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Abstract
Background—Subjects unfamiliar to walking on a split-belt treadmill may initially demonstrate
an altered gait pattern or increased variability of gait parameters. While previous investigations have
examined kinematic variables associated with familiarization time, the objective of this study was
to determine the familiarization period required to obtain the most reproducible gait pattern through
the assessment of kinetic, kinematic and spatio-temporal parameters during a single session of
treadmill walking.

Methods—Eleven healthy subjects participated in a single bout of treadmill walking which lasted
nine minutes. Kinematic and kinetic data were collected from the first thirty seconds of each minute,
beginning when the treadmill reached full speed. Means and standard deviations for knee flexion at
heel strike, ground reaction forces, step width and step length were obtained to examine the changes
in each variable over the nine minutes. Mean r2 values were evaluated for changes in variability from
one stride to the subsequent stride for sagittal plane hip, knee and ankle joint angles and moments,
as well as for vertical and horizontal ground reaction forces.

Findings—Significant reductions in variability were found for vertical and horizontal ground
reaction forces, knee flexion at heel strike and step length over 9 minutes. Only step width showed
a change in the mean value across trials. There were no increases in r2 values after the 5th minute for
any of the gait variables.

Interpretation—The results suggest that in order to collect accurate data for gait analysis, subjects
should be familiarized to the split-belt treadmill for at least 5 minutes prior to data collection.
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1. Introduction
Split-belt treadmills are becoming more common in gait analysis and interventional research
(Hidler and Neckel, 2006; Hidler, 2004; Reisman et al., 2007). While the use of this instrument
has been shown to be a valid method of collecting walking data, the familiarization period for
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the novel task of split-belt treadmill walking has not been evaluated (Tesio and Rota, 2008).
This is an important consideration as subjects unfamiliar to treadmill walking may require a
period of acclimatization before strides become reproducible (Owings and Grabiner, 2003).
Previous work has shown that joint kinematics during treadmill walking are comparable to
overground walking, so long as subjects are given sufficient familiarization time (Lemke et
al., 1995; Murray et al., 1985; Riley et al., 2007; Tesio and Rota, 2008). While previous studies
have examined kinematic changes associated with treadmill familiarization on a single belt,
few studies have examined the effect of familiarization during split-belt walking. These studies
also lack the assessment of important kinetic variables, such as vertical and horizontal ground
reaction forces (GRF) and joint moments.

The objective of this study was to evaluate the kinetic, kinematic and spatio-temporal changes
during familiarization to walking on a split-belt treadmill. We hypothesized that an initial
period of increased kinematic and kinetic variability will exist, but this will decrease after a
few minutes of acclimatization.

2. Methods
Eleven healthy volunteers (9 females, 2 males), without significant past medical history, were
recruited to participate in the study. Participants had an average age of 25.2 years (SD= 4.14),
height of 159.5 cm (SD=18.0) and body mass of 67.3 kg (SD= 13.5). None of the subjects had
prior experience with walking on a split-belt treadmill, but all had previously used single-belt
treadmills. All subjects signed informed consent forms approved by the Human Subjects
Review Board prior to participating in the study.

Each subject participated in a single session of treadmill walking which lasted for nine minutes.
Kinematic and kinetic data were collected from the first thirty seconds of each minute (defined
in this paper as trials 1 through 9), beginning when the treadmill reached steady state speed.
Treadmill speed was set at 1.25 or 1.30 m/s based on a ten meter overground walking trial. All
subjects reported they were comfortable with the walking speed when the treadmill reached
full speed. No acclimatization time was provided prior to the start of the study. Subjects were
instructed to walk on the treadmill without using the handrails. They were instructed to walk
as they normally would while keeping each foot on a separate belt. No other verbal cues or
instructions were provided to the participants.

Analog force data were collected at 600 Hz via two force plates integrated in the treadmill
(Bertec Corp., Columbus, OH, USA). Kinematic data were collected at 60 Hz from reflective
markers (Helen Hayes set) with a six camera system (Motion Analysis, Santa Ana, CA, USA)
and analyzed using Motion Analysis software. Prior to analysis, each trial was divided into
gait cycles which began at heel strike (HS) and terminated at the subsequent HS of the same
foot. The determination of HS on the treadmill was computed using motion data from the foot
markers using a previously described algorithm (Zeni Jr et al., 2008). These cycles were then
normalized to 100 points. The number of cycles for each trial varied depending on cadence,
but averaged 26 cycles.

For each subject, discrete kinetic, kinematic and spatio-temporal events were determined. Peak
vertical GRF of the first (VGRF1) and second half (VGRF2) of the stance phase, peak posterior
and anterior GRF (braking and propulsion), knee flexion angle at HS, step width and step length
were assessed. These discrete variables were chosen because of their importance in
conventional gait analysis and they allow us to determine changes in the mean and standard
deviation over the nine trials.

To quantify variability during the familiarization period, the mean intrasubject standard
deviation during each trial was determined for each gait variable (except step width which was

Zeni and Higginson Page 2

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



only assessed based on changes of the mean). Intrasubject standard deviations were evaluated
for significant changes across trials using an ANOVA with one repeated measure (trial) with
follow-up t-tests as needed. Secondly, the mean values of each discrete gait variable were
examined using an ANOVA with one repeated measure (trial) to determine if significant
differences occurred across the trials.

Sagittal plane hip, knee and ankle joint moments and angles, as well as VGRF and AP GRF
over the normalized gait cycle from HS to subsequent HS were assessed for interstride
variability over the nine trials. We applied a Pearson Correlation Coefficient to compare the
time series curves from each gait cycle to the subsequent gait cycle on the ipsilateral side for
the whole trial to gauge interstride variability. An increase in the r2 value over the nine minutes
would be suggestive of a reduction in interstride variability. For this interstride variability,
mean r2 values were analyzed with an ANOVA with one repeated measure (trial) with follow-
up t-tests tests if needed.

To compare the amount of variability present in the treadmill trials to previously defined values
from overground gait, the coefficient of variation (CoV) was determined for the anterior and
VGRF (Equation 1).

(Equation 1)

This permits easier comparison between subjects by normalizing the standard deviation (σ) to
the mean (µ).

3. Results
3.1 Kinetics

Variability (intrasubject standard deviation) for the discrete kinetic variables posterior GRF,
VGRF1 and VGRF2 showed a significant difference across the trials (p<0.05), with a
decreasing trend over the first three minutes. Anterior (propulsive) GRF showed no change
over the nine trials. Post-hoc testing revealed no significant differences after the 5th trial, except
for VGRF2, which showed significant changes until the 6th trial.

No significant differences existed for the means of peak VGRF1, VGRF2, anterior or posterior
GRF over the trials (p>0.05) (Figure 1). The largest difference in the means of VGRF1 for all
the trials was 1.04% body weight and occurred between trials one and four (p=0.47). The largest
difference in peak VGRF2 occurred between trials one and five and represented 1.63% body
weight (p=0.38). The largest difference in peak anterior GRF (trials one and nine) was 1.2%
body weight (p=0.14).

CoV for anterior GRF, VGRF1 and VGRF2 were 7.95%, 2.6% and 2.3%, respectively. These
values were obtained from trial five, which coincided with the time at which the variability
was minimized for the majority of the kinetic variables.

3.2 Kinematics
There was a significant difference in the intrasubject variability of knee flexion at heel-strike
(p<0.01). The mean values of knee flexion angle, however, did not show a change over the
course of the nine trials (p= 0.11), with the largest difference being less than 1 degree. Similar
to the kinetic variables, follow-up testing revealed the variability of knee flexion at HS showed
no significant changes after the 5th trial.
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3.3 Spatio-temporal parameters
There was a significant difference between trials for step width (p=0.02) with a decreasing
trend over the first five trials (Figure 2). The difference in mean step width from trial one to
trial five was 1.3 cm (p<0.001). Follow-up testing revealed significant changes until the 4th

trial. Mean intrasubject standard deviation for step length showed significant changes until the
7th trial. Mean values for step length showed no significant differences across trials. The
difference between trial one and nine (the trials with the largest difference) was 0.4 cm.

3.4 Interstride variability
R2 values for interstride joint moments, joint angles, VGRF and AP GRF showed no differences
across the nine trials when analyzed using the repeated measures ANOVA (moments p>0.42,
angles p>0.60, GRF p>0.38). The r2 values of the first trial were the lowest for all of the
variables and showed no further increase after the 5th trial (Figure 3). Although there was no
difference across the whole nine trials, there were differences between trial 5 and trial 1 for
knee flexion at heel strike and peak sagittal plane joint moments (Figure 3).

4. Discussion
Based on objective analysis of the post-hoc paired t-tests, change in r2 values and visual
inspection of the variability and discrete variable plots, a five minute warm-up period on the
split-belt treadmill may allow for the most reproducible gait parameters. By trial five, most of
the gait variables did not show any significant differences between subsequent trials, standard
deviations were all lower than the initial values and the r2 plateaued.

A five minute familiarization period for split-belt treadmill walking is comparable to previous
suggestions that a four to six minute warm-up period should be included during analyses of
single belt treadmill walking or running (Taylor et al., 1996; Matsas et al., 2000; Lavcanska et
al., 2005). These are lower than the time suggested by Van de Putte et al., who recommended
a 10 minute warm-up period for treadmill walking (Van de Putte et al., 2006). While this study
only evaluated familiarization time in healthy young adults, habituation to treadmill walking
in an older subject population may require additional time (Wass et al., 2005).

The CoVs found at five minutes were very similar to values previously reported for overground
walking (Giaka and Baltzopoloulos, 1997; White et al., 1999; Jordan et al., 2007). This suggests
that the reproducibility of vertical and posterior GRF during treadmill walking at five minutes
is similar to previously reported values for overground walking. Plus, the treadmill has the
added benefit of allowing for a “steady-state” walking pattern and capture of multiple gait
cycles, which is not always possible due to space constraints of many motion analysis
laboratories (Lindemann et al., 2008).

Mean values of kinetic and kinematic gait variables did not show any significant changes over
nine minutes. The differences between the maximums and minimums for these variables were
relatively small, and it is likely that these changes would have negligible clinical implications.
However, we do feel that the change in step width is an important concern. Subjects were
instructed to walk with a foot on each belt. In the absence of any other cueing or instructions,
it appeared that subjects were initially overly cautious to avoid crossing each foot onto the
opposite belt. As subjects became more familiar with the treadmill, the step width was gradually
decreased to a minimum point at trial five (15.6 cm). After this trial, the mean did not fluctuate
more than 0.2 cm. It should be noted that the step width found here is still higher than that
typically reported during normal unsupported single-belt treadmill walking (10.2 cm), although
differences in methods of calculating step width may exist (Owings and Grabiner, 2004). These
findings suggest that step width may be the largest concern when using a split-belt treadmill
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to replicate overground walking and may be the deciding factor in the determination of
familiarization time.

Some limitations exist in the present study. The design of this study evaluated only the short-
term effects of a familiarization period. For subjects participating in a single session of testing,
the five minute warm-up may be adequate. Long-term and inter-session familiarization should
be addressed in studies requiring repeated sessions of gait analysis. Also, while this study
evaluated familiarization times in healthy young subjects, future studies investigating
familiarization associated with split-belt treadmills should include impaired or older subject
populations. Because step width showed changes over time, examination of changes in frontal
plane angles and moments may reveal meaningful differences and should be evaluated in future
studies.

With the exception of step width, differences between maximum and minimum means of the
kinematic, kinetic and spatio-temporal variables were non-significant and not clinically
meaningful. Familiarization time seems to have a larger importance on the reduction of
variability (intrasubject standard deviation) of the gait variables and reduction of step width.
Incorporating five minutes of warm-up time into gait studies utilizing a split-belt treadmill will
minimize variability between each stride and stabilize step width.
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Figure 1.
Mean values for discrete gait variables are shown. None of the variables showed a significant
change with time and there was little variability between trials.
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Figure 2.
Mean step width showed a decreasing trend over the first five minutes with error bars
representing inter-subject standard deviation. After trial 5, mean step width did not fluctuate
more than 0.2 cm
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Figure 3.
(a) AP and VGRF had maximal r2 values at trial 5. (b) Mean sagittal plane joint moments
(collectively) and knee angle also showed no increase after trial 5. Although the changes in
r2 value were shown to be non-significant across the nine trials, mean sagittal plane angles and
moments did show significant differences between trials one and five. Higher r2 values suggest
a reduction in interstride variability.
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