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Given that falls most commonly occur during walking due to unexpected balance
perturbations like trips and slips, walking-based balance assessment including walking
stability and adaptability to such perturbations could be beneficial for fall risk assessment
in older adults. This cross-sectional study reanalyzed data from two larger studies
conducted with the same walking protocol. Participants completed unperturbed walking
trials at speeds of 0.4 m/s up to 1.8 m/s in 0.2 m/s steps. Ten unannounced treadmill
belt acceleration perturbations were then applied while participants walked at equivalent
stability, assessed using the margins of stability. Retrospective (12 months) falls incidence
was collected to divide participants into people with and without a history of falls. Twenty
older adults (mean age 70.2 ± 2.9 years) were included in this analysis; eight people
with one or more recent falls and 12 people without, closely matched by sex, age and
height. No significant differences were found in unperturbed walking parameters or their
variability. Overall perturbation-recovery step behavior differed slightly (not statistically
significant) between the groups after the first perturbation and differences became
more pronounced and significant after repetition of perturbations. The No-Falls group
significantly reduced the number of recovery steps needed across the trials, whereas the
Falls group did not show these improvements. People with a previous fall tended to have
slightly delayed and more variable recovery responses after perturbation compared to
non-fallers. Non-fallers demonstrate more signs of adaptability to repeated perturbations.
Adaptability may give a broader indication of the ability of the locomotor system to
respond and improve responses to sudden walking perturbations than unperturbed
walking variability or recovery to a single novel perturbation. Adaptability may thus
be a more useful marker of falls history in older adults and should be considered in
further research.
Keywords: accidental falls, risk assessment, perturbation, aging, adaptation, stability recovery, falls prevention
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METHODS

BACKGROUND

Setting and Subjects

Falls are a principal cause of injury, leading to disability
and hospitalization in older adults (Berry and Miller,
2008). Therefore, adequate identification and treatment of
older fallers are critical. Approximately 60% of outdoor
falls in older adults occur when unexpected balance
perturbations during walking (e.g., slips or trips) cause
a sudden change in the relationship between the center
of mass (CoM) and base of support (BoS) of the body
(Berg et al., 1997). Thus, balance assessment during
walking, focusing on walking stability and adaptability
may be beneficial for fall risk assessment in older adults
(Woollacott and Tang, 1997; Pai et al., 2010a; McCrum, 2020a).
In response to balance perturbations such as slips and
trips, older adults show less effective initial recovery responses
than younger adults (Pijnappels et al., 2005; Karamanidis and
Arampatzis, 2007; Pai et al., 2010b). Still, the literature reports
that older adults seem fully capable of improving their responses
when exposed to repeated perturbations (Pai et al., 2014; Bohm
et al., 2015; McCrum et al., 2017). As a result, walking stability
in response to single and repeated perturbations may capture
different underlying mechanisms. However, how adaptability
to repeated perturbations relates to real life falls has not
been the topic of many studies. Pai et al. (2010a) associated
adaptability to repeated slip perturbations during a sit-to-stand
task with a lower likelihood of future falls in daily life in older
adults. Adaptability was indicated by less balance loss and falls
during the task and improved recovery performance during
the final slip. This association has not yet been thoroughly
investigated for mechanical perturbations during walking, which
are more task-specific to the most common causes of falls in
older adults.
In this study, we aim to address the extent to which stability
following a single perturbation and adaptability following
repeated perturbations relate to falls history in older adults.
Stability of the body configuration during walking will be
measured using the margin of stability (MoS) (Hof et al., 2005).
Due to previous indications of differences between older adults
with and without a history of falls (Hausdorff et al., 2001; Mortaza
et al., 2014) we also analyze step variability during unperturbed
walking, to examine how these potential differences relate to
those seen in the perturbation tasks. These analyses may give
indications of the usefulness of such tasks and properties for
falls risk assessments and falls prevention. We hypothesize that
there will be not only higher step variability during walking,
but also a reduced ability to cope with and adapt to unexpected
balance perturbations during walking in older adults who fell
in the past 12 months compared to older adults who did
not fall.

This cross-sectional study reanalyzed data from two larger
studies that included the same walking protocol (McCrum et al.,
2020; Grevendonk et al. submitted). Older adults were recruited
from the city of Maastricht, the Netherlands, and the surrounding
area. Inclusion criteria were; community-dwelling, 65–80 years
old, no known musculoskeletal or neurological deficits and
no history of dizziness, balance or walking complaints. All
subjects provided written informed consent. Both studies were
approved by the medical ethics committee (METC) at Maastricht
University Medical Centre (MUMC+) (NL58205.068.16 &
NL59895.069.17) and were conducted in accordance with the
declaration of Helsinki. Prior to the walking measurements,
participants were given a short falls history questionnaire based
on the recommendations of Lamb et al. (2005) and Lord et al.
(2011), that led with the question: “In the past year, have you
had any fall including a slip or trip in which you lost your
balance and landed on the floor or ground or lower level?” This
was followed by other questions about the number, location
and cause of the fall(s) and about any injuries sustained. The
questionnaire is available from https://osf.io/hmjef/ (McCrum,
2020b). Participants were divided into two groups based on their
answers to this questionnaire. The Falls group including those
participants who reported one or more falls in the past year, and
the No-Falls group including those who did not fall.
For the current secondary analysis, a sample size calculation
was conducted to determine the required sample size for
α = 0.05, β = 0.8 and estimated effect size of f = 0.5 for the
group effect (falls history vs. no falls history) on MoS in a twoway ANOVA, with step as the other (repeated measures) factor
(Baseline, pre-perturbation and the first eight recovery steps).
This effect size for the MoS across the steps corresponds to a
Cohen’s d of 1 and to an approximately three-step difference in
recovery to baseline MoS based on previous analyses (McCrum
et al., 2020), which we interpret to be clinically meaningful. This
revealed a required total sample of 20 participants. All available
fallers from the existing datasets were included in the reanalysis,
and a group of non-fallers was formed from participants who
most closely matched the fallers in sex, age, and height.

Setup
Measurements were conducted with the Computer Assisted
Rehabilitation Environment Extended (CAREN; Motekforce
Link, Amsterdam). This comprises of a dual-belt force plateinstrumented treadmill (1,000 Hz), a 12 camera Vicon Nexus
motion capture system (100 Hz; Vicon Motion Systems, Oxford,
UK) and a 180◦ virtual environment providing optic flow.
A safety harness connected to an overhead frame was worn
by the participants. Six retroflective markers were attached to
anatomical landmarks (C7, sacrum, left and right trochanter and
left and right hallux) to calculate MoS.

Abbreviations: CoM, Center of Mass; BoS, Base of Support; METC, Medical
Ethics Committee; MUMC+, Maastricht University Medical Center; Base,
Baseline of the eleventh to second last step before each perturbation; Pre, The
final step before each perturbation; Post1–8, The recovery steps following each
perturbation (1–8).
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FIGURE 1 | Gait perturbation protocol [image previously shown in McCrum et al. (2019b)]. The right leg (R) was perturbed by the treadmill belt acceleration first
(Pert1R ), followed by eight perturbations (Pert2L – Pert9L ) to the left leg (L), and the final perturbation (Pert10R ) was again applied to the right leg (R). In all, 30–90 s of
unperturbed walking occurred between each perturbation. The perturbation was designed to cause a forward rotation and acceleration of the upper body, relative to
the lower body, leading to a forward loss of dynamic stability.

boundary of the base of support (BoS) and the extrapolated
center of mass, adapted for our validated reduced kinematic
model (Hof et al., 2005; Süptitz et al., 2013). The MoS was
calculated for the following steps: baseline for each perturbation
was the mean MoS of the eleventh to second last step
before each perturbation (Base); the final step before each
perturbation (Pre); and the first eight recovery steps following
each perturbation (Post1-8). The number of steps to return
to baseline stability following the perturbation was determined
by calculating the number of steps that were within 0.05 m
of the MoS value of Base for each individual, counting back
from the eighth recovery step, using custom written R code
(R version 3.6.0; R Core Team, 2019). Additionally, the means
and coefficients of variation of step length, width and time,
as well as double support time, were calculated using the
foot marker data for 0.4, 0.8, 1.2, and 1.6 m/s unperturbed
walking trials.

0.2 m/s steps. To ensure equivalent stability across participants
and groups during the perturbation trials, the stabilitynormalized walking speed was then calculated using the mean
anteroposterior MoS of the final 10 steps of each walking
trial [(0.4–1.8 m/s) (McCrum et al., 2019b)]. The method and
effectiveness of this approach are described in detail elsewhere
(McCrum et al., 2019b). For each participant, the walking
speed that would result in MoS of 0.05 m was calculated. The
walking perturbation protocol then began with participants
walking at the stability-normalized speed for 3-4 min, followed
by 10 unilateral treadmill belt acceleration perturbations, which
occurred unannounced every 30–90 s. The perturbation was
a 3 m/s2 acceleration of the treadmill belt to a maximum
speed equal to 180% of the stability-normalized walking speed.
The acceleration began when the hallux marker of the to-beperturbed limb passed the hallux marker of the opposite foot in
the sagittal plane. The belt decelerated at toe-off of the perturbed
limb. Participants were naïve to the specifics of the perturbation
protocol (i.e., limb, type, number, timing, magnitude). The
first and tenth accelerations perturbed the right leg, while the
second to ninth accelerations perturbed the left leg. This way,
not only balance recovery after a novel perturbation, but also
adaptation to repeated perturbations can be studied within
the same protocol. A schematic overview of the perturbation
protocol is shown in Figure 1. Further technical details of the
perturbations can be found elsewhere (McCrum et al., 2018).

Analysis
The effects of falls history on MoS recovery after the first
perturbation to each leg (Pert1R and Pert2L ; representing the
un-adapted response) and the final perturbation to the left leg
(Pert9L ; representing the adapted response), were analyzed using
repeated-measures two-way ANOVA with group (Falls/NoFalls) and step (repeated measures: Base, Pre, Post1-8) as
factors for each of the perturbations separately. Additionally,
Mann-Whitney tests were applied to compare the groups on
number of recovery steps needed for each perturbation and
Friedman tests were used to assess the change in steps across
perturbations within each group. Finally, the spatial (step length
and width means and variability) and temporal (step and double
support time means and variability) parameters of gait at a
range of walking speeds (0.4, 0.8, 1.2, and 1.6 m/s) were
compared between the Falls and No-Falls groups using a two-way
ANOVA with group (Falls/No-Falls) and walking speed (repeated
measure) as factors.

Data Processing
Data processing was conducted in MATLAB (2016a, The
MathWorks, Inc., Natick). The three-dimensional coordinates
of the markers were filtered using a low pass second order
Butterworth filter (zero-phase) with a 12 Hz cut-off frequency.
Foot touchdown and toe-off were detected using marker and
force plate data, as described previously (McCrum et al.,
2019a). The anteroposterior MoS at foot touchdown were
calculated as the anteroposterior distance between the anterior
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Stability and Adaptability

RESULTS

All participants were able to recover from the walking
perturbations without harness assistance. However, due to a
technical failure during the first perturbation, one participant was
excluded from the analyses involving Pert1R . Two-way repeatedmeasures ANOVAs for Pert1R , Pert2L and Pert9L did not reveal
significant effects of falls history on MoS [Pert1R : F (1, 17) = 0.89,
P = 0.36; Pert2L : F (1, 18) = 3.07, P = 0.097; Pert9L : F (1, 18) = 3.3,
P = 0.085). Significant step by falls history interaction effects on
MoS were found for Pert2L and Pert9L (Pert1R : F (9, 153) = 0.31,
P = 0.97; Pert2L : F (9, 162) = 5.25, P < 0.0001; Pert9L : F (9, 162)
= 3.63, P = 0.0004). Dunnett’s tests for multiple comparisons
were used to compare the MoS for each step to the Base
value (results indicated in Figure 1). Sidak’s tests for multiple
comparisons were used to compare the MoS between groups
and revealed that only Post2 in Pert2L was significantly different
(Figure 2; note that the study was not powered for these pairwise
comparisons). Complete Dunnett and Sidak results can be found
in the Supplementary Material.
The Falls group required averages of 6.3, 5.6, and 5.4 recovery
steps and the No Falls group required averages of 6.4, 6.6, and
4.4 recovery steps for Pert1R , Pert2L , and Pert9L , respectively
(see Figure 3). Mann-Whitney tests did not find significant group
differences in number of recovery steps (U = 37, P = 0.7; U =
37.5, P = 0.44; U = 31, P = 0.19). A Friedman test revealed
a significant effect of perturbation number on the number of
recovery steps in the No Falls group (Friedman statistic = 12.41,
P = 0.002), with Dunnett’s multiple comparisons tests revealing
significant differences between Pert9L and both Pert1R (P =
0.018) and Pert2L (P = 0.007). Due to the missing participant
in the Falls group at Pert1R , Wilcoxon signed rank tests were

Twenty older adults (8 with, and 12 without falls in the
previous year) were included in this study. Characteristics
of participants described by group (Falls/No-Falls) can
be found in Table 1: participant characteristics. Six of the
eight participants in the Falls group fell only once in the
previous year, one reported two falls, and one fell three or
more times.

Step Parameters
Spatial and temporal parameters of gait, as well as their
variability, were compared between groups using two-way
repeated-measures ANOVAs. From these analyses, no significant
effects of group (Falls vs. No-Falls), and no interaction
effects (Group x Speed) were found for any parameter (the
complete effect and interaction results can be found in
Supplementary Table 1).

TABLE 1 | Participant characteristics (mean ± SD).
Falls group
Men/women (n)

No-falls group

4/4

6/6

Age (years)

70.6 ± 3.6

70 ± 2.4

Height (cm)

168.2 ± 15.4

169.4 ± 7.2

Weight (kg)

75 ± 16.3

75.6 ± 10.3

Body mass index

26.3 ± 3.3

26.3 ± 2.9

Stability-normalized walking speed (m/s)

1.29 ± 0.13

1.31 ± 0.14

1 (6), 2 (1), ≥3 (1)

0 (12)

Falls in the previous year n (frequency)

FIGURE 2 | Median and 95% confidence intervals (with individual data points) of the anteroposterior margins of stability during the first, second and ninth
perturbations (Pert1R , Pert2L , and Pert9L , respectively) including unperturbed walking prior to each perturbation (Base), the final step prior to each perturbation (Pre)
and the first eight recovery steps following the perturbations (Post1–8) for Falls and No-Falls groups. Blue * and Red *: significant difference to Base for the No Falls
and Falls groups, respectively (P < 0.05; adjusted using Dunnett’s multiple comparisons test). # Significant difference between the No Falls and Falls groups (P <
0.05; adjusted using Sidak’s multiple comparisons test).
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stability between healthy young and older adults using the
same walking perturbation protocol. In that study, older adults
had a more posterior extrapolated center of mass in response
to the perturbation, resulting in initially more positive MoS
but a delayed stability recovery. Additionally, notably greater
inconsistency in perturbation recovery responses across the Falls
group compared to the No-Falls group can be observed in
Figure 2, indicating there may be inconsistent recovery strategies
in older adults with a history of falls. Despite more inconsistency
however, the highest MoS value in the first recovery steps
consistently belongs to participants in the Falls group. Combined,
these results might hint at a decreased ability to coordinate the
dual tasks of maintaining stability and continuing walking on
the treadmill with age, and a further decrease in older adults
with a history of falls compared with older non-fallers. This
is consistent with findings from a study by dos Santos et al.
which suggested a tendency for older fallers to favor a “stabilityfirst” strategy, when facing other motor dual-tasks (Dos Santos
et al., 2018). In their study, older fallers showed similar walking
stability but decreased accuracy when placing a dowel over a
target compared to non-fallers. The differences between the Falls
and No-Falls groups after the first perturbation found in this
study, are insufficiently pronounced to be a useful indicator of
falls risk. However, corroborated with the presented literature,
they suggest that the ability to coordinate a physical dual-task
(combined stability recovery after a walking perturbation and
continued treadmill walking) may be related to fall risk in older
adults. To clarify this relationship and how it relates to dailylife situations of older adults, future studies may focus on the
ability to coordinate various dual-tasks with stability recovery
from perturbations during overground walking.
While the results showed no significant group effect, a
significant step by falls history interaction on MoS was found for
the last left leg perturbation (Pert9L ). This indicates a difference
between the groups for specific steps after this perturbation.
Additionally, high variation in MoS after Pert9L in the Falls
group is observed (indicated by the wider confidence intervals
and individual data points), as there was during the early
perturbations, and the presence of some high MoS values in
the first recovery steps remains. In contrast, the variability in
MoS in the No-Falls group has visibly decreased by Pert9L , and
there are no longer any high MoS values in this group in the
first few recovery steps. Together, this indicates better adaptation
in the No-Falls group, who by Pert9L , seem to respond with
more consistent and effective recovery responses. Statistically
this is substantiated by the significant differences in the number
of recovery steps needed to reach close to normal stability
values between perturbation 9 and the first two perturbations in
the No-Falls group, with no significant differences in the Falls
group. These findings are in alignment with results from a study
by Pai et al. who demonstrated that adaptability to repeated
perturbations during a sit-to-stand task may give an indication
of falls risk (Pai et al., 2010a). These findings suggest that with
further research, adaptation to repeated walking perturbations
may be a useful measure to distinguish between older adults with
and without a history of falls.
We hypothesize that recovery to a single novel treadmill
acceleration perturbation is too specific a task to assess overall

FIGURE 3 | The number of recovery steps (means and individual values)
required by the Falls group (left panel) and No Falls group (right panel) for the
first, second and ninth perturbations (Pert1R , Pert2L , and Pert9L , respectively).
*Significant difference to Pert1R and Pert2L .

used for this group and did not reveal significant differences in
the number of recovery steps needed between Pert1R and Pert2L
(P = 0.25), Pert1R and Pert9L (P = 0.53) and Pert2L and Pert9L
(P > 0.99).

DISCUSSION
The aim of this study was to address the extent to which walking
stability following a single perturbation and walking adaptability
following repeated perturbations relate to falls history in older
adults. We hypothesized that older adults with a history of
falls would demonstrate decreased stability and adaptability
compared to older adults without a history of falls. Additionally,
we analyzed step variability during unperturbed walking, due to
previous indications of increased variability in older adults with
a history of falls (Mortaza et al., 2014).
Previous studies indicate differences in variability during
unperturbed walking between older adults with and without
a history of falls [for a review see Mortaza et al. (2014)].
However, in this study, no significant between-group differences
in variability during unperturbed walking were found. Our study
used set walking speeds instead of self-selected walking speeds,
which may have resulted in differences compared to previous
studies [7 out of the 13 studies reviewed in Mortaza et al. (2014)
that found significant differences between fallers and non-fallers
do not mention accounting for walking speed]. The results of this
study (Supplementary Table 1) show significant walking speed
effects on nearly all parameters, but no significant group effects.
Our results showed no significant effects of falls history on
MoS during the first left or right leg perturbations (Pert1R and
Pert2L ). However, significant step by falls history interaction
effects on MoS were found for Pert2L , with a significant betweengroup difference in the second recovery step. The middle panel
in Figure 2 shows that the No-Falls group had negative MoS on
the second recovery step, while the Falls group still had positive
MoS. This may be due to a difference in the recovery response
directly after the perturbation, in which the Falls group shows a
slightly delayed recovery compared to the No-Falls group. These
differences are less pronounced but consistent with findings from
another study (McCrum et al., 2020), which compared reactive
Frontiers in Sports and Active Living | www.frontiersin.org
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fall risk. The task-specificity of balance is now well established
(Patla et al., 1990; Kiss et al., 2018; Ringhof and Stein, 2018)
and given that falls can occur in a multitude of ways, this one
specific perturbation might not represent or generalize to all
possible causes of falls. Reduced adaptability, however, may give
a broader indication of the ability of the locomotor system to
respond and improve reactive responses to sudden perturbations,
which may better generalize to the many situations that could
lead to falls. It may also serve as a marker for the health of
the locomotor control system (which may, in turn, be linked
with falls risk), as reduced adaptability to such perturbations
has often been shown in sensory and neurological pathology
(Karamanidis et al., 2020). How the proposed relation between
adaptability to repeated perturbations, locomotor system health
and falls risk presents in daily-life remains unclear, and should be
studied further. Additionally, there are many ways that walking
adaptability can be assessed, and it is currently unclear if the
method of assessment is critical (Geerse et al., 2019). Further
research on walking adaptability in various tasks, including
repeated external perturbations such as slips or trips, in older
fallers and non-fallers, could help address this gap in knowledge.
We included a relatively healthy sample of older adults,
resulting in mostly older adults who had experienced a single
fall in the Falls group (with no known musculoskeletal or
neurological deficits and no history of dizziness, balance or
walking complaints), which may decrease the generalizability
of the results to more frail populations. However, it is in this
relatively healthy part of the older population where other clinical
tests are known to have ceiling effects, which makes it important
to determine other methods of indicating increased risk of falls
for this population (Petterson et al., 2020). Having experienced
one or more previous falls is one of the strongest predictors for
future falls in community-dwelling older adults (OR 2.8 for all
fallers; OR 3.5 for recurrent fallers) (Deandrea et al., 2010).
In conclusion, this study found some small but significant
differences in reactive stability and adaptability between older
adults with and without a history of falls, but no differences
in variability of unperturbed walking. The results indicate
that older adults with a history of falls may have decreased
ability to coordinate the dual tasks of regaining stability and
continuing to walk on the treadmill. The differences between
the groups were more pronounced after repeated perturbations,
with evidence of better adaptation in the No-Falls group,
while increased variability of recovery responses and signs of
a different recovery strategy remained in the Falls group. The
results from the present study indicate that further research on
adaptability to repeated walking perturbations as an indicator of
falls history, and how this presents in the daily life of older adults,
is warranted.
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