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Initial contact (IC) and toe off (TO) times are essential measurements in the analysis of temporal gait
parameters, especially in cerebral palsy (CP) gait analysis. A new gait event detection algorithm, called
the high pass algorithm (HPA) has been developed and is discussed in this paper. Kinematics of markers
on the heel and metatarsal are used. Their forward components are high pass filtered, to amplify the
contact discontinuities, thus the local extrema of the processed signal correspond to IC and TO. The
accuracy and precision of HPA are compared with the gold standard of foot contact event detection, that
is, force plate measurements. Furthermore HPA is compared with two other kinematics methods. This
study has been conducted on 20 CP children and on eight normal adults. For normal subjects all the
methods performed equally well. True errors in HPA (mean =+ standard deviation) were found to be
1+ 23 msforICand 2 + 25 ms for TO in CP children. These results were significantly (p < 0.05) more accurate
and precise than those obtained using the other algorithms. Moreover, in the case of pathological gaits, the
other methods are not suitable for IC detection when IC is flatfoot or forefoot. In conclusion, the HPA is a
simple and robust algorithm, which performs equally well for adults and actually performs better when

applied to the gait of CP children. It is therefore recommended as the method of choice.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In gait analysis, a gait cycle is determined from initial contact
(IC) and toe off (TO) times. Those temporal measurements are
essential in cerebral palsy clinical gait analysis. They allow
normalization of gait kinematics and/or kinetics, which in turn
facilitates comparisons between different subjects and conditions.
The reference method to determine those events is that using force
plates if “clean hits” are recorded for each stance phase. This
condition is not systematically satisfied and, furthermore, the
number of force plates able to be used in a laboratory is limited.
Other methods, such as using foot-switches or attaching accel-
erometers to the body are used for detecting gait events with some
success. Nevertheless, they need to be accompanied by additional
devices, which complicate the experimental procedure. In many
situations, including the case of clinical gait analysis in children, a
method of detection of those events based on kinematic data is
often necessary. Different detection methods have been described
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[1-5], amongst which only three use exclusively kinematic data.
These are the Hreljac and Marshall method (HMA) [3], the
O’Connor et al. method (FVA, standing for foot velocity algorithm)
[5] and the Ghoussayni et al. method [1]. The HMA and the FVA are
the only ones using neither arbitrary contact detection threshold
nor video frames and force plates at any stage of their detection
algorithm. The Ghoussayni et al. method [1] has not been included
in this study since, to use it, threshold values need to be defined.
That restriction renders this algorithm not completely automatic.

The HMA is established on the hypothesis that the vertical
acceleration peak of the heel marker takes place at IC and that the
forward acceleration peak of the metatarsal marker occurs at TO.
The FVA relies on the identification of peaks and troughs in the
vertical velocity signal from the midpoint of the heel and toe
marker locations.

The HMA and FVA have only been tested on three cerebral palsy
children [5]. The aim of the pre-test was to choose a method and it
appeared that both methods presented a lack of precision
regarding a population of cerebral palsy children. A new method
of gait event detection was thus developed, the high pass algorithm
(HPA). It is based on a high pass frequency filtering of the forward
displacement signals from the foot markers. The present study
evaluates the accuracy and precision of this method against the
two others in pathological gait event analysis. Their applicability to
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normal gait analysis is also addressed. The hypothesis underlying
this study is that the HPA is superior to HMA and FVA with respect
to both accuracy and precision.

2. Methods

All subjects walked barefoot at a self-selected speed and only trials containing
clean force plate hits on both sides were studied. Cerebral palsy children and
healthy adults formed the two groups. The first group was composed of 20 patients
(age 6-19 years, average 13.5 years). All of them had spastic cerebral palsy, their
initial foot contacts were classified according to three categories by a rehabilitation
physician: heel contact, flat contact and fore foot contact. Ten of the children had a
GMCES level [6] of I; six were at level II and four at level III. The second group,
consisting of eight healthy adults, walked normally with a heel first rocker. All
experimental procedures were conducted in accordance with the declaration of
Helsinki and were approved by the local ethics committee. Subjects had given their
informed consent.

Kinematic data were acquired (Saga3®") simultaneously with dynamic data
measured by two force plates (Kistler 9286 A) operating at frequencies of 50 Hz and
400 Hz. A set of classical clinical-purpose Helen Hayes markers was used to collect
kinematic data [7]. Pelvis markers were used to calculate mean walking speed by
finite differentiation. For event detection, only second metatarsal head and heel
markers were used. Event detection was accomplished using the “gold standard”
force plate method and the three algorithms based on kinematic data. The force
plate algorithm used is a threshold method. IC is detected as the first point above
5 N before the maximum value of the ground reaction force is attained. TO is then
the first point under 5 N after this maximum [2].

2.1. The Hreljac and Marshall’s algorithm (HMA)

The HMA was computed as follows. The raw positions of the markers were low-
pass filtered with optimal cutoff frequencies for each marker using the residual
method of Winter [8] as recommended by the authors [3]. This method was
repeated by Tirosh and Sparrow [9]. IC detection needs the vertical displacement
and the jerk of the heel marker. IC is detected after the maximum vertical
displacement of the heel marker when its jerk signal first crosses zero as it
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decreases. Detection of the TO uses the horizontal displacement and the jerk of the
second metatarsal head marker. Similarly, TO is detected before the maximum
horizontal displacement of the second metatarsal head marker when its jerk first
crosses zero as it decreases.

2.2. The foot velocity algorithm (FVA)

The FVA was not fully processed in terms of its initial description [5]. Heel and
metatarsal markers were used in this algorithm. Their raw positions were low-pass
filtered with a cutoff frequency of 7 Hz (zero-lag Butterworth fourth-order filters).
The vertical velocity of their middle point was used. TO is still detected at the local
maximum peaks of the foot middle point velocity curves. But for IC detection, the
processed signal only contains a single trough in the case of equinus gait, as shown
in Fig. 1, referring to the equinus column and FVA row. Therefore, the threshold
level proposed by the authors in IC identification is not relevant for the above
population. This threshold was initially used to eliminate the major troughs
occurring during the swing phase in order to detect only the second ones after TO.
To keep the FVA applicable to normal gait, this threshold method was replaced by a
“retrograde” method: IC is detected at the first trough before the following TO. This
“retrograde” method makes the FVA relevant for both populations. Smaller troughs
during stance phase are disregarded. The “retrograde” method has been validated
by a systematic visual inspection of the detected time events on the foot velocity
graphics.

2.3. The high pass algorithm (HPA)

HPA is a signal process that combines elements of signal processing from the
time and frequency domains. The forward displacement signal is high pass filtered
(zero-lag Butterworth fourth-order filter) in order to eliminate the static offset of
the signal. Maxima and minima of this processed signal correspond to the high
frequencies contained in the signal. They are induced by IC and TO and therefore
permit the detection of those events. The algorithm is as follows:

e The heel and metatarsal markers were used.
o All signals were low pass filtered at 7 Hz (zero-lag Butterworth fourth-order
filter).

Normal gait
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Fig. 1. Signals used in HMA, FVA, and HPA to detect IC and TO in the case of the equinus gait and the normal gait. In the first row the vertical (solid) and horizontal (dashed) raw
displacements do not give clear identification of gait events. The HMA row shows the jerk of those displacements with the corresponding IC and TO detection. The FVA row
shows the vertical velocity of the middle point of the foot markers and the corresponding events detection. The HPA row shows the horizontal displacement of one marker
high pass filtered at 0.5 (dashed) and 1.1 (solid) of the gait frequency with the detected IC and TO. The vertical component (last row) of the ground reaction forces indicates the

true times of IC and TO.
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The gait frequency was determined from the vertical component of the heel
marker.

The horizontal displacement of both markers was high pass filtered at 0.5 times
the gait frequency.

Cubic spline interpolation at the same frequency as that of the force plates was
applied.

IC was defined as the first maximum of these high passed signals.

The horizontal displacement of both markers was then high pass filtered at 1.1
times the gait frequency.

Cubic spline interpolation again.

TO was defined as the last maximum of these high passed signals.

After filtering, the signals were interpolated with a spline function at the
frequency of the force plates, in order to enhance the accuracy of detection.

2.4. Computations and statistical analysis

The algorithms were developed in MATLAB™., For each trial, IC and TO event
times were determined using the force plate data and estimated using the
kinematic methods. The true errors (TE) and absolute errors (AE) were calculated
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for each of the algorithms by the net or absolute differences between estimated
times and event times. The number of frame errors was calculated through
normalizing the AE by frame duration (20 ms). The accuracy is equivalent to the
mean of the TE. The precision is the mean of the AE. The TE data were tested for
normal distribution using the Kolmogorov-Smirnov test. If distributions of the data
are normal, then the TE and AE can be expressed by mean and standard deviation. If
not, the data are compared by median and range. The statistical differences of
accuracy between the methods were tested by an ANOVA for repeated measures
with a post hoc paired t-test after a Bonferroni correction. The statistical differences
of precision between the methods were tested with a non-parametric Wilcoxon
test. The significance threshold in all tests is p < 0.05. Data analysis was completed
using the statistical program R.

3. Results

Table 1 presents statistical results for the TE and AE with
respect to the three methods and the two populations studied.
Mean, standard deviation, median, and range of the data are
expressed.

3.1. Clinical data

In the studied population the analyzed steps are composed of
23 fore foot, 13 flat foot and four heel first contacts. Their mean
speed was 0.96 + 0.17 m/s with a range from 0.67 to 1.23 m/s.

Considering TE, the Kolmogorov-Smirnov test accepted the
normalcy hypothesis in most of the conditions, the exception being
IC detection in CP children using the FVA. ANOVA for repeated
measures shows an effect of the algorithm variable. The post hoc
paired t-test after a Bonferroni correction demonstrated that HPA
was more accurate than both HMA and FVA in the detection of TO.
The mean TE and standard deviations are presented in Fig. 2. The

Table 1

Fig. 2. Means and standard deviations of the true errors in the estimated gait event
times (IC and TO) for the three tested algorithms (HPA, HMA, and FVA): for cerebral
palsy children’s steps (n = 40) and healthy adults’ steps (n = 16). Horizontal dotted
lines indicate true errors of one frame (20 ms). *Indicates a statistical difference
with p < 0.05.

velocity curves used in the FVA showed only one major trough in
32 of the 40 steps.

In relation to AE, the Wilcoxon test shows a statistical difference
between the HPA and both the HMA and the FVA in both IC and TO
detection. The percentage distribution of the number of frame
errors for the three tested algorithms is seen in Fig. 3. This shows
the greater precision of the HPA over the HMA and the FVA. The
HPA identified 75% of the IC and 66% of the TO with an AE of less
than one frame (<20 ms).

3.2. Data from normal adults

In the normal adult population the mean speed was
1.2 £ 0.12 m/s with a range from 1.03 to 1.36 m/s.

Concerning TE, the Kolmogorov-Smirnov test accepted the
normalcy hypothesis in all conditions. ANOVA for repeated
measures shows an effect of the algorithm variable. In the post
hoc paired t-test after Bonferroni correction, again HPA proved to
be more accurate than HMA and FVA in the detection of TO. The
mean TE and standard deviations are presented in Fig. 2.

As for AE, the Wilcoxon test shows there to be no statistical
difference between the HPA and FVA in both IC and TO detection,

Mean, standard deviation (S.D.), median, and range of TE in the determination of gait event times (IC and TO) for the three algorithms (HPA, HMA, and FVA) applied to the steps

of cerebral palsy children and healthy adults

Cerebral palsy children’s steps (n = 40)

Healthy adults’ steps (n = 16)

HPA HMA FVA HPA HMA FVA
IC TO IC TO IC TO IC TO IC TO IC TO
TE (ms) Mean 1 -2 25 —15 34 27 27 -14 31 —28 -8 21
S.D. 23 25 101 29 113 59 19 12 100 13 73 30
Median 3.5 —4 —-14 -15 54 41 32 -16 -29 -29 -12 14
Min —40 -74 -109 —68 —282 —-200 -10 —28 —67 —48 -115 -17
Max 67 60 384 58 228 133 55 18 202 -2 230 77
AE (ms) Mean 17 18 76 26 91 54 29 17 83 28 40 25
S.D. 15 17 71 20 74 36 17 7 61 13 60 26
Median 12 11 47 19 74 46 32 18 57 2 20 18
Min 0 1 9 1 0 2 2 4 2 0 2
Max 67 74 384 68 282 200 55 28 202 48 230 77

Please cite this article in press as: Desailly E, et al., Foot contact event detection using kinematic data in cerebral palsy children and
normal adults gait, Gait Posture (2008), doi:10.1016/j.gaitpost.2008.06.009



http://dx.doi.org/10.1016/j.gaitpost.2008.06.009

G Model
GAIPOS-2627; No of Pages 5

4 E. Desailly et al./Gait & Posture xxx (2008) xxx—Xxx

Cerebral palsy chidren

100% 100%

Healthy adults

80% 4+ F— 80% -

60%

80% 1.
40%__;::_;:;_ -

40%

20%

20% 4 — ]

- m 80ms < AE
. @60 S AE<80MS
40 £ AE<60ms
0020 £ AE<40ms
0O AE< 20ms

09 09

c o

T

c J1o [ 1o 7o
HMA FVA

HPA

c [0 6 [ 1o
HMA FVA

HPA

Fig. 3. Percentage distribution of number of frame errors (20 ms between each frame) in the estimated gait event times (IC and TO) for the three tested algorithms (HPA, HMA,
and FVA): comparison of cerebral palsy children’s steps (n = 40) with healthy adults’ steps (n = 16).

while showing the greater precision of both HPA and FVA
compared with HMA in IC and TO detection. The percentage
distribution of the number of frame errors for the three tested
algorithms is seen in Fig. 3.

4. Discussion

The determination of gait events from kinematics data is a point
of importance in clinical-purpose gait studies. A detection
algorithm must provide a high level of accuracy and precision
for both pathological and normal gait. The HPA was developed for
this purpose. The interest in this topic is confirmed by the recent
publication by Zeni et al. [10] of another gait event detection
algorithm. It might be productive to compare it with HPA in future
research. In the present study, three algorithms, HPA, HMA and
FVA, were tested on two populations.

The choice of the high pass cut off frequencies in HPA is the
result of pretests, in which 0.5 and 1.1 coefficients appeared to be
the best cutoff frequencies. The effect of these frequencies could be
the object of another independent study. Nevertheless, one
explanation for the choice of the high pass cutoff frequencies is
that it corresponds to the frequency content of the signal at the
detected event time. In the forward foot displacement signals, IC
information contains some frequencies lower than gait frequency,
while TO information contains frequencies higher than gait
frequency.

The results indicated that, in the gait of normal adults, the three
methods do not give comparable results. The HPA and FVA
algorithms present no significant differences and both appeared
more accurate and more precise than the HMA algorithm. HPA
seems slightly less accurate than FVA, at the same time appearing
more precise. The statistical tests show no significant differences
between those two algorithms in relation to accuracy and
precision. This demonstrates their convergence in performance
with respect to normal gait. For FVA, the current TE results were
comparable to those obtained by the authors of the method [5] (IC
16 £ 15 ms and TO 9 + 15 ms), whereas the populations tested were
different (normal adults vs. normal children populations in their
study). With the HMA algorithm, the TE and the AE emerging in the
present study are superior to those reported in previous studies [3,9].
Hreljac and Marshall [3] found a mean TE of 1.2 ms in both TO and IC,
with a maximum TE of 13.9 ms and 11.5 ms, respectively, and AE
means of 4.7 ms and 5.6 ms. Tirosh and Sparow [9] reported AE means
of 10 ms and 7.4 ms for IC and TO. O’Connor et al. obtained a TE value
of —8 (—104/109) ms for IC and of 24 + 15 ms for TO. Having adhered
to the HMA as described by their authors and as corrected in more
recent work [5], as well as using an optimal filtering frequency as

recommended in Ref. [9], no explanation for the lack of accuracy of
this method in the present study emerged. It should be noted,
nevertheless, that the populations of the different studies are
comparable neither in number nor in age. This may be part of the
explanation. Besides, the present results confirm those already
described in Ref. [5], that is that it is more difficult to identify IC than
TO with a kinematical algorithm. This is due to the heel first rocker,
which is present in normal gait and which maintains the movement
of the foot markers after IC.

In pathological gait, the superiority of HPA over the two other
algorithms is well-established by experimental results. The
precision of HPA is much greater and, for CP children, it has here
been shown to be more accurate than both HMA and FVA. As
O’Connor et al. [5] point out, Hreljac and Marshall [3] never
claimed their algorithm was applicable to clinical cases and the
limitations of the HMA described by O’Connor et al. are confirmed
[5]. As was indicated in the introduction, the FVA is not applicable
in the absence of a heel first rocker. The inaccurate results obtained
with this algorithm can therefore be explained because 90% of the
studied population lacked a heel first rocker. This is confirmed by
the foot velocity curves showing only one major trough in 32 of the
40 analyzed steps. This is a serious drawback that leads the authors
to advise against using FVA for clinical purposes.

The subjects walked barefoot at a self-selected speed, as in most
clinical gait studies. We therefore have no idea of the performance
of the three algorithms at speeds outside the range of 0.67-1.36 m/
s. Thus, despite the good results of the HPA method compared to
the others, clinicians are encouraged to use force plates to check
the accuracy of data outside this walking speed range.

In conclusion, the HPA is a simple and robust algorithm which,
compared to others, performs equally well for the gait of adults and
better for that of cerebral palsy children. This constitutes a strong
argument that HPA should therefore be recommended as the
method of choice.
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