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Abstract

Can the center of mass (COM) motion state, i.e., its position and velocity relative to the base of
support (BOS), which dictate gait stability, be predictably controlled by the global gait parameters
of step length and gait speed, or by extension, cadence? The precise relationships among step
length and gait speed, and the COM motion state are unknown, partially due to the
interdependence between step length and gait speed and the difficulty in independent control of
both parameters during spontaneous level walking. The purposes of this study were to utilize
simultaneous audio-visual cuing to independently manipulate step length and gait speed, and to
determine the extent to which the COM position and velocity can be subsequently controlled.
Fifty-six young adults trained at one of three gait patterns in which both the step length and gait
speed were targeted simultaneously. The results showed that the cuing could successfully
“decouple” gait speed from step length. Although this approach did yield reliable control of the
COM velocity through manipulation of gait speed (R? = 0.97), the manipulation of step length
yielded less precise control of COM position (R2 = 0.60). This latter control appears to require
manipulation of an additional degree of freedom at the local segment level, such that the inclusion
of trunk inclination with step length improved the prediction of COM position (R? =0.80).
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INTRODUCTION

With aging, preferred walking speed becomes slower with shorter step lengths (Laufer,
2005). It is unclear whether these result from the aging process or from a fear of falling, or
both (Chamberlin et al., 2005). Equally controversial is whether either, a slower gait or
shorter step lengths, contributes to fall risk or is a useful adaptation against falls. Slower gait
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has been shown to be associated with an increased risk of falls directly (Cromwell and
Newton, 2004; Ness et al., 2003) and is correlated with lower scores on clinical balance
scales (Rogers et al., 2005). Some have found that decreased gait speed led to decreases in
local stability of various joint kinematics (Dingwell and Marin, 2006). In contrast, improved
local stability has also been found at slower gait velocities (England and Granata, 2007; Li
et al., 2005). For both young and older subjects, the natural response to a known slippery
floor is to shorten the step length (Cham and Redfern, 2002), and increased step length has
been associated with a greater slip probability (Moyer et al., 2006). Paradoxically, fear
related step length shortening was considered maladaptive by some (Menz et al., 2007).
Whether the slower gait and shorter step length seen with aging are to be encouraged, or if
they contribute to the risk of falling, remains controversial.

A recently developed conceptual framework for investigating gait stability simultaneously
takes into consideration both the center of mass (COM) position (which relates to step
length) and its velocity (which relates to gait speed), both relative to the base of support
(BOS). The COM velocity in the anteroposterior (AP) direction, Vcom/sos, Normalized as a
dimensionless fraction of the square root of the acceleration due to gravity times body height
(bh), and the position of the COM in the AP direction, Xcom/sos, expressed relative to the
rear of the heel, and normalized to foot length, are the variables which characterize the
motion state of the COM (Pai and Patton, 1997; Yang et al., 2007; Yang et al., 2008a). In
this model, the shortest distance from the instantaneous COM motion state to the
mathematically derived limits of stability quantifies a person’s stability at that instant, in
walking and other activities (Bhatt et al., 2005; Pai et al., 2000; Pai et al., 1998; Pai et al.,
2003; Patton et al., 1999). A negative stability value (i.e., an instantaneous COM motion
state below these stability limits) results in backward loss of balance (Bhatt et al., 2006) and
is a key factor in falls in response to slipping during various daily activities (Yang et al.,
2009).

Theoretically, either increasing Vcom/sos and/or Xcom/sos can move the COM motion
state above the stability limits, so that either change should improve stability and perhaps
ameliorate balance loss or falls in incidents such as a slip (Pai and Patton, 1997; Pai and
Igbal, 1999; Yang et al., 2007; Yang et al., 2008a). The Xcom/sos can be shifted forward
by shortening the step length and/or by altering the body segment configuration (i.e.,
posture); in fact though, over adaptation to repeated slip trials, Xcom/sos Was shifted
primarily through step length shortening (Bhatt et al., 2006). To the extent that Xcom/sos 1S
determined primarily by step length and Vcom/sos by gait speed (Bhatt et al., 2006), the
gait alterations that typically accompany aging must cause conflicting consequences on the
likelihood of balance recovery following a slip. Shorter steps may in fact provide greater
stability, but this benefit may be offset by the accompanying slowness in gait speed.

Increases in gait speed (presumably in Vcom/sos as well) are naturally achieved through
corresponding increases in cadence and step length (presumably leading to a posterior shift
in Xcom/sos relative to the forward heel), and vice versa. Because of this inherent coupling
in spontaneous gait patterns, the theoretically more stable, faster speeds are coupled with the
theoretically less stable, longer step lengths. Hence, in spite of the fact that stability during
walking is strongly related to gait speed and step length, without empirically decoupling
these parameters, the true impact of each on the control of stability cannot be revealed.
Moreover, while there is ample precedence for modulating one gait parameter at a time
during gait training (Bonnard and Pailhous, 1993; Zijlstra et al., 1995), it is rare that two
parameters are controlled simultaneously (Roerdink et al., 2007).

Furthermore, if separate cuing or modulation could simultaneously control gait speed and
step length, or the 3™ parameter, cadence (Danion et al., 2003), it remains unclear whether
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the motion state components Vcom/sos and Xcom/sos can be controlled in this manner.
For instance, a moderately strong relationship between step length and Xcom/sos has been
found across self-selected fast, natural and slow gait (Bhatt et al., 2005). However, the head
and trunk carry nearly 60% of the body’s weight, so the inclination of the trunk could
introduce another degree of freedom to the relationship between step length and Xcom/gos-
The relationship between gait speed and step length and their corresponding COM state
variables is not well understood.

The purposes of this study were to show that a decoupling paradigm would allow us to
manipulate step length and gait speed independently, and to determine whether this would
lead to the direct and predictable control of the Xcom/sos and Vcomisos. The first
hypothesis was that the subjects could experimentally follow specific audio-visual cues,
resulting in simultaneous control of the primary variables of targeted speed and targeted step
length in level walking. The subsequent hypothesis was that this manipulation of the
primary gait parameters would result in direct control of the secondary variables, Xcom/sos
and Vcom/eos, because a presumed direct and predictable relationship exists between these
primary and secondary variables. Specifically, we expected that two gaits of different
speeds, but a common step length, would both produce the same resultant Xcom/sos, and
two gaits of different step lengths, but a common gait speed, would both produce the same
resultant Vcom/sos. Alternatively, we expected that trunk inclination may play a role in the
control of XcomiBos, especially if the strength of the relationship between step length and
Xcom/eos cannot match that of gait speed and Vcom/sos-

Fifty-six subjects, 19 to 45 years old, participated in the experiment (Table 1). Subjects were
screened for any systemic disorders which might affect their participation. Each subject gave
informed consent prior to participation, as approved by the local Institutional Review Board.

Experimental set up and protocol

The experimental manipulation was designed to control gait speed and step length
simultaneously. A visual gait speed target was provided by small flags, evenly spaced along
a rope loop driven at the target gait speed by a DC motor (Model 42248D, Dayton Electric,
Niles, IL), one meter lateral to the subjects and parallel to the length of the 7-m walkway,
with the top of the loop between their shoulder and eye level (Figure 1). Subjects matched
their gait speed to that of the nearest target flag while simultaneously matching their
footsteps to an audible metronome at the target cadence. Because gait speed is the product of
step length and cadence, this controlled step length by extension.

The subjects were randomly assigned to one of three target groups (Table 1). These COM
motion state targets (X’com/sos and V’com/sos) Were originally designed for a companion
study to lie below the model predicted stability limits against backward balance loss after a
slip. Two groups (B and C) had the same V’com/sos but different X’ com/sos, While two
groups (A and C) had the same X’com/sos but different V’com/os- Based on the
hypothesized predictability and linear correlation between the gait parameters and the COM
motion state components, we also expected groups B and C to have a similar gait speed but
different step lengths and groups A and C to have a similar step length but different gait
speeds. These individualized step length (SLisrget) and gait speed (Starget) targets were
selected to reflect the full range of those of spontaneous gait patterns (Figure 2).

To set these targets for each subject, regression equations (1 and 2) converting the preset
V’com/Bos 10 Starget and the preset X’com/sos t0 SLiarget, respectively, were derived from
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the data of a previous study in which young subjects were asked to walk at a self-selected
fast, natural or slow pace for a number of trials, with no further instructions as to specific
speed or other parameters given (Bhatt et al., 2005); along with the subject’s body height
(bh):

SLuarger=[ (X’ conypos +0-1285)/2.2509] x bh  (in m) )

Starget=0.8028[ V' . \mos X Sqrt(g X bh)]+0.1449 (inm/s) ©)

Here, g is the acceleration due to gravity and X’com/sos is normalized to a foot length
measure from the leading heel. The cadence for the metronome was set by dividing the
Starget DY the SLtarget-

At right step touchdown (TD), the sacral marker velocity was obtained in real time from the
motion capture system described below and taken as gait speed, and the AP distance
between the two heel markers was taken as SL. These estimates were used immediately after
the trial to assess target matching (S — Starget and SL — SLarget), provide feedback, and if
necessary, to fine tune the rope speed or the metronome frequency. The subjects were
instructed that their goal was to match both the rope speed and the metronome beats, as
consistently as possible, throughout the experiment. After an initial unstructured practice,
they were given verbal error feedback as to target matching, which was deemed successful
(“on target”) if subjects were within 10% of the target value. The trial immediately after two
consecutive “on target” trials was analyzed.

Data collection and analysis

Statistics

The 26 motion markers applied to each subject at body segment landmarks were recorded by
a passive motion capture system at 120 Hz (Motion Analysis Corporation, Santa Rosa, CA).
Cutoff frequencies were determined for each marker through a residual analysis (Winter,
2005; Pavol et al., 2002) and each marker path was low-pass filtered at its specific cut-off
frequency (range: 4.5-9 Hz) using zero lag, fourth-order Butterworth filters. Force plate data
were collected at 600 Hz using a 64 channel, 16-bit A/D converter. Ground reaction force
(GRF) and motion data were time synchronized at the time of collection.

Locations of joint centers were computed from the marker paths using transformations
derived from anthropometric measurements and kinematic data. Right step TD of the
analyzed trial was identified from vertical GRF, and verified from foot kinematic data. Each
segment position and joint angle of a 13-segment, 3-dimensional representation of the body
was determined. The trunk inclination was analyzed as a separate variable in order to
evaluate its impact on the relationship between step length and the COM position. The
actual (resultant) relative COM position and velocity, used to calculate Xcom/sos and
Vcom/Bos as above, were computed in post hoc processing, using sex- and age-dependent
segmental inertial parameters (de Leva, 1996).

To test the first hypothesis, the resultant gait speed and step length were assessed for target
matching through paired t-tests (normalized resultant value compared to normalized target
value). To test the second hypothesis, the extent to which these resultant gait parameters and
the resultant Xcom/eos and Veom/sos, Were matched for each group as designed was tested
using one way ANOVA with post hoc Tukey’s HSD. In the follow up study, one way
ANOVA was used to compare trunk angles among groups. To establish predictive models,
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linear regression equations relating gait speed to Vcom/sos and step length to Xcom/sos
were derived, both by group and across the combined data of all subjects. Linear regression
was also used to relate Xcom/sos to both step length and trunk angle across groups.
Multiple regression analyses were used to compare the slopes of the within group
regressions to assess group differences in the relationship between Xcom/sos and step
length, and between Vcom/sos and gait speed. All statistics were performed with SPSS,
version 17.0 (Chicago, IL) with a level of 0.05.

Each group was successful in following the cues: the resultant step lengths and gait speeds
matched simultaneously the SLiarget and Starget, respectively (all P > .05, Table 1). There
were significant between-group differences in gait speed (F; 55 = 283.607, P <.001) and
step length (F2 55 = 98.435, P < .001) (Figure 2) as well as in Vcom/sos (F2.55 = 340.851, P
<.001) and Xcom/Bos (F2’55 =55.574, P <.001).

The gait speed of groups B and C were not different and were each significantly slower than
group A (Table 2). Likewise, Vcom/sos of groups B and C were not different and were
each significantly lower than group A (Table 2). However, where the step lengths of groups
A and C were the same, their Xcom/sos Were significantly different (Table 2). The overall
(pooled from all groups) correlation was strong between gait speed and Vcomsos (R? =
0.97, P <.001, Table 3). The slopes correlating gait speed to Vcomsos for individual
groups were not different (all P > .05, Table 4, Figure 3). In contrast, the overall correlation
between step length and Xcom/sos Was moderately strong (R2 = 0.60, P < .001, Table 3).
The individual slopes correlating step length to Xcom/sos Were not different between
groups A and B or between B and C (both P> .05), but were different between groups A and
C (P< .05, Table 4, Figure 3).

The average trunk angles were different among groups (F» 55 = 48.821, P < .001, Figure 4).
Group A (6.40 degrees forward of vertical) was more forwardly inclined than B (0.23
degrees forward; P < .001), while C (3.53 degrees backward from vertical) was more
backwardly inclined than B (P = .001). The linear regression model predicting Xcom/sos
from both step length and trunk angle for all groups together (R2 = 0.80, P < .001) was
stronger than that of the equation which included only step length (Table 3).

DISCUSSION

The “decoupling” of gait speed from step length was effective. The subjects were able to
follow their cadence (or by extension, step length) and speed cues simultaneously, resulting
in a good match of each group’s targeted step length and speed in level walking. This
learned control of their gait parameters allowed the subjects to modulate their Vcom/eos
more predictably than it did Xcom/sos. Contrary to its presumed direct relationship with
step length, the control over Xcom/sos Was rather imprecise and was influenced by the
orientation of the trunk.

The findings of the present study lend support to the first hypothesis, that application of an
audio-visual cue could simultaneously and independently control gait speed and cadence,
whereby step length, perforce, would be determined. Specifically, because gait speed is the
product of step length and cadence, we expected that following the audio-visual speed cues
would result in a gait of the targeted speed and step length. In unconstrained walking, people
maintain a preferred relationship among step length, frequency, and gait speed across a
range of speeds (Zijlstra et al., 1995). The ratios of gait speed to step length of the decoupled
gait patterns in this study were 2.18, 1.59, and 1.16 in groups A, B, and C, respectively, in
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comparison to 1.96 among healthy young subjects during unconstrained walking
(McGibbons and Krebs, 2004). The subjects of the present study were able to override their
natural tendency to successfully match the gait speed and step length targets simultaneously.

Although these gait parameters could be successfully and simultaneously manipulated in
level walking, the findings do not fully support the second hypothesis. The Xcom/sos and
Vcom/sos Were not both directly controlled by altering gait speed and step length. Gait
speed measured by the sacrum marker was consistent with the Vcom/sos. The two groups
who were able to match their targets at the same speed but with different step lengths did
have the same resultant Vconmysos values. Further, the within group regression equations
relating the Vcom/sos to gait speed were not different among the three groups, indicating
that the relationship between gait speed and Vcom/sos Was similar across groups. Overall,
the speed of the sacrum marker explained 97% of the variability in Vcom/sos.

On the other hand, step length modulation did not in itself translate into predictable control
of Xcom/sos as hypothesized. Two groups were able to match their targets to produce gaits
of the same step length but at different speeds. However, contrary to expectation, the
resultant Xcom/sos Of each was different. The subjects in each group appear to have applied
different approaches to control their COM position, further evidenced by the difference in
the slopes of the equations relating Xcom/sos to step length between these two groups.
Overall, the gait speeds and step lengths accomplished by the subjects, and the trunk angles
observed in the slower two groups, fell within the range of values for self selected fast,
natural, and slow gait (Figures 2 and 4); however, the trunk angles observed in the faster
group were somewhat more forward than those observed during spontaneous gait.

Trunk angle varied significantly by group, and step length and trunk inclination together
accounted for 80% of the variability in Xcom/sos across all subjects, as opposed to only
60% accounted for by step length alone. A study of gait stability across a range of self-
selected speeds found a similar moderate correlation between Xcom/eos and step length (R2
= 0.58 without considering the trunk angle in Bhatt et al., 2005). The sagittal plane position
of the COM relative to the BOS (i.e., Xcom/sos) IS, by definition, influenced by step length,
but the trunk and head contribute nearly 60% of the body mass, thus their orientation would
substantially influence the COM position. The prospect that the requirement to
simultaneously match two gait parameter targets may alter a person’s spontaneous control of
COM position cannot be completely ruled out. In studies of the kinetics and kinematics of
subjects who were required to shorten or lengthen their step length for one gait cycle, step
shortening resulted in forward displacement of the head-arms-trunk at touchdown (Varraine
et al., 2000). Taken together, it is evident that changing one’s step length also changes the
relationship of the trunk to the lower extremities.

In the present study, step lengthening resulted in opposite trunk postures depending on the
gait speed: the slower group with very long steps had a backward leaning trunk at
touchdown. In contrast, the fast group, whose step lengths were equally long, had a slightly
forward leaning trunk. Both slow groups also had different trunk orientations. In this regard,
a faster speed or a shorter step length would more likely lead to forward leaning of the upper
body. Overall, trunk inclination appears to be jointly influenced by gait speed and step
length, as well as being an additional degree-of-freedom in controlling the COM motion
state.

The findings of the present study further underscore the complexity inherent in the control
of COM stability. This stability, which is determined by the Xcom/sos and Vcom/sos, has
been shown to be predictive of loss of balance in the face of slips under various
circumstances (Bhatt et al., 2006), and is associated with falls in response to slip during
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various activities (Yang et al., 2009). It was unclear whether or how control of the COM
motion state could be accomplished simply through modulating the global gait parameters.
The results of the present study indicate that such attempts must be more complex than
simply altering the global gait parameters, especially for Xcom/sos. The orientation of the
body, particularly the trunk angle, should also be considered. Further investigation focusing
on the independent control of the global gait parameters and local body segment
configuration would likely be valuable for gait stability training.
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Figure 1.

Experimental set up for target presentation during walking. Subjects matched velocity (V)
and step frequency (SF) targets simultaneously while walking along a 7-m walkway.
Velocity target was provided by flags attached to a rope loop running parallel to the length
of the walkway and being driven at a constant velocity by a motor. Step frequency was
provided by an audible metronome. Step length (SL) was also constrained because V =
SL*SF.
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Figure 2.

Gait parameter targets A, B, and C (filled shapes) and individual resultant gait parameters
for each subject (open shapes), error bars represent + 1 SD centered on the group mean
(group mean not shown); light gray X’s represent parameters from self-selected fast, natural,
and slow gait (Bhatt et al., 2005). bh is the subject’s body height. * Target for the initial 7
subjects was 0.47; analysis revealed that the subjects could not consistently reach this target,
so the target was adjusted to 0.4 for the remaining 11 subjects.
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Figure 3.

Regression lines by group for (a) step length predicting Xcom/sos: and (b) gait speed
predicting Vcom/sos: Vcomssos IS the COM velocity in the anteroposterior direction,
normalized as a dimensionless fraction of the square root of the acceleration due to gravity
times the height of the subject. Xcom/sos is the position of the COM in the anteroposterior
direction, expressed relative to the forward heel and normalized to foot length; a more
negative value indicates a more posterior COM relative to the forward heel (BOS).
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Figure 4.

(@) Trunk angle (in degrees) and corresponding step length (m/bh) by group, at right TD;
light gray X’s represent data from self-selected fast, natural, and slow gait (Bhatt et al.,
2005). Note, negative values for trunk angles indicate that the line between the hips and
shoulders lies posterior to vertical. (b) Schematic representation of average body orientation
by group, at right TD.
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