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Abstract

An inability to recover lateral balance with a single step is predictive of future falls in older adults.
This study investigated if balance stability at first step lift-off (FSLO) would be different between
multiple and single stepping responses to lateral perturbations. 54 healthy older adults received left
and right waist-pulls at 5 different intensities (levels 1-5). Crossover stepping responses at and
above intensity level 3 that induced both single and multiple steps were analyzed. Whole-body
center of mass (COM) and center of pressure (COP) positions in the medio-Ilateral direction with
respect to the base of support were calculated. An inverted pendulum model was used to define the
lateral stability boundary, which was also adjusted using the COP position at FSLO (functional
boundary). No significant differences were detected in the COP positions between the responses at
FSLO (p= 0.075), indicating no difference in the functional boundaries between the responses.
Significantly smaller stability margins were observed at first step landing for multiple steps at all
levels (p < 0.024), while stability margins were also significantly smaller at FSLO for level 3 and 4
(p<0.048). These findings indicate that although reduced stability at first foot contact would be
associated with taking additional steps, stepping responses could also be attributable to the COM
motion state as early as first step lift-off, preceding foot contact. Perturbation-based training
interventions aimed at improving the reactive control of stability would reduce initial balance
instability at first step lift-off and possibly the consequent need for multiple steps in response to
balance perturbations.
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1. Introduction

An impaired ability to control lateral balance is one of the important balance problems
relevant to falls (Maki and Mcllroy, 1996, 2006; O’Neill et al., 1994; Robinovitch et al.,
2013; Rogers and Mille, 2003). In response to lateral perturbations of standing balance,
older adults are much more likely than younger adults to take multiple balance recovery
steps with a crossover or medial step strategy, which increases the potential for inter-limb
collisions and subsequent falls (Bair et al., 2016; Maki et al., 2000; Mille et al., 2013, 2005).
Use of multiple recovery steps has been a consistent finding that distinguishes older adults
from younger adults and older fallers from non-fallers (Hilliard et al., 2008; Luchies et al.,
1994; Maki and Mcllroy, 2006; Mille et al., 2005; Patton et al., 2006). An inability to
recover lateral balance with a single step is predictive of future falls (Hilliard et al., 2008).
As protective responses with multiple steps have been shown to be a sensitive predictor of
fall risk, it is important to identify underlying factors that lead to multiple steps to recover
lateral balance.

When balance is disturbed by external means, the central nervous system (CNS) appears to
estimate the current and future states of motion of the whole-body center of mass (COM) in
relation to the base of support (BOS) on the basis of ongoing sensory information (Maki and
Mcilroy, 1999; Rogers and Mille, 2016), which may determine the number of steps used to
prevent falling. The CNS appears to monitor the evolving state of balance stability and
modify the triggered response in an online manner to safe-guard stability. Such an
estimation of dynamic stability may underlie the choices for recovery step strategies (i.e.,
type of step and single versus multiple steps).

Dynamic balance stability has been quantified based on the position-velocity relationship
between the COM and BOS (Carty et al., 2011; Hof et al., 2005; Pai and Patton, 1997; Pai et
al., 1998). The tendency for older adults to step more often than younger subjects has been
well predicted by a reduced margin of stability for forward or backward steps, where the
level of instability of the initial step, indicated by the reduced margin of stability at first foot
contact, has been reported to be strongly predictive of the recovery strategies employed
(Carty et al., 2011; Hsiao and Robinovitch, 2001; Maki and Mcilroy, 1999). These studies
indicate that instability at foot contact would be a determinant of the use of multiple

stepping.

Although reduced stability at foot contact has been linked with the use of additional steps,
stepping strategies for balance recovery may also be determined by factors preceding foot
contact. For example, older adults may preplan to take a series of small steps to gain a
greater opportunity to make corrective adjustments in the response (Luchies et al., 1994;
Maki et al., 2000). Since more adjustments can be made to correct for any ill-chosen
responses, multiple stepping by older adults may be a more conservative response to ensure
stability to disturbances that fully stress their balance capacity (Luchies et al., 1994). Thus,
even earlier than the first step ground contact, the CNS might estimate the evolving level of
instability and select to make different protective stepping responses. In doing so, stepping
strategies can be enacted in a pre-determined manner and the use of multiple steps may be
attributable to the level of stability as early as the instant of first step lift-off (FSLO).
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To further examine these issues, the objective of this study was to compare balance stability
at FSLO between single and multiple step recoveries in response to lateral perturbations of
standing balance in older adults. An inverted pendulum model was used to define the BOS
lateral stability boundary at FSLO, which was also adjusted using the COP position at FSLO
(functional boundary). It was hypothesized that reduced balance stability would be observed
for multiple step recovery responses at FSLO.

2. Methods
2.1. Subjects

A total of 54 healthy, community dwelling older adults [25 males/29 females; mean age:
73.6 + 6.7 years; mean height: 1.67 £ 0.10 m, mean body mass: 77.3 + 15.9 kg] participated
in this study. 6 male and 10 female participants had a history of falls during the year prior to
testing as indicated by self-report. The exclusion criteria were the same as those reported in
our previous studies (Bair et al., 2016; Fujimoto et al., 2015; Young et al., 2013; Yungher et
al., 2012). All participants provided written, informed consent prior to participation, and the
study was approved by the Institutional Review Board at the University of Maryland School
of Medicine and the Baltimore Veteran’s Administration Medical Center.

2.2. Data collection

Participants received a total of 60 randomly applied, position-controlled, motor-driven waist-
pull lateral perturbations at five different intensities (Levels 1-5) in the left and right
directions (L and R pulls). The system has been previously described (Pidcoe and Rogers,
1998) and used in prior studies (Bair et al., 2016; Fujimoto et al., 2015; Hilliard et al., 2008;
Mille et al., 2013, 2005; Young et al., 2013; Yungher et al., 2012). Six trials were conducted
for each of 5 different pull intensities to the left and to the right (2 directions x 5 intensities
x 6 repetitions). The order in which the trials were presented was randomized to prevent
anticipatory and sequence learning effects. Wearing a safety harness, participants stood in a
self-selected, comfortable standing position with each foot on a separate force platform
(Advanced Mechanical Technology Inc., Newton, MA, USA) and held a light cylindrical rod
with both hands in front of the body at the start of each trial. The foot locations were traced
to ensure consistent initial foot placement. They were instructed to “relax and react naturally
to prevent themselves from falling.”

Whole body motion was captured with a six-camera motion analysis system (Vicon 460,
Oxford, UK). 28 reflective markers were placed according to Eames et al. with additional
markers on the medial malleoli and 5th metatarsophalangeal (MP) joints (Eames et al.,
1999). Three-dimensional marker trajectories were collected at 120 Hz and smoothed using
a fourth-order Butterworth filter with a cut-off frequency of 8 Hz. Ground reaction forces
(GRFs) were collected by two force plates located under each foot at 600 Hz and filtered
with a 10 Hz cut-off frequency (Hernandez et al., 2012; Maki et al., 1994).

2.3. Data analysis

Since crossover stepping with the limb that was passively unloaded by the lateral
perturbation is a common maneuver used by older adults (Maki and Mcllroy, 2006; Mille et
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al., 2005), crossover stepping responses with single and multiple steps were compared. To
ensure that subjects responded with both single and multiple step recovery responses, the
balance tolerance limit (BTL), the minimum intensity level where multiple steps (mean
number of steps greater than 1) occurred, was determined (Yungher et al., 2012). Crossover
stepping responses to the perturbations above the average BTL, which induced both single
and multiple step responses, were analyzed.

The whole-body COM was calculated as the weighted sum of 13 body segments (Eames et
al., 1999). The COM and stance foot center of pressure (COP) positions in the medio-lateral
(ML) directions at FSLO were referenced to the medial malleolus and normalized to the
BOS width. The BOS width was the ML distance between the medial malleolus and the 5th
MP joint of the stance foot (Fig. 1). FSLO timing was determined as the instant when the
vertical GRF of the stepping foot was reduced to less than 10 N (Brauer et al., 2002). The
onset latency of the first step was calculated as the time interval between the perturbation
onset and FSLO.

A single-link-plus-foot inverted pendulum model for the stance foot was used to define the
lateral stability boundary (Fig. 1). Since previous studies have shown that the area
functionally used for COP movement is smaller than the actual BOS (Fujimoto et al., 2015,
2013; King et al., 1994), the lateral stability boundary was adjusted based on the COP
position at FSLO, considering it as a functional limit for COP movement to control the
COM (Fig. 1). Thus, the lateral stability boundaries were defined in two ways: one based on
the actual BOS width (BOS stability boundary), and the other adjusted according to the
functional limit (functional stability boundary). These boundaries were defined using the
following equation based on the work of Hof et al. (Hof et al., 2005):

~

BOS stability boundary:XFSLO + XFSLO =1

Functional stability boundary: XFSLO + XFSLO = COPFSLO/LW

where Xzg o, )N'(FSLO are normalized COM position and velocity at FSLO in the ML

direction, defined as Xzs; 0= (Xes.0— Xma) Lws )N'(FSLO = XFSLO/(LWwO) (where o, = g/l

L, BOS width, X5 position of the medial ankle marker, / pendulum length). COPgg| g is
the COP position at FSLO referenced to the medial ankle. The stability margins for both the
BOS and functional boundaries were defined as the shortest distance from the location of the
COM position-velocity combination to the respective lateral stability boundaries (Yang et
al., 2008).

Step length, COM-to-ankle distance (COM-ankle distance), COM velocity (COMv), and
stability margins at first step ground contact (FSGC) in the ML direction were also
calculated to assess first step characteristics. FSGC was identified from the vertical velocity
of the step side lateral ankle marker (Hilliard et al., 2008; Mille et al., 2013, 2005; Patton et
al., 2006; Yungher et al., 2012). The FSGC timing was determined as the instant when the
vertical velocity became less than 10 mm/s in the downward direction. Step length was
calculated as the ML displacement of the stepping ankle joint center between FSLO and
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FSGC. COM-ankle distance was the distance between the COM and ankle joint center at
FSGC. COMv was the COM velocity at FSGC. Step length was normalized to the subjects’
leg length, calculated as the distance between the greater trochanter and lateral malleolus
(Yungher et al., 2012). COM-ankle distance and COMv were also normalized by the leg
length. To assess the stability margins at FSGC, the ML distance between the left and right
ankle joint centers was considered as the BOS width and the mean distance from the COM
to the left and right ankle joint centers at FSGC was used as the pendulum length.

A paired £test was performed to examine differences between single and multiple stepping
responses for step characteristics at first step lift-off (first step onset latency, COP position,
COM position and velocity, and stability margins at FSLO), as well as the first step
characteristics (step length, COM-ankle distance, COM velocity, and stability margin at
FSGC). Since our previous study did not identify any differences in outcome measures
between the perturbation directions (Young et al., 2013), responses to the left and right
perturbations were combined at each perturbation level. Analyses were performed
independently for each perturbation level since the subjects who responded with both single
and multiple steps were different depending on the perturbation level. A one sample #test
was also performed to determine if the stability margins at FSLO were significantly different
from zero. Statistical analyses were performed using SPSS (Chicago, IL). Significance level
was set at a = 0.05.

3. Results

The average BTL was 2.93 and 2.98 for the L and R pulls, respectively, and thereby single
and multiple crossover stepping responses for perturbation magnitude levels 3, 4, and 5 were
analyzed (Table 1).

There were no significant differences in the step onset latency between the single and
multiple stepping responses (p = 0.513, Table 2). No significant differences were also
detected for the normalized COP position at FSLO between the single and multiple stepping
responses (p = 0.075, Table 2).

The COM at FSLO for multiple steps was located more lateral to that for single steps with
significant differences found at level 3 and 4 (p < 0.045, Fig. 2). Larger COM velocities at
FSLO were also observed for multiple steps with significance found at level 3 (p = 0.004).
Accordingly, stability margins at FSLO for both the BOS and functional boundaries were
smaller for multiple steps with significance found for level 3 and 4 (p < 0.048, Fig. 3). In
addition, the functional stability margins were not significantly different from zero for
multiple steps (0= 0.263) except for level 3 (p= 0.006), indicating that they closely reached
the functional stability limits, while the margins were significantly different from zero for
single steps (p< 0.034), except for level 5 (p= 0.894).

At FSGC, no significant differences were detected in the step length between the responses
(p=0.063, Fig. 4). The COM-ankle distance was significantly smaller for multiple steps (o
<0.041). The COMv was larger for multiple steps with significance found at levels 3 and 4
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(p<0.018). Furthermore, the stability margins at FSGC were significantly smaller for
multiple steps at all levels (p < 0.024, Fig. 4).

4. Discussion

The objective of this study was to compare balance stability at first step lift-off between
single and multiple step recoveries in response to lateral perturbations of standing balance in
older adults. Crossover stepping responses at and above intensity level 3 that induced both
single and multiple steps were analyzed. The main findings were that significantly smaller
stability margins were observed at first step landing for the multiple steps at all levels, while
stability margins were also significantly smaller at first step lift-off for level 3 and 4. These
findings indicate that the use of multiple steps could be attributable to the COM motion state
as early as the time of first step lift-off.

Our previous study found a reduced functional limit of stability for COP movement in older
fallers, who took multiple steps more often, compared with older non-fallers, which
indicated a functional deficit in stabilizing lateral balance related to a limitation in actively
controlling the COP (Fujimoto et al., 2015). In contrast, the COP positions at first step lift-
off were similar between the responses in the present study (Table 2), indicating no
differences in the functional stability boundaries. These results suggested that even when
different protective stepping responses were used, the area functionally used for COP
movement was utilized comparably within the same individuals. Thus, the use of a multiple
versus single stepping responses would not appear to entirely reflect differences in the
functional limit for COP movement.

Smaller stability margins at first step lift-off were observed for multiple steps with
significance found at level 3 and 4 (Fig. 3). Such reduced stability at first step lift-off has
been identified in the forward direction for older multiple steppers compared with older
single steppers (Carty et al., 2012). In that report, they compared single versus multiple
“steppers”, i.e., individuals with low and high risk of falls, considering that older fallers
more often use multiple steps than non-fallers (Hilliard et al., 2008; Maki and Mcllroy,
2006; Mille et al., 2005). However, it was unclear if such reduced stability was directly
associated with the use of multiple steps since they compared the different groups rather
than directly comparing single versus multiple stepping performances. Comparing the
responses within the same individuals in the present study allowed us to determine if the use
of different stepping responses reflected differences in balance stability. Our results
demonstrated that even within the same individuals, reduced stability was observed when
multiple steps were used.

Consistent with previous findings, reduced stability margins were observed at the first step
ground contact for multiple steps at all levels (Fig. 4), indicating that stability at landing may
be a determinant of taking multiple steps (Carty et al., 2012, 2011). We have further
demonstrated that such reduced stability could result from the initial state of instability
(level 3 and 4, Fig. 3). There were no significant differences in step length between the
responses, but smaller stability margins were observed at first step lift-off for the multiple
steps for level 3 and 4 pulls, which appears to result in smaller stability margins at landing.
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An estimation of the mechanical state conditions for stability as early as first step lift-off
based on a forward internal model, may have been used to determine the use of single or
multiple step recoveries (Rogers and Mille, 2016). It should also be noted that the COM
motion state for the multiple stepping responses was closer to the functional boundary, rather
than the BOS boundary. Except for the level 3 pulls, the stability margin for multiple steps
was not significantly different from zero for the functional boundary (Fig. 3), i.e.
approximating the functional stability limit at first step lift-off. The combined results imply
that an initial state of balance instability, reaching the functional stability limit, increased the
subsequent need for online correction with multiple steps even though a similar first step
length was used.

Among the limitations of this study, was the smaller number of subjects for level 5. This is
because the perturbation was strong enough to induce multiple steps in most of the trials. A
loss of significance at level 5 appears to have resulted from this smaller sample size.
However, the same trend found for the other pulling magnitudes was seen whereby stability
margins were smaller or more negative for the multiple steps. It should also be noted that
some of the participants had a history of falls, and may have responded differently than non-
fallers and influenced our results. However, when only the subjects without a history of falls
were analyzed, the main findings were unaffected whereby the stability margins were
smaller for the multiple steps at FLSO (Level 3: n =20, p<0.001; Level 4:n =21, p=
0.055; Level 5: n = 6, p=0.364). Another limitation was that the subjects analyzed were
different depending on the perturbation level, which prevented us from comparing the results
of the same individuals across different perturbation levels. However, at least for the subjects
who responded with both single and multiple steps for perturbation level 3 and 4 (n = 14), a
two-way repeated measures ANOVA, with level (level 3 and 4) and step type (single and
multiple steps) as factors, indicated significant main effects of step type on the BOS and
functional stability margins at FSLO (p < 0.009) and on the stability margins at landing (p <
0.001), consistent with our main findings.

In conclusion, no significant difference was detected in the COP positions at FSLO,
indicating no difference in functional boundaries between the single and multiple stepping
responses. Overall, the findings indicated that although reduced stability at first foot contact
could be a determinant of taking additional steps, stepping responses could also be
attributable to the COM motion state as early as first step lift-off, preceding foot contact.
Since perturbation training has been reported to improve the reactive control of balance
stability (Barrett et al., 2012; Dijkstra et al., 2015; Kurz et al., 2016; Mansfield et al., 2015;
Pai et al., 2014; Rosenblatt et al., 2013), which increased balance stability at the instant of
step lift-off (Lee et al., 2016; Liu et al., 2016), perturbation-based training interventions
aimed at improving the reactive control of stability would reduce initial balance instability at
first step lift-off and possibly the consequent need for multiple steps in response to balance
perturbations.
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Fig. 1.
(@) A single-link-plus-foot inverted pendulum model in the frontal plane. Xindicates the

COM position in the ML direction. m and /are the whole body mass and pendulum length
(distance from the ankle to the COM). L, and X, are the BOS width and medial ankle
marker position. The lateral stability boundaries were defined in two ways: one based on the
actual BOS width (BOS stability boundary), and the other adjusted according to the COP
position at FSLO (COPgg| o), considering it as a functional limit for COP movement
(functional stability boundary). (b) COM motion state with respect to the lateral stability
boundaries. Stability margins were calculated as the shortest distance from the location of
the COM position-velocity combination (O) to the respective lateral stability boundaries.
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Fig. 2.

Page 11

Normalized COM velocity vs. normalized COM position at FSLO in the ML direction for
single (@) and multiple (M) step responses at (a) perturbation level 3, (b) level 4, and (c)
level 5. Mean for each group (O and O) are also indicated. Error bars are SEM. The solid
line indicates the BOS stability boundary based on the actual BOS width. The two dashed
lines indicate the functional stability boundaries for single and multiple step responses.
Since the functional boundaries vary between subjects, the average for all subjects within the

group was shown here. (a) “p=0.013, Tp=0.004; (b) *p=
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Fig. 3.

Stgbility margins (unitless) at first step lift-off based on the BOS and functional stability
boundaries at (a) perturbation level 3, (b) level 4, and (c) level 5. Values and error bars are
mean and SEM. “Indicate a significant difference between single and multiple responses.
Tand ¥indicate that the stability margin is significantly different from zero. (a) “p=0.003, Tp
<0.001, *p=0.006; (b) “p=0.003, Tp< 0.001, ¥p=0.004; (c) Tp=0.034.
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Fig. 4.

First step characteristics: Step length, COM-to-ankle distance (COM-Ankle), COM velocity
(COMVv), and Stability margin at first step contact in the ML direction, normalized by leg
length at (a) perturbation level 3, (b) level 4, and (c) level 5. Values and error bars are mean

and SEM. (a) “p=0.017, *"p< 0.001, ™ p=0.002; (b) *p=0.001, " p=0.018, " p<
0.001; (c) "p=0.041, ™ p=0.024.
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Table 1

Number of subjects who responded with both single and multiple crossover steps at each perturbation level.

Perturbation level  # of subjects

Level 3 24 (9 men/15 women)
Level 4 24 (13 men/11 women)
Level 5 7 (3 men/4 women)
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Table 2

Page 15

Step onset latency and normalized COP position for single and multiple step responses (mean + SD) at each

perturbation level.

n Single

Multiple p

Step onset latency [ms]
Level 3 24 365+93
Level4 24 369 +94
Level5 7 325 %62
Normalized COP position
Level 3 24 0.61+0.09
Level4 24 0.63+0.07
Level5 7 0.62 + 0.06

369 + 97 0.513
367 +£102  0.817
330 + 65 0.599

0.60+0.08 0.371
0.61+0.07 0.075
0.62+0.06 0.607
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