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ABSTRACT

Purpose: Voluntary and protective stepping performance
changes with age. This has implications for the problem of
falls in older adults. The purpose of this study was to examine
the influence of metronome paced stepping practice on self-
selected preferred rhythmic unipedal stepping performance
in the medial-lateral direction among younger, middle-aged
and older adults. Methods: Thirty-two healthy adult subjects
(10 younger, 10 middle-aged, 12 older) participated. They per-
formed rhythmic lateral stepping with their dominant limb at
their preferred pace before and after 6 trials of metronome-
paced stepping. Results: Older subjects had longer stride peri-
ods than young and middle-aged subjects prior to metronome
pacing. Older subjects exhibited a 25% decrease in preferred
stride period between pre- and postpacing trials. This is com-
pared to a 15% and 11% decrease exhibited by middle-aged
and younger subjects respectively. Preferred stride period was
similar for older subjects as compared to younger and middle-
aged subjects after paced practice. Modification of the stride
period occurred mainly during the stance phase of rhythmic
stepping. Conclusions: Comparable stride periods across
groups after pacing suggest stepping performance is modifi-
able. Brief intervals of paced stepping may offer older adults a
short-term benefit to stepping performance.
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INTRODUCTION

Stepping is ubiquitous in functional activity. A step is inte-
gral for intentional actions such as the initiation and ongoing
execution of walking, turning, and transferring to different sur-
faces, as well as a commonly employed tactic for bodily protec-
tion when faced with real or perceived threats to balance.

Understanding how aging affects stepping is important for
several reasons. First, human aging is associated with changes
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across a variety of physiological systems and changes in func-
tionally important anatomic structures related to balance con-
trol."? Second, falls are a major cause of morbidity and mortality
for community-dwelling people over the age of 65.3 Of all hip
fractures occurring in adults over the age of 60, approximately
90% are the result of a fall.* Lateral body motion and hip frac-
tures are related and falls frequently occur during transfers,
turning, and stepping.® Therefore, falling may be related to
changes in stepping performance and altered stepping may be
viewed as an emergent feature of multiple impairments associ-
ated with falls.5”

Differences in stepping behavior in older adults (OA) versus
younger adults (YA) exist. For example, temporal gait charac-
teristics defining stepping performance are altered among OA.
Comfortable gait speed declines with age.®'® While step length
and width tend not to be different purely as a function of age,
step width variability has recently been shown to be greater in
OA' and is a predictor of falls.”

Under reaction time conditions, OA’s voluntarily generated
step initiation is prolonged due to longer reaction and weight
transfer times prior to limb removal.’>'® In contrast, studies of
externally induced protective stepping have identified that
stepsin OA can occur as rapidly as those seen in YA.""" However,
induced steps have been shown to occur more frequently, are
initiated for smaller perturbations, and can be more laterally
directed.”? The occurrence of multiple and lateral steps in
response to forward perturbation suggests lateral instability
may be a particularly important problem for OA.2? Finally, it has
been shown that several weeks of voluntary or protective step
training can decrease voluntary step initiation time in both OA
and YA.2 Therefore, step performance may be modifiable with
practice.

In summary, OA perform voluntary stepping more slowly
than YA. Yet step timing appears to be modifiable under
mechanical perturbation and/or training conditions. However,
many studies examine stepping as a discrete event: initiate 1
step to a cue; respond to the perturbation with 1 protective
step. Stepping, through foot placement and limb loading/
unloading, is functionally relevant for balance during walk-
ing.2* Walking is a continuous task. The question was posed
whether OA performed rhythmic, continuous stepping under
a self-selected (preferred speed) condition more slowly than
YA and middle-aged adults (MA). Additionally, if preferred
stepping were to be followed by a brief bout of external, sen-
sory (nonmechanical) pacing, what effect might this have on
preferred step timing performance? Therefore, the purpose of
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this study was to examine the influence of metronome paced
stepping practice on self-selected preferred rhythmic stepping
performance in the medial-lateral (ML) direction among YA, MA,
and OA.

METHODS
Subjects

Thirty-two adult subjects (23 female, 9 male) were recruited
through the University of Connecticut and surrounding com-
munity. Subjects had to be healthy, community-dwelling
adults without a history of falling or major neurological or
musculoskeletal medical condition. Older adult participants
were screened for fall risk including a history, general mobil-
ity test (Timed Up & Go), cognitive screening (Mini Mental
State Examination), lower extremity sensation (proprioception,
monofilament), and medication use. No subject was taking a
sedative or antidepressant known to affect balance and no OA
participating in this study was considered to be at risk for fall-
ing. This study was reviewed and approved by the University
and all subjects provided written informed consent.

Subjects were grouped according to age. Of the 32 subjects,
10 were YA (21-29 years, 7= 23.2,SD= 2.65, 8 female, 2 male), 10
were MA (40-54 years, 7= 47.2,SD= 4.73, 7 female, 3 male), and
12 were OA (66-78, 7= 71.75, SD= 3.38, 8 female, 4 male). The
mean height of the subjects was 1.69 m (SD= 0.05) for the YA,
1.71 m (SD= 0.09) for the MA, and 1.7 m (SD= 0.13) for the OA.
The mean mass was 61.83 kg (SD= 8.07) for the YA, 72.98 kg
(SD= 11.84) for the MA, and 75.77 kg (SD= 16.23) for the OA.

Definition of the Stepping Task

We examined rhythmic unipedal stepping in the ML direc-
tion. This is defined as a series of repeated step-out (laterally)
and step-in movements using 1 lower limb. Thus there is only
1 stepping limb and always one support limb. One reason for
choosing this stepping task is that it is useful for evaluating
how weight is transferred and how lower limbs are loaded
and unloaded during stepping. Compared to YA, OA have pro-
longed weight transfer times'® and more limb load asymmetry
in preparation to make a step.?® Figure 1 shows one stride of
rhythmic, unipedal stepping in the ML direction.

Preferred stepping performance

Subjects stood comfortably on 2 adjacent force platforms
(AMTI, Watertown, Mass) with arms folded and the heels initially
set a distance from each other representing approximately
12% of their body height.?® Subjects were instructed to rhyth-
mically step out to the side a comfortable distance with their
right lower limb and return it to the initial position at their
preferred stepping pace. All subjects were right leg dominant
as determined by self-reported kicking preference. Subjects
were given practice to become familiar with the instruction
and to set their preferred unipedal stepping rhythm. Subjects
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were explicitly told that their preferred stepping pace should
be ‘a natural, comfortable pace. No attempt was made by the
experimenter to define ‘comfortable distance’ so that the step
length was not formally constrained. After practice, subjects
were allowed as much time as necessary to get into their pre-
ferred stepping rhythm.Twenty seconds of data collection was
initiated approximately 5 seconds after the subject stated that
he or she was in this preferred stepping rhythm. One, 20 s trial
of preferred stepping was performed at the beginning of the
experimental session. A second trial of preferred stepping was
performed at the end of the experimental session, after a series
of metronome-paced stepping trials.

Paced stepping practice

After the first preferred stepping trial, subjects performed
six, ‘70 s trials of rhythmic unipedal stepping to the pace of a
metronome. Subjects were instructed ‘to step to the beats of
the metronome so that their stepping foot was on the ground
at each beat. The metronome pacing consisted of frequency
plateaus increasing from 1.0 to 2.8 Hz then decreasing to 1.0 Hz
in 0.6 Hz steps. A minimum of 5 minutes of seated rest occurred
between each of the 6 pacing trials. These 6 trials included 3
forward-directed stepping trials and 3 ML stepping trials.

Data Collection and Processing

Steplimb motionwas recorded usingaQualisys (Gothenburg,
Sweden) motion capture system (6 cameras, sampling rate 100
Hz). For the purposes of this report, only the surface reflective
marker over the second metatarsal head of the right stepping

Return

Figure 1.Lateral rhythmic unipedal stepping consists of
a series of repeated stepping movements with one lower
limb. A step-out to the side, a return towards midline, and
subsequent step-out denotes a stride.



foot is reported as a representation of the step kinematics.

A 3D motion analysis software package (Visual3D™, version
3.13, C-Motion, Inc., Rockville, Md) was used to smooth the
motion data using a low-pass second order Butterworth filter
with a cutoff frequency of 6 Hz. Visual3DTM software was used
to identify peak position values from the foot marker time
series (Figure 2). These peak values represent the position of
the foot marker at the landing phases of step-out and step-in.

Dependent Measures and Data Analysis

Dependent variables included stride period, stance and
swing times, and step length. Stride period, the time from one
step-out movement to the next, was calculated based on lift-
off times (denoted by the arrows in Figure 2) using the foot
marker data. Landing times were also identified so that the
stride could be evaluated with respect to stance and swing
phases. Step length was calculated by comparing peak posi-
tion values for the step-out and its step-in return position. This
value was normalized by dividing by body height for each
subject.

SPSS (v12.0, Chicago, Ill) was used for all data analysis.
Means and standard deviations (SDs) were calculated for the
dependent variables. A 3 (group) x 2 (time) repeated measures
analysis of variance (ANOVA) was performed on the stride peri-
od dependent variable. A repeated measures ANOVA was sub-
sequently performed to elaborate on where within the stride
any changes occurred via a 3 (group between-subject factor)
x 2 (time) x 2 (phase: stance, swing) mixed model. A repeated
measures ANOVA was performed on step length. Significance
was set at the P =.05 level.

RESULTS

The means and SDs for the ML stepping stride period,
stance and swing times, and step length are listed in the Table.
Repeated measures ANOVA did not reveal a significant main
effect for group on the stride period but did demonstrate a

significant effect of time, F(1,29) = 52.45, P < .001, and a time x
group interaction, F(2,29) = 4.5, P = .02. Older adults exhibited
a 25% decrease in stride period from the initial pre- to post-
pacing preferred stepping trial. Middle-aged adults decreased
stride period 15% and YA decreased stride period 11%. The lack
of a main effect of group is attributable to this larger reduction
in preferred stride period for the OA after metronome pacing
and this is borne out by the time x group interaction. In this
connection, separate univariate analyses on group revealed
that OA were slower than YA during the prepacing trial (F(1,20)
= 10.50, P = .004) but not during the postpacing trial.

A 3 x 2 x 2 (group x time x stepping phase) repeated mea-
sures ANOVA revealed, in addition to the main effect of time
and time x group interaction (see above), a significant effect
of stepping phase, F(1, 29) = 70.01, P < .001. There was also a
time x stepping phase interaction, F(1, 29) = 34.94, P < .001.
In summary, stance times were larger than swing times and
stance times decreased between pre- and postpacing trials
while swing times remained relatively unchanged. Therefore,
decreases in stride period from pre- to postpacing trials were
largely attributable to adjustments in stance time. Older adults,
having longer stance times, decreased their stance time by
36% as compared to MA (23%) and YA (16%) from the pre- to
postpacing condition. This is borne out by the time x group
interaction, F(2, 29) = 4.59, P = .019, and time x phase x group
interaction, F(2,29) =3.41,P =.047.These temporal adjustments
had no effect on step length as the analysis revealed no signifi-
cant differences between groups or across time.

DISCUSSION

There are several noteworthy results. First,the OA tended to
initially select a slower unipedal stepping rhythm, as defined by
stride period, than YA and MA. Second, preferred stride period
was comparable across groups following metronome-paced
stepping. Third, stance times were always longer than swing
times and stance duration decreased while swing duration
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Figure 2. Truncated (10s) time series of the right foot marker for an older adult subject during preferred rhythmic
stepping before (A) and after (B) metronome pacing. Ordinate represents absolute displacement values with increasing
values representing step out laterally. Stride period is identified (see also Figure 1) from the lift-off of the foot marker

from the step-out positions.
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Table. Means (and SD) for Step Characteristics During Preferred Rhythmic Stepping

Measured Pre- and Postmetronome Pacing

Characteristic Time Younger Adults Middle-aged Adults Older Adults
Stride Period
(s) Prepacing 2.12 240 2.56
(0.26) (0.60) (0.36)
Postpacing 1.88 2.02 1.92
(0.23) (0.47) (0.32)
Stance Time
(s) Prepacing 1.20 1.48 1.61
(0.21) (0.45) (0.23)
Postpacing 1.00 1.13 1.03
(0.21) (0.40) (0.26)
Swing Time
(s) Prepacing 0.91 0.92 0.96
(0.09) (0.18) (0.13)
Postpacing 0.87 0.89 0.89
(0.11) (0.14) (0.15)
Normalized Step Length Prepacing 0.12 0.11 0.11
(0.02) (0.02) (0.02)
Postpacing 0.12 0.13 0.11
(0.02) (0.02) (0.02)

remained relatively unchanged from the pre- to postpacing
trial. Therefore the reduction in preferred stride period after
pacing is largely attributable to the modulation of stance dura-
tion. Lastly, lateral step length was not significantly different
across groups nor was it affected by the metronome-pacing
condition.

Older adults in this study had the longest preferred stride
periods during the prepacing trial. Many studies have identified
age-related changes in movement speed.®'%131627 The specific
nature of voluntary stepping, be it a single, discrete event as
examined under reaction time conditions, or a rhythmical,
ongoing activity as seen here and with gait, does not change
the outcome that OA perform stepping more slowly than YA.
It also appears that OA are slower to step regardless of instruc-
tions related to speed of performance: they step in place and
walk slower than YA whether they are moving at their preferred
rhythm or when instructed to walk as fast as possible.?

Stance duration was disproportionately longer in OA in this
study. This parallels reports that weight transfer time during
reaction time stepping is disproportionately prolonged in OA
compared to YA."* Weight transfer time is the time when body
weight is transferred to a support limb prior to stepping limb
withdrawal. The greatest requirement for body weight transfer
during rhythmic unipedal stepping in the ML direction is when
the limb has stepped out and then must return medially. From
these ‘stance-out’ to ‘stance-in’ postures the body has traveled
laterally (thus loading the limb) and then must return medially
before limb liftoff can occur. Prolonged stance duration in OA
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may reflect a prolonged postural function; the loading and
unloading necessary for first corralling and then propelling the
body back towards the support limb. Therefore, the age-related
differences in stance duration seen here may reflect unique
challenges facing OA when dealing with body weight transfer.

It has recently been demonstrated that healthy OA women
without a history of falling have altered peak torque and rate
of torque development capability, in hip abductor and adduc-
tor musculature.”® These muscles and their torque-generating
capability when the foot is in contact with the ground, are
important for lateral stability in standing,* body weight trans-
fer during step initiation,>' as a line of defense for balance
recovery to ML perturbations,* and ML balance control during
walking.®* It is conceivable then that age-related changes in
the torque generating capacity of key postural muscles for
stepping may modify preferred stepping rhythms in OA. On
the other hand, prolonged stance duration may reflect a stra-
tegic adaptation by OA to minimize perturbations induced by
lateral body motion.>*

Comparable preferred stepping rhythms, as defined by
stride period, between YA, MA, and OA were observed after
metronome pacing. Stride periods were always smaller in the
postpacing trial but OA reduced their stride period dispropor-
tionately more than MA and YA. The modulation of preferred
unipedal stepping under the present conditions typically
occurred when the stepping foot was in contact with the sup-
port surface as evidenced by the reduction in stance duration.
In contrast, swing duration and step length were not different



between groups, nor did they change significantly as a function
of time. This is consistent with the general rule that increases in
stepping frequency (shorter stride periods) during locomotion
are due to modulation of stance duration >3’

Modification of postpacing voluntary, self-selected stepping
execution times in this study parallels some results in the lit-
erature. First, the initiation of a protective step by OA has been
shown to be as fast as YA even though voluntary steps tend to
be slower.7838 Second, reductions in voluntary step initiation
timing have been shown to occur with step training® appar-
ently independent of the nature of the training (ie, voluntary or
mechanically-induced).

The modulation of stance duration in this study was not due
to an intentional production of faster or more forceful steps
because the instruction was to step at a preferred rhythm (not
as fast as possible). This instruction did not change from begin-
ning to end. Rather, it is possible that the reduction in stance
duration is the result of practice and its effect on the man-
agement of the postural demands of the task. A short-term
performance effect could have resulted from having to step
at a range of pacing frequencies within the pacing condition.
These frequencies may be a challenge to balance, specifically
body weight transfer. Older adults’ stance duration may have
decreased disproportionately because they received a form
of stepping practice that modified the particular dynamics of
limb loading and unloading necessary for postural and balance
maintenance during stepping. For example, paced stepping
may have influenced neural (internal oscillatory processes,
sensory feedback), biomechanical (rate of force development,
global stiffness), and behavioral (attention, confidence) factors
that subsequently influenced preferred stepping rhythms.

There are several limitations to this study. First, the preferred
stepping scenario tested here does not definitively address
these issues. Preferred stepping does not put limits on move-
ment duration like stepping under the instruction ‘move as fast
as possible. Moreover, real world protective stepping is often
performed under time-critical situations. Second, the extent
to which reductions in preferred stride period is uniquely
a function of pacing and would be maintained over time
remains unclear.We do not know whether subjects would have
modified their preferred stepping rhythm without metronome
pacing from one trial to the next. It was not the intent of the
present study to evaluate a control group that would not have
experienced a pacing condition. Third, all OA participants were
independent, community-dwelling,and considered themselves
healthy. Whether similar results would be observed in OA
with a history of falling or with known balance deficits is not
known.

The results of this study may, however, offer suggestions for
further work and for the development of clinical interventions
to improve stepping performance in OA. For example, if differ-
ences in preferred voluntary stepping between groups can be
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minimized by a bout of metronome pacing, then the impact
of paced stepping on rapid voluntary and protective step ini-
tiation should be examined. Common neuromuscular mecha-
nisms subserve stepping, whether rhythmic and voluntary or
protective and reflexive in nature.® These mechanisms are
sensitive to experience, practice, and/or recent performance.®
Therefore, it is conceivable that paced rhythmic stepping prac-
tice may improve, at least temporarily, voluntary and protective
stepping function in OA. On the other hand, an OA’s natural
gait speed could be temporarily increased or at least the rela-
tionship between stance and swing times influenced with a
few trials of rapid, paced stepping. Whether or not this would
improve response time to perturbations in real world environ-
ments remains to be determined. Lastly, hip abductor muscles
play a role in limb loading/unloading, weight shifting, and lat-
eral stepping. Adults exhibit declines in muscle performance as
they age and decreased muscle strength is a risk factor for fall-
ing.*'*> We are presently examining the use of resistance during
paced stepping as a form of strengthening and as a graded
challenge to balance.
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