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Abstract: This paper is concerned with the description of the procedures for the statistical processing of the gait kinematics data. According to the processed kinematics data, the definition of normative is developed.

     Data is obtained from the measured trails carried out on the group of 20 persons. Final interpretation after kinematics data processing is presented in the phase-plane. As the result of the statistic distribution the normative areas are defined. The data is statistically processed using Gaussian and Bootstrap method.
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Introduction

     The human gait research is interdisciplinary, involving knowledge of biomechanics, robotics and medicine. In this paper, normative that should help medical doctors in diagnosis and therapy, is suggested by a technical team. 

     To give the proper diagnosis of human gait, the first question is, what is normal gait. Many parameters are defining human gait, but in this paper the accent will be on kinematics data of human locomotion system in sagital plane (2D-movement). The measurement was done by Camera-PC system [1]. This data are processed and presented in the phase-plane. Accent of the investigation is given on particular phases of human gait cycle. The phases, which are accepted by many gait laboratories [2], are suggested by Rancho Los Amigos Medical Center. Statistical processing of data in phase-plane for these particular phases of human locomotion will be done. The shape of normative areas and their boundaries will be defined according to the statistical properties.

1. EUCLIDE NORM AND PHASE-PLANE PRESENTATION OF   KINEMATIC DATA

     Generally, norm is a single number, which gives an overall measure of the size of a vector, a matrix, a signal or a system. The most commonly used norm is the Euclidean vector norm [3]. The Euclidean norm of particular vector x in n–dimensional space is inner product:
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Generally, an orthonormal basis is understood, so that Eq. (1) is usually interpreted as
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(2)

Vector x is n-dimensional vector in n-dimensional Euclidean space, which can also be presented using notation R(n) or Rn . Further, we shall consider the R2 Euclidean inner-product space. In an inner-product space, the distance between two vectors is defined as
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Suppose we consider the distance between vectors in R2. Let s have coordinates s1 and s2 in some orthonormal basis, and let r be the distance between x and s. In other words,
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Clearly, Eq. (4) defines a circle of radius r centered at (s1,s2). Fig. 1 gives a graphical interpretation of Eq. (4).

The graphical interpretation of difference between two vectors x and s, will be fundamental in definition of human locomotion norm.

     Experimentally obtained human locomotion kinematics data forms non-stationary ensemble what means that its probability density function is function of time. According to this, the probability that the amplitude s1 of the measured event at time t1 falls in the infinitesimal interval (x, x+dx) can be written symbolically
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Classical approach

      Today, in many gait laboratories [2][4][5] is in use classical interpretation of non-stationary ensembles of human locomotion kinematics. An example of such interpretation is given in the Figure 2. Shaded area denotes upper and lover standard deviation of the ensemble average data. 

     The time presented on the graphs is normalized time corresponding to the percentage of the gait cycle (t = 0 – 0% gait cycle; t = tmax – 100% gait cycle), where gait cycle begins with initial contact gait phase.
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Figure 1.

Graphical interpretation of the Euclide norm.
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Figure 2.

Angular kinematics plotted as function of the gait cycle (Example from GaitLab-Klinik fur PM&R, Wien)

Normative planes and Gait Quality Index (GQI)

     To introduce the normative plane as measure of normal locomotion, we have to visualize the data in phase-plane.

     The visualization of two ensembles that are result of the same experiment is done. First ensemble presents joint angle displacement as a function of normalized time. The second ensemble presents joint angular velocity as a function of time and it is obtained after numerical processing of the first ensemble. In this work, these ensembles will be considered as statistically independent.

Next step is to define area with total probability Kp that trial result measured at time t1 is within area borders (Eq. 6)
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The area is an ellipse with center at S(
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are mean values of the angle ensemble values measured at time t1 and angle velocity ensemble values also measured at time t1. We suggest an ellipse as the plain of normal gait. In this case, the points inside its boundaries represent normal gait values. According to this, we are introducing Gait Quality Index (GQI) as the ratio of distance 
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 (Fig. 3.):
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where 

S - ensemble average for particular gait phase

T - measured value for particular person

M – point on intersection of the ellipse and line connecting S(
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- distance between point S and point T
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- distance between point S and point M, on ellipse boundary closest to point T.

If the vector coordinates are introduced in Eq.7, the GQI can be written in the following form:
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where

- 
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- σx1 – standard deviation for angles ensemble

- σx2 – standard deviation for angle velocity ensemble

Values for the multiplication factor (
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) for ellipse half axes a and b are taken from the literature for the probability Kp = 0.7 (70%). 

The probability distribution of data in phase-plane will be done according to Gaussian distribution and Bootstrap method.

2. EXAMPLE OF NORMAL GAIT DEFINITION

The whole procedure is described on the flow chart. The population of 20 randomly chosen students was used for obtaining data for statistical analysis. 

[image: image38.wmf]S

M

T

x

x

2

1

s

x

x

xs

-

x  s

-

x

x

2

1

T

T













Flow chart of the normal gait definition procedure

Five gait phases (gait cycle events) were chosen for the observation: initial contact (F1), loading response (F2), terminal stance (F3), mid swing (F4), terminal swing (F5). According to the flow chart (step 5) the data is given in Fig.4.a.
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Figure 4.a. Phase-plane for hip angle - 20 subjects
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Figure 4.b. Expected areas for all 5 dominant gait points (hip angle) (angle-angle velocity)

The normative planes (step 7) are presented in Fig. 4.b. Normative planes were obtained using the Gaussian distribution of the data. Additional analysis is done using the Bootstrap method. Bootstrap method [7] is convenient for the statistical processing of small sets of experimental data (Bootstrap-solid line, Gaussian-dotted line).

3. CLINICAL APPLICATION

     For clinical application the pattern is suggested. For the five dominant gait phases therapist will have on disposal five normalized maps for each observed angle – hip, knee and ankle. 

     Pattern with five normative maps for hip angle is given on Figure 5. Ellipses obtained by Gaussian distribution are presented.



[image: image28.wmf]q

1

q

1


H-F1                      H-F2                       H-F3                          H-F4                      H-F5


[image: image29.wmf]300

250

200

150

100

50

0

-50

-100

-150

-200

d

T

H

/

d

t

1

-20    -

10    0     10    20   30

TH

1

[F1]


[image: image30.wmf]-20

-10

0

10

20

30

-200

-150

-100

-50

0

50

100

150

200

250

300

th1

d(th1)/dt

[F2]


[image: image31.wmf]-20

-10

0

10

20

30

-200

-150

-100

-50

0

50

100

150

200

250

300

th1

d(th1)/dt

[F3]


[image: image32.wmf]-20

-10

0

10

20

30

-200

-150

-100

-50

0

50

100

150

200

250

300

th1

d(th1)/dt

[F4]


[image: image33.wmf]-20

-10

0

10

20

30

-200

-150

-100

-50

0

50

100

150

200

250

300

th1

d(th1)/dt

[F5]




Figure 5.  Normative maps for hip angle




Clinical routine is illustrated on case example (Fig.6): hip kinematics in initial contact (H-F1). After measurements and data processing, the data point T, for a patient is obtained. Point T is drawn into map H-F1 and connected with line to the point S. By measuring the distances 
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 and 
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 , GQI is calculated: 
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As the GQI > 1, the locomotion is not normal.     

4. CONCLUSION

     As was already mentioned, the standard planes in which joint displacements are plotted against time do not provide enough information about system kinematics and normality of the locomotion, as well. Presentation of human locomotion joint kinematics using phase plane portraits provides more information of the joint kinematics and also gives more accurate gait quality estimation. The norm planes simplify the diagnostics for the particular person. Comparison of the results obtained by using Gaussian method and Bootstrap method has shown high correlation. Bootstrap method, as the method for small sample sets is more convenient for the development of normative patterns for the specific kind of population (age, sex, height, etc.).

New approach means the improvement according to the classical approach regarding better data visualization and easier gait normality decision. The measure of quality is reduced to simple number. The exchange of locomotion data between distant Gait Analysis Centers in Europe [4] becomes easier. Files containing new data are small and suitable for transmitting by Internet, so gait labs and the doctors giving the diagnosis can be dislocated. Although, the suggested new approach is easy to read and gives more information, this doesn’t mean that traditional graphs should be abandoned. We suggest using the new approach and the traditional one in parallel until new method will be accepted.

5. REFERENCES

[1] Z. Ćukušić, M. Cecić, V. Zanchi, An Algorithm for Automatic Movement on PC, Proceedings of the VI Mediterranean Conference on Medical and Biological Engineering, Volume II, MEDICON 92., p.p.263-266, Capri, Italy, 1992.

[2] G.F. Harris, J.Wertsch, “Procedures for Gait Analysis”, Arch Phys Med Rehabil Vol. 75, February 1994

[3] LaMar K.Timothy, Blair E.Bona, State Space Analysis: an introduction, McGraw-Hill Book Company, New York, USA, 1968.

[4] EHTO project: Computer Aided Movement Analysis in a Rehabilitation Context (CAMARC II), Principal investigator: Leo Tommaso, Universita di Ancona, Dip. di Elettronica e Automatica, Italy.

[5] C.Kirtley, R.Smith; "Application of Multimedia To The Study of Human Movement", ASCILITE'97, December, 1997.

[6] Zoubir, Adbelhak M., The Bootstrap: A powerful Tool for Statistical Signal Processing with Small Sample Sets, ICASSP-99 TUTORIAL, Phoenix, Yuma, USA, IEEE, Signal Processing Society, 1999.

�


Figure 6. Hip angle in initial contact phase 
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Figure 3. Ellipse as characteristic area











(2) Numerical interpretation of data





(1) Measurements of kinematics data by Camera-PC system








(3) Data filtering (DFT) and angles derivation





(4) Phase-plane interpretation





(5) Graphical interpretation of data for 20 persons in 5 events (gait phases)





(6) Statistical processing





(7) Normative planes and GQI
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