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Background.

 

Balance dysfunction related to lateral instability has been associated with falls and fall-related injuries
among older individuals. Protective stepping for dynamic balance recovery requires the effective control of lateral body
motion. This study investigated the relationship between aging, falls, and lateral stability during forward-induced step-
ping for dynamic balance recovery.

 

Methods.

 

Forward steps were induced by a motor-driven waist-pull system in 12 younger adults, 20 healthy commu-
nity-dwelling older adult nonfallers, and 18 older adults who had reported falls. Group differences in kinetic and kine-
matic stepping characteristics for a range of postural disturbance magnitudes were evaluated.

 

Results.

 

Despite group similarities in anticipatory postural adjustments for minimizing lateral instability, the older
fallers demonstrated significantly greater sideways body motion toward the stepping side at first-step foot contact and a
more laterally directed foot placement. During the first step, forward-stepping characteristics were generally comparable
between the groups, but the older fallers had an earlier liftoff time and longer step duration.

 

Conclusions.

 

During forward-induced protective stepping, otherwise healthy older adults who had experienced falls
showed particular differences in their control of lateral body motion that were not attributable to changes in anticipatory
postural mechanisms. Aging changes in controlling lateral body motion during protective stepping appear to involve
factors that intervene between the first-step liftoff and foot contact and/or adaptations in stepping patterns related to
prior planning.

 

N increased susceptibility to falling is one of the major
problems associated with human aging. Functional

changes in posture, balance, and gait have been commonly
associated with an increased risk of falling among older
adults (1–5). From a balance control perspective, the effec-
tive performance of such functional activities is critically
dependent upon an individual’s ability to adequately regu-
late the relationship between the body center of mass
(COM) and the base of support (BOS).

A growing body of evidence (6–11) has emphasized that
strategies that involve active changes in the BOS relative to
the COM, such as stepping or grabbing, are commonly exe-
cuted protective behaviors for maintaining balance in the ev-
eryday environment. Stepping may be initiated volitionally
as protection against a fall or induced reactively whenever
the COM–BOS relationship is disrupted by external means.

A common functional requirement of stepping is the lat-
eral transfer of body weight support. During stationary bi-
pedal standing, the medio-lateral (M-L) COM position is gen-
erally centered above the BOS area between the feet (Figure
1A). Lifting one foot markedly reduces the BOS to the area
of the single supporting foot (Figure 1B). Without postural
corrections, the body would abruptly begin to fall toward the
unsupported side. For volitional leg movements (12–14), an-
ticipatory postural adjustments (APAs) propel the COM to-

ward the single support side prior to lifting the limb, thereby
minimizing the tendency for the body to fall laterally at lift-
off (Figures 1C and 1D). In contrast to volitional move-
ments, APAs are often absent or diminished in effectiveness
during externally induced protective stepping (8,15,16), and
this appears to compromise M-L stability (16).

An impaired ability to maintain lateral stability during
protective stepping may be particularly relevant to the prob-
lem of falling among older people. For example, measures
of M-L stability are well associated with future (17) and
past (18) falls. Moreover, epidemiological studies (19–21)
have indicated that falls most often involve lateral body mo-
tion, and hip fractures are most commonly associated with
lateral falls. To date, only a very limited number of studies
(15,22,23) have investigated the abilities of older adults to
control lateral body motion during dynamic balance recov-
ery through stepping.

The present study investigated whether the operational
characteristics of protective stepping for balance recovery
are altered in relation to age and history of falling. We
hypothesized that otherwise healthy community-dwelling
older persons in general, and elderly persons who had re-
cently experienced falls in particular, would demonstrate
differences in their stepping performance related to control-
ling lateral body motion when steps were induced by differ-
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ent magnitudes of forward waist-pull disturbances of stand-
ing balance.

 

M

 

ETHODS

 

Subjects

 

A total of 50 subjects participated in the study. Twelve
healthy adults (9 women, 3 men) aged 23 years to 43
years (mean 

 

�

 

 

 

SD

 

, 31 

 

�

 

 7 years) comprised the younger
adult group. Thirty-eight community-dwelling healthy older
adults (32 women, 6 men) at least 60 years of age were re-
cruited as volunteers through an Aging Research Registry
and Geriatric Evaluation Service. Prior to testing, all sub-
jects provided written informed consent to participate in the
study.

Elderly subjects were evaluated by a physician geriatri-
cian to screen for exclusion criteria that included neurologi-
cal, musculoskeletal, cardiovascular, pulmonary, cognitive,
functional capacity, and other systemic conditions as well as
medication use. On the basis of each individual’s self-reported
history during the 12 months prior to assessment, the older
subjects were classified into two separate groups (Table 1)
as either recent fallers (one or more falls, 

 

n

 

 

 

�

 

 18) or
nonfallers (

 

n

 

 

 

�

 

 20). A fall was defined as “an event which
results in a person coming to rest inadvertently on the
ground or other lower level regardless of whether an injury
was sustained, and not as a result of a major intrinsic event
or overwhelming hazard” (18 [p. 1078], 24 [p. 1702]). An
overwhelming hazard was defined as “a hazard that would

result in a fall by most young, healthy persons” (24) as deter-
mined by a consensus of at least three of the investigators.

 

Experimental Protocol and Data Collection

 

A schematic diagram of the experimental setup is shown
in Figure 2. Subjects stood on two separate force platforms
(Advanced Mechanical Technology, Newton, MA) using a
standardized foot position. An online visual display con-
trolled the initial postural weight-bearing conditions prior to
each trial. Stepping kinematics were recorded using a two-
camera video-based motion analysis system (Peak Perfor-
mance, Englewood, CO) that registered the motion of re-
flective markers placed over standard body landmarks (25).
Data were digitally sampled at 120 Hz for 5 seconds during
each trial.

Induced forward stepping was evoked by a motor-driven
waist-pull system (26). A flexible cable was attached at one
end to the puller and at the other end to a rigid connection
aligned with the umbilicus on a waist belt. Five different
magnitude combinations of pulling displacement, velocity,
and acceleration were applied: P1 

 

�

 

 4.5 cm, 9 cm/s, 180
cm/s/s; P2 

 

�

 

 9 cm, 18 cm/s, 360 cm/s/s; P3 

 

�

 

 13.5 cm, 27
cm/s, 540 cm/s/s; P4 

 

�

 

 18 cm, 36 cm/s, 720 cm/s/s; and P5 

 

�

 

22.5 cm, 45 cm/s, 900 cm/s/s. A safety harness prevented
injury but did not restrict movement. Subjects were in-
structed to “react naturally to prevent themselves from fall-

Figure 1. Conceptual scheme of the lateral postural control prob-
lem during the transition from standing to stepping. A. During sta-
tionary standing with the weight equally distributed between the legs,
the vertical projection of the body center of mass (COM, larger half-
filled circle) to the support surface approximates the location of the
center of pressure (COP) distributed beneath the feet (small open
circle) such that standing equilibrium is achieved. B. If one leg is
abruptly raised from the ground to take a step and no postural com-
pensation has occurred, then the COM and COP would be located at
a distance from one another and the body would fall laterally and
downward toward the unsupported side. C. Medio-lateral anticipa-
tory postural adjustments (M-L APAs) minimize potential instability
via an initial shift of the COP to the right step side that propels the
COM toward the left single support leg prior to leg liftoff. D. When
the leg is lifted following the M-L APA, the COM is located closer to
the new COP point of support, and a sideways fall is minimized.

 

Table 1. Subject Characteristics 

 

Parameter Young Adults (

 

n

 

 

 

�

 

 12) Nonfallers (

 

n

 

 

 

�

 

 20) Fallers (

 

n

 

 

 

�

 

 18)

Age, y 31 (7) 71 (5) 74 (8)
Height, m* 1.68 (0.06) 1.63 (0.10) 1.63 (0.06)
Mass, kg 60.1 (5.7) 63.5 (14) 65.4 (13.6)

 

Note

 

: Values are means with standard deviations in parentheses.
*Significant (

 

t

 

 test: 

 

p

 

 

 

�

 

 .05) difference between young adults and fallers.

Figure 2. Schematic diagram of the experimental setup showing a
subject standing on the force platforms facing motion capture cam-
eras and attached to a safety harness while awaiting a forward waist-
pull postural perturbation. Modified from reference 10.
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ing” in response to the pulls. Following one practice trial
each at P1, P3, and P5, blocks of three trials at each of the
five levels of pulling magnitude were randomly performed.

 

Data Analysis

 

Interactive graphical analysis programs were used to
compute the outcome measures for each trial. The onset of
the waist-pull displacement was specified as time zero for
determining onset-timing variables. The first-step liftoff
time was identified when the vertical force was reduced to
zero for that leg. M-L APAs included the presence of a bi-
laterally asymmetric step-limb loading/stance-limb unload-
ing force pattern with an initial shift in the M-L center of
pressure (COP) toward the step limb. Identified APAs were
characterized by three kinetic variables: onset timing, peak
amplitude, and duration. A statistically based algorithm (12)
automatically estimated the instant of onset for kinetic and
kinematic (see below) variables. The APA amplitude was
computed as the maximum step side M-L COP displace-
ment from baseline, and the duration was the elapsed time
to the peak amplitude.

The first step kinematics were derived from the linear
motion of the foot (second toe) marker. A nine-segment
model (feet, shanks, thighs, arms, and head-trunk) estimated
COM motion on the basis of known segment parameters
(25). The variables computed to characterize stepping in-
cluded antero-posterior (A-P) step distance, M-L foot place-
ment, step duration, COM displacement, and COM veloc-
ity. The first-step distances were measured from the starting
position through the maximum displacement at foot contact
(see Figure 3). Step duration was the time to complete the
first step. A-P and M-L COM displacements with respect to
baseline were computed for the instants of the first foot lift-
off and foot contact. Differentiation of the position data was
applied to determine the COM velocity.

 

Statistical Analysis

 

The group mean differences in the dependent variables
were assessed using an ANOVA for repeated measures on
the within-subjects factor magnitude of waist pull. In cases
of significance, paired contrast analyses were applied. Due
to between-group differences in height (see Table 1), dis-
tance measurements were expressed as a proportion of indi-
vidual subject height. Pearson correlations for all trials with
steps determined the associations between aspects of step-
ping performance (i.e., step duration, M-L foot placement)
and M-L COM characteristics. A significance level of 

 

p

 

 

 

�

 

.05 was used for all comparisons.

 

R

 

ESULTS

 

Across the groups, the occurrence of stepping and the
number of steps per trial in each magnitude condition in-
creased between the smallest (P1) and the largest (P5) pulls.
For the analyses that follow, the stepping characteristics
were evaluated for pull levels P3 through P5 where all sub-
jects stepped in all trials. Technical problems resulted in a
total of nine missing trials involving three older subjects.
Because the repeated measures ANOVA requires that all
dependent measures be present in all subjects for inclusion,
the absence of responses was treated as missing data. For all

ANOVA comparisons, no significant (

 

p

 

 

 

�

 

 .05) interaction
between group and pull level was observed.

Prior to stepping, M-L APAs occurred in 66% of all trials
with steps for the younger group, 64% for the nonfallers,
and 59% for the fallers. For the P3 through P5 trials with
APAs, the onset time (young 

 

�

 

 210 

 

�

 

 20 ms [mean 

 

�

 

SEM

 

]; nonfallers 

 

�

 

 240 

 

�

 

 10 ms; and fallers 

 

�

 

 210 

 

�

 

 10
ms), and duration (young 

 

�

 

 140 

 

�

 

 10 ms; nonfallers 

 

�

 

 130 

 

�

 

10 ms; and fallers 

 

�

 

 120 

 

�

 

 10 ms) of responses were simi-
lar (

 

t

 

 test: 

 

p

 

 

 

�

 

 .05) among the groups. There was a tendency
for the older subjects to produce larger peak amplitudes of
APAs (nonfallers 

 

�

 

 3.7 

 

�

 

 0.4 cm; fallers 

 

�

 

 3.8 

 

�

 

 0.4 cm)
than the younger subjects (2.7 

 

�

 

 0.4 cm), but this trend was
not statistically significant (

 

t

 

 test: 

 

p

 

 

 

�

 

 .05).
The first-step liftoff time differed among the groups

(main effect: 

 

p

 

 

 

�

 

 .05) with the fallers responding sooner
than the nonfallers (post hoc: 

 

p

 

 

 

�

 

 .01) and the young adults
(post hoc: 

 

p

 

 

 

�

 

 .05). For pulling magnitudes P3 through P5,
the onset of stepping became progressively earlier (main ef-
fect pull condition: 

 

p

 

 

 

�

 

 .001) with increasing pulling mag-
nitude (Table 2).

As summarized in Table 2, there were no significant dif-
ferences (main effect: 

 

p

 

 

 

�

 

 .05) among the groups in the for-
ward COM displacement and velocity and step length at
foot contact. As the pulling magnitude became larger, the

Figure 3. Representative example of an induced stepping trial dur-
ing a forward waist pull in a younger subject. The dotted vertical line
marks the instant of the pull onset. The vertical force beneath the
first step limb records the instant of foot liftoff (LO) marked by the
first broken vertical line. Kinematic records show the antero-poste-
rior (A-P) and medio-lateral (M-L) displacement of the first step foot
and the center of mass (COM). The second broken vertical line
marks the time of the first-step foot contact (FC) as determined by
the A-P step position–time history. Negative step and COM values
indicate motion forward and toward the step side. Other abbrevia-
tions are as in Figure 1.
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step length concomitantly increased (main effect pull condi-
tion: 

 

p

 

 

 

�

 

 .001) with increases in forward COM displace-
ment (main effect pull condition: 

 

p

 

 

 

�

 

 .001) and velocity
(main effect pull condition: 

 

p

 

 

 

�

 

 .001). A main effect for
group (

 

p

 

 

 

�

 

 .05) indicated that the fallers had a greater over-
all step duration than the younger adults (post hoc: 

 

p

 

 

 

�

 

 .01).
Collapsing across the groups, the step duration was un-
changed (main effect: 

 

p

 

 

 

�

 

 .05) in relation to the magnitude
of waist pull.

At first step liftoff, the M-L COM displacement and ve-
locity were similar (main effect: 

 

p

 

 

 

�

 

 .05) among the groups
(Figures 4A and 4C). As the magnitude of the waist pull in-
creased, the COM was displaced further toward the first-
step side (main effect: 

 

p

 

 

 

�

 

 .001; all post-hoc comparisons 

 

p

 

 

 

�

 

.05). In contrast, at foot contact (Figures 4B and 4D), the
groups differed significantly for M-L COM displacement
(main effect: 

 

p

 

 

 

�

 

 .02), velocity (main effect: 

 

p

 

 

 

�

 

 .001), and
M-L foot placement (main effect: 

 

p

 

 

 

�

 

 .001) (Figure 5). The
fallers displayed greater COM displacement (post-hoc: vs
young adults, 

 

p

 

 

 

�

 

 .01; vs nonfallers, 

 

p

 

 

 

�

 

 .02), and velocity
(post-hoc: vs young adults and vs nonfallers, 

 

p

 

 

 

�

 

 .01), and a
more laterally directed foot placement (post-hoc: vs young
adults and vs nonfallers, 

 

p

 

 � .001) (Figure 5). Across the
groups, neither M-L foot placement nor M-L COM motion
varied in relation to the magnitude of the waist pull (main
effect: p � .05).

For each group, there were similarly significant (p � .05)
associations between M-L foot placement and COM dis-
placement (young adults: r � .57, r2 � .33; nonfallers: r �
.84, r2 � .70; fallers: r � .76, r2 � .57) and velocity (young
adults: r � .61, r2 � .37; nonfallers: r � .68, r2 � .47; fall-
ers: r �.69, r2 � .48). Trials in which the M-L COM was

displaced closer to the stance-limb side with smaller veloci-
ties toward the step-limb side were associated with a more
medially directed foot placement toward the mid-sagittal
line. Lower but significant (p � .05) associations were also
found between first-step duration and the M-L COM dis-
placement (young adults: r � .20, r2 � .04; nonfallers: r �
.13, r2 � .02, p � .10; fallers: r � .32, r2 � .10) and veloc-
ity (young adults: r � .27, r2 � .07; nonfallers: r � .17, r2 �
.03; fallers: r � .33, r2 � .11) at foot contact. As stepping
duration increased, the M-L COM motion toward the step
limb side tended to increase.

DISCUSSION

This study demonstrated that, compared with younger
adults and healthy older adult nonfallers, older individuals
who reported a recent history of falling had increased lateral
body motion at first-step foot contact that was associated
with a more lateral foot placement. These differences were not
attributable to alterations in anticipatory postural mecha-
nisms for preserving lateral stability but appeared to involve
factors related to the ongoing control of M-L body motion
between first-step liftoff and foot contact and/or differences
in stepping strategies possibly reflecting prior planning.
Despite generally similar forward-stepping characteristics
among the groups, the fallers had a greater first-step duration
time compared with the young adults, and this was associ-
ated with the extent of lateral COM motion at foot contact.

Our findings indicate that the previously reported (15,16)
diminution in M-L APA characteristics during compensa-
tory protective stepping compared with volitional stepping
is equivalent among younger and older individuals, includ-
ing elderly fallers. This similarity led to comparable M-L
COM motion at the time of foot liftoff. Therefore, it is un-
likely that aging differences in controlling lateral stability
during stepping are attributable to differences in anticipa-
tory postural mechanisms related to weight transfer.

Interestingly, the liftoff time was earliest for the fallers.
This result might have been related to preplanning to step if
older subjects had perceived stepping as a more secure bal-
ance strategy. The known direction of the postural challenge
could have facilitated the adoption of a default stepping so-
lution and earlier initiation times. Another possibility may
be that the earlier step taken by the fallers reflected greater
instability associated with the forward fall. The generally
comparable reaction times for induced stepping between
young adults and old adults (27) is in contrast to the age-
associated delays in volitional stepping tasks (27,28) and
might reflect fundamental differences in the effects of hu-
man aging on volitional versus “reflex-like” step initiation.
This difference underscores the need to assess both forms of
stepping performance with respect to balance function and
falls (27).

All subjects similarly adapted their forward step length to
match their comparable forward body motion during the ini-
tial step. In contrast, however, the fallers had a longer first-
step duration than the younger group. The greater step dura-
tion resembled a past observation of limitations in the maxi-
mum stepping speeds at which older adults could recover
balance (9) and could increase the risk of falling in such
time-critical situations. Moreover, because step duration

Table 2. First-Step Characteristics for Different Magnitudes of 
Waist Pull

 Pull Magnitude

P3 P4 P5

Liftoff Time, s*†

 Young adult 0.560 (0.04) 0.460 (0.03) 0.410 (0.03)
 Nonfaller 0.510 (0.03) 0.440 (0.02) 0.390 (0.01)
 Faller 0.420 (0.01) 0.360 (0.01) 0.340 (0.01)

A-P Step (distance [m]/height [m])†

 Young adult 0.230 (0.02) 0.285 (0.01) 0.330 (0.02)
 Nonfaller 0.272 (0.02) 0.300 (0.01) 0.324 (0.02)
 Faller 0.287 (0.02) 0.300 (0.01) 0.324 (0.02)

Step Duration, s*
 Young adult 0.310 (0.01) 0.330 (0.01) 0.330 (0.01)
 Nonfaller 0.350 (0.01) 0.340 (0.01) 0.330 (0.01)
 Faller 0.370 (0.01) 0.360 (0.01) 0.350 (0.01)

A-P COM (distance [m]/height [m])†

 Young adult 0.142 (0.01) 0.172 (0.01) 0.209 (0.01)
 Nonfaller 0.157 (0.01) 0.181 (0.01) 0.203 (0.01)
 Faller 0.151 (0.01) 0.169 (0.01) 0.198 (0.01)

A-P COM (velocity [m/s]/height [m])†

 Young adult 0.327 (0.02) 0.436 (0.01) 0.549 (0.02)
 Nonfaller 0.384 (0.02) 0.486 (0.02) 0.578 (0.02)
 Faller 0.400 (0.02) 0.495 (0.02) 0.599 (0.02)

Notes: A-P � anterio-posterior; COM � center of mass. Values are means
with standard errors in parentheses.

*Significant difference between groups.
†Significant main effect for pull magnitude condition.
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time was associated with M-L body motion, the longer time
spent in single-limb support for the fallers also allowed a
greater period of time for subjects to fall sideways.

By foot contact, the fallers had fallen farther sideways
with greater velocity and lateral foot placement. The associ-
ations between M-L COM motion and foot placement sug-
gested that stepping was adapted to match the lateral move-
ment of the COM. Possibly, the fallers included a wider step
to compensate for the instability that developed between
liftoff and foot contact. In contrast, the nonfallers and
younger subjects stepped toward the mid-sagittal line of for-
ward progression in a manner similar to that of ongoing lo-
comotion (29). Because the direction of destabilization was
known in advance, the fallers might have preplanned a lat-
eral foot placement to compensate for M-L instability and/
or anxiety about falling. It is also possible that the lateral
foot placement could have induced the M-L body motion
observed. A past study (22) of older nonfallers did not ob-
serve aging differences in first step M-L foot placement for
directionally uncertain A-P platform translations. However,

active and healthy older adults may have difficulties in con-
trolling lateral stepping reactions (23). Alternatively, aging
changes in ongoing postural stabilization of the single sup-
port limb (30) and/or deficits in vestibular-mediated re-
sponses for M-L head/body control (31) might have contrib-
uted to our observations.

It is acknowledged that, because falling was recorded ret-
rospectively, the true occurrence of falls might have been
underestimated due to limited recall accuracy. Furthermore,
the differences in M-L stepping behavior in the fallers may
have been influenced by their history of falling. However,
rather strong associations have been found between past
falls and future falls (1,2,24), so that the differences in con-
trolling M-L body motion found here are likely to have im-
plications for subsequent falls. Finally, the present findings
are consistent with information from a prospective study of
100 community-dwelling older persons (17) in which mea-
sures of M-L stability were the best predictors of falls.

In summary, during dynamic balance recovery through
forward-induced stepping, otherwise healthy older individu-

Figure 4. Group mean values � 1 SEM for medio-lateral center of mass (M-L COM) displacement, A and B, and velocity, C and D, at the in-
stants of first-step liftoff and foot contact during forward-induced stepping at small (P3), medium (P4), and large (P5) waist-pulls. Negative val-
ues are in the direction of the stepping side. *Indicates a significant difference (p � .02) between fallers versus nonfallers and young adults. †In-
dicates a significant difference (p � .01) between pulling magnitude conditions. � P3; � P4;  P5.
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als who reported a recent history of falling moved more lat-
erally more quickly at the completion of the first step than
younger and older adult nonfallers. This difference in lateral
stepping behavior was not attributable to changes in antici-
patory postural mechanisms but appeared to involve fac-
tors associated with the subsequent compensatory stepping
movement and/or differences in response strategies related
to prior planning. The results highlight the association be-
tween falling in older people and particular changes in con-
trolling lateral body motion during dynamic balance recov-
ery through stepping. Our ongoing studies are seeking to
further identify the impairments contributing to lateral bal-
ance dysfunction to specify rehabilitation interventions for
minimizing the incidence of falls among older individuals.

Acknowledgments

This work was supported by National Institutes of Health Grants K01
AG00581 and R01 AG16780 to MWR.

We thank J.D. Brooke, M.J. Poval, and M. Simoneau for comments on
an earlier draft of the article. The technical assistance of F. Gao, Y. Zhang,
and S. Redman is gratefully acknowledged.

Portions of this work were presented at the Third North American Congress
on Biomechanics, Waterloo, Ontario, Canada, 1998, and the International Soci-
ety of Biomechanics XVIIth Congress, Calgary, Alberta, Canada, 1999.

Address correspondence to Mark W. Rogers, PhD, PT, Department of
Physical Therapy and Human Movement Sciences, Northwestern Univer-
sity Medical School, 645 North Michigan Avenue, Suite 1100, Chicago, IL
60611. E-mail: m-rogers@northwestern.edu

References

1. Nevitt MC, Cummings SR, Kidd S, Black D. Risk factors for recurrent
non-syncopal falls. JAMA. 1989;261:2663–2668.

2. Campbell AJ, Borrie MJ, Spears GF. Risk factors for falls in a com-
munity-based prospective study of people 70 years and older. J
Gerontol Med Sci. 1989;44:M112–M117.

3. Alexander NB. Postural control in older adults. J Am Geriatr Soc.
1994;42:93–108.

4. King MB, Tinetti ME. Falls in community-dwelling older persons. J
Am Geriatr Soc. 1995;43:1146–1154.

5. Lord SR, Lloyd DG, Li SK. Sensorimotor function, gait patterns and
falls in community-dwelling women. Age Ageing. 1996;25:292–299.

6. Luchies CW, Alexander NB, Schultz AB, Ashton-Miller J. Stepping
responses of young and old adults to postural disturbances: kinemat-
ics. J Am Geriatr Soc. 1994;42:506–512.

7. Rogers MW, Hain TC, Hanke TA, Janssen I. Stimulus parameters and
inertial load: effects on the incidence of protective stepping responses.
Arch Phys Med Rehabil. 1996;77:363–368.

8. Maki BE, McIlroy WE. The role of limb movements in maintaining
upright stance: the “change-in-support” strategy. Phys Ther. 1997;77:
488–507.

9. Thelen DG, Wojcik LA, Schultz AB, Ashton-Miller JA, Alexander
NB. Age differences in using a rapid step to regain balance during a
forward fall. J Gerontol Med Sci. 1997;52A:M8–M13.

10. Pai Y-C, Rogers MW, Patton J, Cain TD, Hanke TA. Static versus dy-
namic predictions of protective stepping following waist-pull perturbations
in young and older adults. J Biomech. 1998;31:1111–1118.

11. Hsiao ET, Robinovitch SN. Biomechanical influences on balance re-
covery by stepping. J Biomech. 1999;32:1099–1106.

12. Rogers MW, Pai YC. Dynamic transitions in stance support accompany-
ing leg flexion movements in man. Exp Brain Res. 1990;81:398–401.

13. Mouchnino L, Aurenty R, Massion J, Pedotti A. Coordination between
equilibrium and head-trunk orientation during leg movement: a new
strategy built up by training. J Neurophysiol. 1992;67:1587–1598.

14. Lyon IN, Day BL. Control of frontal plane body motion in human
stepping. Exp Brain Res. 1997;115:345–356.

15. Rogers MW. Disorders of posture, balance, and gait in Parkinson’s
disease. In: Studenski S, ed. Geriatric Medicine Clinics: Gait and Bal-
ance Disorders. Philadelphia, PA: WB Saunders; 1996;4:825–845.

16. McIlroy WE, Maki BE. The control of lateral stability during rapid
stepping reactions evoked by antero-posterior perturbation: does antic-
ipatory control play a role? Gait Posture. 1999;9:190–198.

17. Maki BE, Holliday PJ, Topper AK. A prospective study of postural
balance and risk of falling in an ambulatory and independent elderly
population. J Gerontol Med Sci. 1994;49:M72–M84.

18. Lord SR, Rogers MW, Howland A, Fitzpatrick R. Lateral stability,
sensorimotor function and falls in older people. J Am Geriatr Soc.
1999;47:1077–1081.

19. Nevitt M, Cummings SR. Type of fall and risk of hip and wrist frac-
tures: the study of osteoporotic fractures. J Am Geriatr Soc. 1993;41:
1226–1234.

20. Hayes WC, Myers ER, Morris JN, Gerhart TN, Yett HS, Lipsitz LA.
Impact near the hip dominates fracture risk in elderly nursing home
residents who fall. Calcif Tissue Int. 1993;52:192–198.

21. Cumming RG, Klineberg RJ. Fall frequency and characteristics and
the risk of hip fractures. J Am Geriatr Soc. 1994;42:774–778.

22. McIlroy WE, Maki BE. Age-related changes in compensatory step-
ping in response to unpredictable perturbations. J Gerontol Med Sci.
1996;51A:M289–M296.

23. Maki BE, Edmondstone MA, McIlroy WE. Age-related differences in
laterally directed compensatory stepping. J Gerontol Med Sci. 2000;
55A:M270–M277.

24. Tinetti ME, Speechly M, Ginter SF. Risk factors for falls among elderly
persons living in the community. N Engl J Med. 1988;319:1701–1707.

25. Winter DA. Biomechanics and Motor Control of Human Gait. Water-
loo, Ontario: University of Ontario Press; 1987.

26. Pidcoe PE, Rogers MW. A closed-loop stepper motor waist-pull system
for inducing protective stepping in humans. J Biomech. 1998;31:377–381.

27. Luchies CW, Wallace D, Pazdur R, Young S, DeYoung AJ. Effects of
age on balance assessment using voluntary and involuntary step tasks.
J Gerontol Med Sci. 1999;54A:M140–M144.

28. Rogers MW, Kukulka CG, Brunt D, Cain TD, Hanke TA. Influence of
stimulus cue on the initiation of stepping in young and older adults.
Arch Phys Med Rehabil. 2001;82:619–624.

29. Winter DA. A.B.C. of Balance during Standing and Walking. Water-
loo, Ontario: Graphic Services, University of Waterloo; 1995.

30. MacKinnon CD, Winter DA. Control of whole body balance in the
frontal plane during human walking. J Biomech. 1993;26:633–644.

31. Day BL, Severac Cauquil A, Bartolomei L, Pastor MA, Lyon IN. Hu-
man body-segment tilts induced by galvanic stimulation: a vestibularly
driven balance protection mechanism. J Physiol. 1997;500:661–672.

Received August 15, 2000
Accepted September 28, 2000
Decision Editor: John E. Morley, MB, BCh

Figure 5. Group mean values � 1 SEM for medio-lateral (M-L)
foot placement at the instant of the first-step foot contact during for-
ward-induced stepping at small (P3), medium (P4), and large (P5)
waist pulls. Positive values indicate motion toward the mid-sagittal
line of the body. *Indicates a significant difference (p � .001) be-
tween fallers versus nonfallers and young adults. � P3; � P4;  P5. 

 at R
M

IT
 U

niversity L
ibrary on June 16, 2014

http://biom
edgerontology.oxfordjournals.org/

D
ow

nloaded from
 

http://biomedgerontology.oxfordjournals.org/

