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1. INTRODUCTION
Analysis of quadrupedal and bipedal gait data generally requires temporal segmentation into
stride cycles with further division into stance and swing phases (Philippson, 1905). This
involves detection of such time events as stance onset and offset. The ‘gold standard’ for
determining these events is commonly based on a specified ground reaction force (GRF)
value recorded from forceplates. However, the disadvantages of using forceplates are that
they can be installed only in specialized laboratories, and few labs possess more than two,
thereby limiting the number of strides available for analysis. An alternative method to
estimate event timings is through application of event detection algorithms to kinematic data
(Table 1). In quadrupeds, whose anatomy and gait differ from humans, there have been
limited comparisons of gait timing events determined by kinematically based algorithms and
forceplates (Peham et al., 1999). Instead, observation of video frames is a commonly used
method (Barriere et al., 2010, Thota et al., 2005).

The accuracy of estimating contact times using observation of limb kinematics may be
impacted by surface slope (Damavandi et al., 2010, Gregor et al., 2006), differences between
healthy and pathological gait (Barriere et al., 2010, Maas et al., 2007) and inter-individual
differences in gait kinematics.
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This study aimed at determining systematic errors and variability of paw-contact (PC) and
paw-off (PO) timings found by different kinematic algorithms during quadrupedal gait,
specifically feline gait. The following hypothesis was tested: the accuracy of gait event
detection depends on locomotor conditions (slope), stage of recovery after peripheral nerve
injury, subjects and event detection method.

Preliminary results of this work have previously been published in abstract form (Pantall and
Prilutsky, 2011).

2. METHODS
All experimental and surgical procedures were consistent with US Public Health Service
Policy on Humane Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee. In this study, four female adult cats (mass 2.9 kg – 4.1 kg)
were investigated.

2.1. Data collection
Each cat was trained to walk along a level, upslope (+27°) and downslope (−27°) walkway
covered with nonslip rubberized material with embedded forceplates (Bertec Corporation,
Columbus, OH, USA) recording at 360 Hz (Gregor et al., 2006, Maas et al., 2007, Prilutsky
et al., 2011). Prior to recordings, small retroreflective markers were placed on the greater
trochanter (GT) and the 5th metatarsophalangeal (MTP) joint of the right hindlimb. A 6-
camera motion capture system Vicon (Vicon Motion Systems, UK) recorded marker
positions at a sampling rate of 120 Hz. As part of a larger study, the four cats had nerves
supplying two right ankle extensors cut and repaired (Maas et al., 2007, Prilutsky et al.,
2011). Each cat had multiple walking trials recorded several times a week, from 2–4 weeks
before to 12 weeks after nerve injury and repair.

2.2. Data processing
Trials prior to surgery, 2 weeks post-surgery, 6 weeks post-surgery and 12 weeks post-
surgery were analyzed. All analysis was carried out in the Matlab environment (Natick, MA,
USA). Firstly, ‘gold standard’ timings for PC and PO were identified using a vertical GRF
threshold value of 0.5 N (1.5 % of mean cats’ weight) (Figure 1). Secondly, recorded marker
displacement data were filtered using a low-pass, fourth order, zero lag critically damped
digital filter with 10 Hz cut-off frequency (Robertson and Dowling, 2003). Finally, the five
kinematic methods for detection of PC and PO were applied to the filtered kinematic data
(Figure 1). These detection methods were adapted from previously applied kinematic
methods as outlined below.

Method 1—Time of maximum and minimum anterior-posterior (AP) displacement of MTP
relative to GT (X(MTP-GT)) corresponding to PC and PO, respectively. This method was
modified from Zeni et al. (2008) who tracked heel and sacral markers.

Method 2—Time of first frame when change in MTP displacement in AP direction
(VelX(MTP)) fell below (PC) or rose above (PO) 1.5 mm between successive frames,
equivalent to a velocity of 0.18 m s−1. A similar method was applied to kinematic data in the
sagittal plane by Ghoussayni et al. (2004) although their selected threshold was lower at
0.05 m s−1.

Method 3—Time of minimum and maximum vertical MTP velocity (VelZ(MTP)),
corresponding to PC and PO, respectively modified from O’Connor et al. (2007).
Modifications involved tracking the MTP marker rather than the midpoint of the heel and
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2nd metatarsal head. Furthermore, we did not apply time windows of 0.8 s and 0.08 s to
automatically determine major peaks and troughs of the foot marker trajectories.

Method 4—Time of first and second local maxima in vertical MTP acceleration
(AccelZ(MTP)) during gait cycle, corresponding to PC and PO, respectively modified from
Hreljac and Marshall (2000) for PC and De Witt (2010) for PO. Hreljac and Marshall used
the heel marker to determine heelstrike and De Witt tracked the toe to determine toe-off.
Contrary to these studies we did not apply interpolation to calculate between frame timings.

Method 5—Time of maximum AP acceleration of MTP (AccelX(MTP)), corresponding to
PO. As opposed to Hreljac and Marshall (2000), we used the MTP marker rather than the
toe marker to detect stance offset.

Further details on methods are contained in Supplementary Material.

Finally, the systematic error was calculated as the difference in timing between the value
calculated by one of the methods described above and the GRF determined timing, with a
positive value indicating that the timing occurred later than the value obtained from the
GRF. Random error was the standard deviation of the systematic error.

2.3. Statistical analysis—Since systematic errors of PC and PO detection were not
normally distributed (see Supplementary Material), nonparametric repeated measures
Friedman ANOVAs were applied to the systematic errors of PC and PO obtained from all
walking cycles, walking conditions and cats, with kinematic detection method as the
independent variable. Nonparametric Kruskal-Wallis ANOVAs were applied to mean
systematic error values for combinations of slope, timing and cat to determine whether there
was a significant effect of slope (3 levels), recovery times (4 levels), and cats (4 levels) on
systematic errors of PC and PO. Nonparametric Dunn’s post hoc tests were applied to all
datasets following a significant ANOVA result. Levene’s test was applied to test for
difference in variance of PC and PO (random error) between kinematic methods and
experimental conditions. Statistical significance was set at p<0.05 for all tests. Statistical
analyses were performed using Statistica 7 (Statsoft, Tulsa, Ok, USA) and Matlab (Natick.
MA, USA).

3. RESULTS
A total of 963 step cycles were analyzed.

3.1 Mean systematic and random errors
Across all slope conditions, times and cats there was a significant difference in systematic
error between methods for PC and PO detection (p<0.05) (Figure 2). Dunn’s post-hoc tests
revealed significant differences between all pairs of systematic errors (p<0.05) for both PC
and PO. For PC, the smallest absolute systematic error was 1.8 ms (Method 4) whereas the
largest was −88.5 ms (Method 3). However, for PO, Method 3 produced the smallest
absolute systematic error of −5.6 ms whereas Method 4 resulted in the greatest absolute
value of −58.0 ms. The statistical tests conducted on the averaged PC and PO systematic
errors for individual slopes, recovery times and cats revealed similar results (Fig. A2 in the
Supplemental Materials).

Levene’s test indicated significant difference in random error for both PC and PO timings
with Method 1 producing the smallest (13.4 ms and 10.7 ms respectively) and Method 3 the
greatest random errors (34.3 ms and 16.4 ms respectively).
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3.2 Slope conditions
Comparison of systematic errors of each method between slope conditions showed that
slope had a significant effect on PC timing of Method 2 only with the lowest error in
upslope and the largest in downslope condition (p<0.05, Table 2). For PO, slope had a
significant effect on timing determined by Method 1 with differences in timings between
level and upslope (p<0.05). Slope had significant effects on random errors of PC and PO
timing for all Methods, with level and upslope conditions yielding significantly smaller
random errors compared to downslope (Table 2).

3.3 Recovery time
Recovery time after peripheral nerve injury had no significant effect on the systematic error
of PC and PO timing determined by any kinematic method (p30.05, Table 2). Recovery time
however significantly affected the random error of PC (determined by Methods 2–4) and PO
for all methods (p<0.05, Table 2). For example, the PC random error was significantly
greater at pre-nerve injury than the lowest random errors at 6 or 12 weeks for methods 2–4.

3.4 Subject
The factor subject (cats) significantly influenced the PC and PO systematic errors for all
methods except Method 4; the latter demonstrated the lowest PC and the highest PO
systematic errors across all cats (Table 2). The random PC and PO errors were also
dependent significantly on the cats for all methods except Method 3 (PC) and Method 4
(PO) (Table 2).

4. DISCUSSION
The goal of the study was to determine differences in timing of PC and PO through the
application of five kinematic methods and examine the effects of slope condition, recovery
time, subjects and kinematic methods on derived timings. In summary, the systematic errors
between the kinematic methods differed significantly. Effects of slope and subject on the
systematic errors were significant, whereas effects of recovery time after nerve injury were
not. Selection of the ‘best’ method for determining PC and PO timing is based on two
considerations, namely the minimum systematic error and the minimum random error.
Results indicated that the ‘best’ method differed between PC and PO. For PC, Method 4,
based on the MTP vertical acceleration, resulted in the smallest absolute systematic error
and Method 3, based on the MTP vertical velocity, resulted in the greatest error. Results for
PO were reversed. Thus, Methods 4 and 3 can be considered best for minimizing systematic
error of PC and PO timing detection, respectively. However, Method 1 (MTP horizontal
displacement of MTP relative to hip marker) would be preferable for both event timings if
the aim is to minimize random error (SD). Overall, the least favourable method to determine
PC timing is Method 3. As the aim of locomotion is to propel the body forwards one would
anticipate lowest variability to be along the direction of progression (x-axis). The smallest
random error (SD) of Method 1 could also be explained by the fact that it does not involve
any differentiation as lower levels of differentiation and simple kinematic trajectories with
clearly defined minima and maxima have been suggested as preferable for determining gait
time events (O’Connor et al. 2007). The lowest mean systematic error for PC, 1.8 ms,
calculated by Method 4 was similar to the 4.7 ms for stance onset reported for human adults
during walking by Hreljac and Marshall (2000) (Table 1). Likewise, the systematic error of
−5.6 ms (± 16.4) determined by Method 3 for PO was similar to −6 ms (± 26) reported by
O’Connor (2007) for stance offset in children with spastic diplegia (Table 1).

The effect of slope on timings was only significant for Method 2 for PC and Method 1 for
PO, both methods involving horizontal gait parameters. The finding that both PC and PO
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systematic errors were statistically no different at any tested period after nerve injury
compared to pre-nerve injury suggests that this specific pathology does not affect
kinematically derived PC and PO timing. The effect of subject on PC and PO timing was
significant for all the methods except Method 4 (MTP vertical acceleration). Studies usually
combine subjects’ timing data to obtain a mean (Table 1). However, this practice, given
significant inter-individual differences, may produce inaccurate results.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Paw-contact and Paw-off timings determined by vertical ground reaction force and five
kinematic methods for a typical trial. See text for explanations of kinematic methods.
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Figure 2.
Mean systematic error and random error (± SD) for paw-contact and paw-off times across
all slope conditions, recovery times and cats determined by comparing the kinematic
methods with the GRF method. n=963. Significant differences between all pairs of
systematic error for paw-contact and paw-off (p<0.05) were found.
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Table 2

Systematic Error (S. E.) (shaded columns) and Random Error (R.E.) in ms calculated by 5 kinematic methods
for paw-contact and paw-off timing for 3 different slope conditions, 4 recovery times and 4 subjects.

– significant difference between timings for a specific condition (p<0.05).

Highlighted values indicate lowest absolute error between methods for a specific condition.

*
significant difference between methods (p<0.05).
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