-meter long walkway at their
self-selected speed. All subjects walked 3 times repeatedly.

III. COMPUTATIONAL METHOD

The computational method based on the least squares
acceleration filter and the morphological operators to detect
step events for hemiparetic stroke patients is introduced as
below. Fig. 2 and Fig. 3 illustrate the procedure and its results
of this computational method. Detailed description is given at

(51

A. Pre-processing

A vector magnitude of the three axes accelerometer data
(ACC = /ACCZ + ACCZ + ACCZ) was computed in order to
emphasize the sharpest peak points of the raw accelerometer

data and to synthesize the information contained within the
accelerometer data.
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Fig. 1. Laboratory setting diagram
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Fig. 2. The block diagram for detecting step events based on the least
squares acceleration filter and the morphological operators.

B. Least Squares Acceleration Filter

The least squares acceleration filter [6], which can be
processed in real-time, was employed for more emphasizing
the sharpest peak points of the vector magnitude data. In this
study, a fourth-order least squares acceleration filter is
applied.

C. Morphological Operators

The morphological operators were finally employed to
detect step events from the least squares acceleration-filtered
data. A morphological operator, which is one of the most
fundamental nonlinear signal processing tools that include the
shape information of a signal, consists of four operators based
on set operation as below Eq. (1) ~ (4) [7].

Erosion:
(S K)(m)= min_ f(m+n)=k(n), (1
for m=0,---,M - N
Dilation:
(fORm=_max  f)+kim=n),
for m=M -1,M,---,N —1
Opening:
fok=(f! bH)®k (3)
Closing:
fek=(f®k)! k 4)

where fis the original data and £ is a structuring element. Also,
M and N are the length of the data k and £, respectively.

In this study, a function f of the closing operation (Clo) is
the least squares acceleration filtered data (ACCigsa) and a
function f of the opening operation (Ope) is the data after
closing operation. The structuring element k£ for closing
operation has a length of 24 and a constant value of 1. And &
for opening operation has a length of 12 and a constant value
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Fig. 3. The signal morphology of the reflective marker as reference (upper)
and the signal processed results based on Fig. 2 (lower).

of 1.

D. Post-processing

The subtraction operator (Fin) was employed to obtain the
proper data for detecting the peak points. In order to detect the
peak points, the experimental threshold was applied. Then,
the step events were finally determined by the peak points
over the threshold value.

1V. EVALUATION METHOD

To evaluate our proposed method, we calculated both the
step times of the heel markers data and one of the
accelerometer data. Using calculated step times, the
correlation statistics and the Bland-Altman plot were
analyzed.

A. Correlation Statistics

Correlation statistics were employed to determine the
relationship between step times of the heel markers and the
accelerometer. Fig. 4 presents results of the correlation
statistics between the step times computed by heel markers
and an accelerometer.

B. Bland-Altman Plot

The Bland-Altman plot is based on a graphical method
used to compare measurements by two different methods [8].
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Fig. 4. The correlation statistics results of the test (upper) and retest (lower)
data.

In this study, the Bland-Altman plot was employed to
evaluate the agreement of proposed computational method.
And it is able to estimate whether the method has structured
errors or not. Fig. 5 presents the Bland-Altman plot of the test
and retest data. The mean step times by the heel markers data
as reference and an accelerometer data are plotted along the
x-axis. The differences of step times by two data are plotted
along the y-axis.

V. RESULTS & DISCUSSION

Fig. 3 highlights the example of the signal morphology by
the left and right heel markers (upper) and the signal
processed results based on Fig. 2 (lower). The position of
signs (o, x) of heel contact points by left / right heel markers
and one of the peak detection points by the newly transformed
data based on proposed computational method are similar. It
means that the method can be applied to the portable gait
monitoring and the daily activity monitoring using an
accelerometer.

Fig. 4 presents that the correlation relationship of both test
and retest results between the heel markers and an
accelerometer is very high as 0.99 (p < 0.001). It reveals that
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Fig. 5. The Bland-Altman plot of the test and retest data.

the performance of the accelerometric-based computational
method is good. However, the high correlation coefficient is
not guarantee the agreement of two results. Thus, the
Bland-Altman plot was included.

Fig. 5 highlights that the computational method is reliable
and repeatable. The mean + standard deviation (SD) of
difference between the step times from two heel markers and
an accelerometer data along with the 95% limits of agreement
(LOA = £1.96 SD) was 2.58+2.37 ms (LOA = 2.07 ms and
7.23 ms), and retest result was 3.73+2.02 ms (LOA = -0.22
ms and 7.68 ms). All results are included within the 95%
LOA. It means that the results of step times computed by the
heel markers and an accelerometer are reliable.

Various researches were implemented for portable gait
monitoring and  activity  monitoring  using  the
accelerometer-based measurement. Especially, two or
multiple accelerometers were attached on the body trunk and
the other side to monitor the gait pattern and the activity of
daily living. However, the use of multiple accelerometers
interferes with movement during walking. Also, many
researches have analyzed or monitored the normal gait
pattern and not the hemiplegic gait pattern. And the video
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camera is used to evaluate the performances of their methods.
However, these have some drawbacks such as the expensive
cost, lack of portability, difficult clinical settings and so on.

It notes that just one accelerometer was used to monitor
gait pattern or daily activity in this study unlike some studies
using multiple accelerometers. Also, our computational
method based on least squares acceleration filter and
morphological operators has a small computing time.

The limitations of this study are as follows. First, the
samples of the subjects are not sufficient. Second, the
hemiparetic stroke patients have just walked 3 times
repeatedly because of the fatigue of patients. In the future, we
will implement this study with more trial and sufficient
sample size.

VI. CONCLUSION

This paper evaluates the repeatability of the developed
accelerometric-based method to detect step events for
hemiparetic stroke patients. This method is based on least
squares acceleration filter and four morphological operators.
The results demonstrate that this computational method is
highly helpful to monitor gait pattern or daily activity for
hemiparetic stroke patient. Furthermore, this method needs
not any filtering technique such as digital low pass filter. It
may be that the accelerometer-based system based on this
method are more portable and comfortable than the 3-D
motion capture system and provide clinical insights when
designing an portable and inexpensive gait monitoring tool
for hemiparetic stroke patient.

5198

REFERENCES

H. Lau, K. Tong, “The reliability of using accelerometer and gyroscope
for gait event identification on persons with dropped foot,” Gait
Posture, vol. 27, no. 2, pp. 248-257, February 2008.

B. Najafi, K. Aminian, A. Paraschiv-lonescu, F. Loew, C. Biila and P.
Robert, “Ambulatory system for human motion analysis using a
kinematic sensor: monitoring of daily physical activity in the elderly,”
IEEFE Trans Biomed Eng, vol. 50, no. 6, pp. 711-723, June 2003.

B. Dijkstra, Y.P. Kamsma, W. Zijlstra, “Detection of gait and postures
using a miniaturized triaxial accelerometer-based system: accuracy in
patients with mild to moderate Parkinson’s disease,” Arch Phys Med
Rehabil, vol. 91, no. 8, pp. 1272-1277, August 2010.

B. Dijkstra, W. Zijlstra, E. Scherder, Y. Kamsma, “Detection of
walking periods and number of steps in older adults and patients with
Parkinson’s disease: accuracy of a pedometer and an accelerometry-
based method,” Age Ageing, vol. 37, no. 4, pp. 436-441, July 2008.
H.-K. Lee, J. You, S.-P. Cho, S.-J. Hwang, D.-R. Lee, Y.-H. Kim and
K.-J. Lee, “Computational methods to detect step events for normal and
pathological gait evaluation using accelerometer,” Electron Lett, vol.
46, no. 17, pp. 1185-1187, August 2010.

M.G. Frei, R.L. Davidchack and I. Osorio, “Least squares acceleration
filtering for the estimation of signal derivatives and sharpness at
extrema,” [EEE Trans Biomed Eng, vol. 46, no. 8, pp. 971-977, August
1999.

C. H. Chu, E. J. Delp, “Impulsive noise suppression and background
normalization of electrocardiogram signals using morphological
operators,” [EEE Trans Biomed Eng, vol. 36, no. 2, pp. 262-273,
February 1989.

J.M. Bland, D.G. Altman, “Statistical methods for assessing agreement
between two methods of clinical measurement,” Lancet, vol. 8, no. 1,
pp-307-310, February 1986.



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

