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Abstract
Perturbation-based gait assessment has been used to quantify gait stability in older adults. However, knowledge on which
perturbation type is most suitable to identify poor gait stability is lacking. We evaluated the effects of ipsi- and contra-lateral
sway, belt acceleration and deceleration, and visual and auditory perturbations on medio-lateral (ML) and anterior-posterior (AP)
margins of stability (MoS) in young and older adults. We aimed to evaluate (1) which perturbation type disturbed the gait pattern
substantially, (2) how participants recovered, and (3) whether recovery responses could discriminate between young and older
adults. Nine young (25.1 ± 3.4 years) and nine older (70.1 ± 7.6 years) adults walked on the CAREN Extended (Motek BV,
The Netherlands). The perturbation effect was quantified by deviation in MoS over six post-perturbation steps compared to
baseline walking. Contra-lateral sway and deceleration perturbations resulted in the largest ML (1.9–4 times larger than other
types) and AP (1.6–5.6 times larger than other types) perturbation effects, respectively. After both perturbation types, participants
increasedMoS by taking wider, shorter, and faster steps. No differences between young and older adults were found. We suggest
to evaluate the potential of using contra-lateral sway and deceleration perturbations for fall risk identification by including both
healthy and frail older adults.

Keywords Accidental falls . Ageing .Margins of stability . Gait perturbations . Treadmill

1 Introduction

Gait impairmentsareamongthemainrisk factors for falls inolder
adults [1]. Sincewalking is one of themost common activities in
our everyday life, it is not surprising that most falls occur while
walking, due to trips or slips [2, 3]. Gait stability assessment to

identify individuals at risk for falls is therefore of great impor-
tance[1].GaitstabilityhasbeendefinedasBgait thatdoesnot lead
to falls in spite of perturbations^ and requires fast and accurate
responses. However, the ability to respond adequately declines
withagedue tochanges in thecentralnervous systemandmuscle
properties [4].Despite thisknowledge, conventionalbalanceand
gait assessments solely evaluate self-initiated tasks (e.g., sit-to-
stance transfers or turning). Such tasks allow for safe and con-
trolled movement execution within one’s limits of stability.
Recovering from gait perturbations, on the other hand, targets
fundamentally different stability components. Therefore, it has
emerged over the last few decades as a method to quantify gait
stability in research, but not yet in clinical practice [5–9].

The majority of gait perturbation studies have included
anterior-posterior (AP) perturbations using either moveable
platforms [10, 11], obstacles [12–14] in an overground walk-
way, slippery surfaces [15], break-and-release systems [16,
17], or sudden treadmill belt accelerations and decelerations
[18–21]. Additionally, medio-lateral (ML) perturbations have
been applied by means of sideways platform movement
[22–24] or waist-pulls [25–29]. Of less focus have been sen-
sory perturbations, such as visual oscillations [30, 31] or low
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light conditions and distracting sounds [32–34]. Despite the
growing body of work on the use of perturbations to evaluate
one’s ability to resist or recover from a perturbation, it remains
difficult to compare the wide range of applied methodologies
and determine which perturbation type is appropriate for gait
stability assessment.

The effect of perturbations on the gait pattern can be quanti-
fied by the ability to control the centre of mass (CoM) move-
ment relative to the base of support (BoS) using measures like
stabilizing and destabilizing forces, feasible-stability-region, and
margins of stability (MoS) [35]. The latter is defined as the
difference between the extrapolated centre of mass (XCoM;
i.e. CoM position corrected for its velocity) relative to the border
of the BoS. When the XCoM lies within the BoS one can be
considered stable. In contrast, when the XCoM exceeds the
border of the BoS, a corrective step needs to be taken to regain
balance and avoid a fall; hence, one can be considered unstable
[36]. In line with previous work, we quantified medio-lateral
(ML) and anterior-posterior (AP) MoS using the lateral and
backward border of the BoS, respectively [23]. As such, taking
wider steps (i.e. stepping more lateral to the XCoM) results in
largerMLMoSwhile faster and shorter steps (i.e. steppingmore
behind the XCoM) results in larger AP MoS [23]. Stepping
responses to successfully recover from gait perturbations may
provide valuable input for the development of tailored fall pre-
vention training programs.

We developed a gait perturbation protocol, including six
different perturbation types: two ML platform perturbations,
two AP uni-lateral belt perturbations and two sensory (visual
and auditory) perturbations, and tested it on healthy young and
older adults. Our first aim was to evaluate which types of
external perturbations affect the gait pattern the most in terms
of ML and AP MoS, and as such, would be most suitable for
perturbation-based gait stability assessment. Secondly, we
identified how spatio-temporal adjustments were used to re-
cover ML and AP gait stability. Finally, we evaluated whether
these perturbation responses were sensitive to discriminate
between young and older adults. Resulting knowledge can
contribute to the design of an optimal experimental protocol
that would have the best predictive value in identifying older
adults at risk of falls (Table 1).

2 Methods

2.1 Participants

Nine young adults (6 men and 3 women, age 25.1 ± 3.4 years,
height 1.76 ± 0.09 m, weight 76.6 ± 15.1 kg) and nine healthy
older adults (2 men and 7 women, age 70.1 ± 8.1 years, height
1.70 ± 0.11 m, weight 77.9 ± 10.5 kg) participated in this
study. Inclusion criteria were normal lower limb function
and being able to walk for 20 min. Exclusion criteria were

neuromuscular deficits or weighing more than 135 kg. The
Biomedical Engineering departmental ethics committee at
the University of Strathclyde approved the protocol before
measurements were performed. All participants gave in-
formed consent prior to the measurement.

2.2 Equipment

Participants walked on the CAREN (Computer-Assisted
Rehabilitation Environment) Extended (Motek, Amsterdam,
The Netherlands) at the University of Strathclyde, which con-
sists of a six degree-of-freedom motion base with an instru-
mented dual-belt treadmill mounted on top, 12 infra-red Vicon
Bonita cameras (Vicon, Oxford, UK) operating at 100 Hz and
a virtual reality environment projected on a semi-cylindrical
screen and a surround sound system (Fig. 1). D-Flow software
(version 3.20.0) was used to control all hardware components
and to visualize the virtual environment [37]. The Human
Body Model (Motek, Amsterdam, The Netherlands) contain-
ing 47 markers was used to calculate the body CoM [38].
Participants wore a safety harness to arrest potential falls.

2.3 Protocol

First the participant’s dominant leg (preferred leg for kicking,
climbing a stair and recovery from a push) was determined.
Subsequently, comfortable walking speed was assessed by
first gradually increasing treadmill speed until the participant
had reached a comfortable speed. Speed was then further in-
creased until participants reported to be uncomfortable.

Table 1 List of abbreviations used in this study

1D First (dominant) post-perturbation step

2ND Second (non-dominant) post-perturbation step

3D Third (dominant) post-perturbation step

4ND Fourth (non-dominant) post-perturbation step

5D Fifth (dominant) post-perturbation step

6ND Sixth (non-dominant) post-perturbation step

6S Total perturbation response

ANOVA Analysis of variances

AP Anterior-posterior

BoS Base of support

CoM Centre of mass

D Dominant

ML Medio-lateral

MoS Margins of stability

ND Non-dominant

NPD Non-dominant pre-perturbation step

PD Dominant pre-perturbation step

VT Vertical

XCoM Extrapolated centre of mass
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Thereafter, speed was gradually decreased until a comfortable
speed was reached again. The treadmill speed was fixed to the
average of the two reported comfortable speeds [39] after
which a 3-min familiarization and a 2-min baseline trial were
completed.

The perturbation protocol contained six perturbation types
all triggered at non-dominant heel strike [40]: (1) ipsilateral
sway consisting of a 5-cm platform translation in approxi-
mately 0.7 s (maximum acceleration of 2.04 m/s2) to the
non-dominant side, (2) contralateral sway which was identical
to the ipsilateral sway perturbation but to the dominant side,
(3) unilateral belt acceleration of the non-dominant side to
160% of the comfortable walking speed in approximately
0.4 s (maximum acceleration of 2.43 to 5.13 m/s2), (4) unilat-
eral belt deceleration which was identical to the acceleration
perturbation but with a minimum speed of 40% of the com-
fortable walking speed, (5) a visual perturbation by rapidly
darkening the room for 5 s to < 1 lx, and (6) an auditory
perturbation in the form of a 0.5-s lasting air horn at 82 dB
(Fig. 2).

The protocol consisted of six trials, each consisting of one
perturbation type which was repeated four times. The six trials
were presented in random order. Ipsi- and contralateral sway
trials always started with a ipsilateral and contralateral sway
perturbation, respectively. The remaining perturbations were
paired and presented in a pseudo-random order. This was nec-
essary because themaximum platform excursion was 15 cm to
each side.

2.4 Data analyses

2.4.1 Outcome measures

All data were analysed using custom-written Matlab scripts
(version 2015a; The Mathworks, Natick, MA, USA). First,
marker data was filtered using a 6-Hz-second-order bidirec-
tional Butterworth filter. Heel strike events were determined

using the local maxima in the AP position of the heel marker
relative to the pelvis [40].

Three spatio-temporal gait parameters were calculated: step
time, step length, and stepwidth. Step time, step length, and step
width were defined as the elapsed time, AP distance and ML
distance between two consecutive heel strikes, respectively.

Gait stability was quantified by the MoS, as determined by
the distance between the border of the BoS and the XCoM.
The XCoM was estimated by the CoM position plus its ve-

locity divided by
ffiffiffiffiffiffiffi

g=l
p

in which g is the acceleration of grav-
ity and l the average greater trochanter markers’ height times
1.34 [36]. The ML lateral malleolus marker position of the
leading foot quantified the ML border of the BoS whereas
the AP heel marker position was used to define the AP border
(Fig. 3). Thereby, negative ML and AP MoS values indicated
instability in the lateral and backward direction, respectively.

Baseline values for spatio-temporal parameters and MoS
were calculated and averaged over 100 consecutive dominant
(BD) and 100 consecutive non-dominant (BND) steps.
Additionally, local dynamic stability of ML, AP, and vertical
(VT) trunk velocity over the same 100 strides was calculated
as described in Bruijn et al. (2009) and used to evaluate un-
perturbed gait stability. Local dynamic stability reflects the
ability to cope with small internal perturbations (e.g. variabil-
ity in neuromuscular control) rather than external perturba-
tions and has been used to detect age-related decline in steady
state gait stability [41–43]. Lower local dynamic stability
values imply more stable gait.

For the perturbation trials, spatio-temporal parameters and
MoS were calculated for six steps pre- and six post-
perturbation steps. To quantify which perturbation type affect-
ed the gait pattern the most, the difference of the six post-
perturbation steps (1D, 2ND, 3D, 4ND, 5D, 6ND) with re-
spect to BD and BND steps was calculated as:

6S ¼ ∑
2

i¼1
∑
3

j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B ið Þ−P iþ j−1ð Þ*2ð Þð Þ2
q

Fig. 1 Photo of the experimental
setup: the CAREN (Computer-
Assisted Rehabilitation
ENvironment, Motek,
Amsterdam, The Netherlands)
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where 6S is the deviation from baseline walking, B is baseline
step for the ith side (with i = 1 representing the dominant side
and i = 2 representing the non-dominant side) and P is the
post-perturbation step for jth stride. We hereby captured the
overall deviation from steady state walking while ignoring
differences in recovery over subsequent steps. For example,
a large initial deviation in step width but quick recovery to
baseline values may result in similar 6S values as compared to
a small initial deviation but slow return to baseline values.

Gait stability and stepping strategies in response to
the perturbations were analysed by comparing average
dominant pre-perturbation steps (PD) to dominant post-
perturbation steps (i.e. 1D, 3D, 5D) and average non-
dominant pre-perturbation steps (NPD) to non-dominant

Fig. 2 Perturbation profiles over
time (recorded at 100 Hz) for
ipsilateral sway, contra-lateral
sway, acceleration, deceleration,
visual and auditory perturbations.
Dominant (D) and non-dominant
(ND) heel strike (HS) and toe-off
(TO) events are indicated by the
vertical lines. All perturbations
were triggered at the ND HS at
Time = 0

Fig. 3 Schematic representation of margins of stability (MoS) for the
right side in the medio-lateral (ML) and anterior-posterior (AP) direction
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post-perturbation steps (i.e. 2ND, 4ND, 6ND). All per-
turbation measures were averaged over the last three
perturbations of each perturbation trial.

2.5 Statistical analyses

All statistical analyses were performed using SPSS version 23
(SPSS Inc., Chicago, IL, US). Gait parameters were tested for
normality using a Shapiro-Wilk test. Differences between young
and older adults in steady-state gait stability (i.e. local dynamic
stability) were analysed using independent t tests. To evaluate
whether dominant and non-dominant gait parameters differed at
baseline, a mixed-model analysis of variances (ANOVA) was
used (within factors: two sides; between factor: group). To exam-
ine which types of gait perturbations affect the gait pattern the
most in termsofMLandAPMoS,mixed-modelANOVAs(with-
in: six perturbation types; between: group) were applied for the
total perturbation response (i.e. 6S). Post hoc pairwise compari-
sonswerethenusedtofindtheperturbationtypes thataffectedgait
stability themost forMLandAPdirections.Subsequently, recov-
ery from the perturbation was evaluated by analysing individual
post-perturbation steps (i.e. 1D-6ND). The data dictated that par-
ticipants pro-actively adapted their gait in anticipation of subse-
quent perturbations. Therefore, we first examined how partici-
pants adapted their gait by comparing baseline walking to pre-
perturbation steps for all gait parameters using mixed-model
ANOVAs (within: baseline and pre-perturbation step; between:
group). Thereafter, to examine how participants recovered from
the perturbations in terms of spatio-temporal parameters andML
and AP MoS, mixed-model ANOVAs (within: two pre-
perturbation and six post-perturbation steps; between: group)
for the individual stepswere used.AGreenhouse-Geisser correc-
tion was used when the assumption of sphericity was violated.
Post hoc paired-samples t tests with a Bonferroni correction for
each perturbation type were used to investigate whether post-
perturbation steps differed from pre-perturbation steps. The level
of significance was set at 0.05.

3 Results

All participants completed the protocol without falling. Mean
comfortable walking speed (Y 1.26 ± 0.17 m/s, O 1.17 ±
0.23 m/s) did not significantly (t = 0.888, p = 0.388) differ
between young and older adults.

3.1 Baseline walking

Except for a larger dominant than non-dominant ML MoS
(t = 5.702, p < 0.001) in both younger and older participants,
the mixed-model ANOVA did not reveal any main or interac-
tion effects when comparing dominant and non-dominant
steps. Local dynamic stability was not significantly different

between young and older adults in any direction (ML p =
0.835; AP p = 0.164; VT p = 0.516. See Table 2).

3.2 Which perturbation type affected the gait pattern
the most?

The gait pattern was differently affected by the different per-
turbation types, without group or interaction effects (Main
effects of perturbation for 6S ML MoS F = 76.023, p <
0.001, and for 6S AP MoS F = 85.281, p < 0.001). Post hoc
pairwise comparisons revealed that 6S ML MoS in response
to the contralateral sway perturbation was significantly larger
compared to all other perturbation types meaning that ML
MoS deviated most from baseline waking after the contralat-
eral sway perturbation (mean difference 0.103–0.159 m; all at
p < 0.001) (Fig. 4a). Similarly, 6S AP MoS was significantly
larger for the deceleration perturbation compared to all other
perturbation types (mean difference 0.287–0.430 m; all at p <
0.001) (Fig. 4b). Based on the significant effects of contralat-
eral sway and deceleration on 6S ML and AP MoS respec-
tively, these perturbation types were further investigated.

3.3 How did participants adapt their gait
in between perturbations?

Step width significantly increased prior to the contralateral
sway perturbation compared to baseline walking for the dom-
inant side (BD 0.120 ± 0.045, PD 0.127 ± 0.053 m, F = 4.830,
p = 0.043) and a trend toward a significant increase was found
for the non-dominant side (BD 0.120 ± 0.045, PD 0.127 ±
0.053 m, F = 4.150, p = 0.059).

AP MoS prior to the deceleration perturbation was signifi-
cantly larger (i.e. more stable in the backward direction) com-
pared to baseline walking for the non-dominant side (BD 0.166
± 0.043, PD 0.181 ± 0.041 m, F = 11.709, p = 0.004) and near
significant for the dominant side (BD 0.162 ± 0.047, PD 0.171
± 0.044 m, F = 4.231, p = 0.059). Step width was significantly
increased prior to the perturbation compared to baseline walking
for both the dominant (BD 0.128 ± 0.038, PD 0.141 ± 0.044 m,
F = 12.492, p = 0.003) and non-dominant (BD 0.129 ± 0.038,
PD 0.143 ± 0.043 m, F = 10.119, p = 0.007) side.

3.4 How were spatio-temporal adjustments used
to recover ML and AP gait stability?

Mixed-model ANOVAs for the contralateral sway perturba-
tion revealed significant main effects of Steps on all gait pa-
rameters while no significant Group or Group × Steps inter-
action effects were found. Post hoc analyses showed that step
width and ML MoS were reduced at step 1D (Fig. 5 and
Supplementary Material Table S1). Step width and ML MoS
increased during step 2ND though ML MoS values remained
smaller than at baseline. Thereafter, both parameters increased
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and remained larger compared to baseline walking. In other
words, ML stability was initially compromised by the contra-
lateral sway perturbation but was restored to values greater
compared to baseline walking during the subsequent recovery
steps. Step length (1D to 6ND) and step time (2ND to 5D)
decreased, while AP MoS (2ND to 6D) increased meaning
that participants became more stable in the backward direc-
tion. Figure 6 shows the relation between gait stability and
spatio-temporal parameters for a typical response contralateral
sway perturbation response.

Mixed-model ANOVAs for the deceleration perturbation re-
vealed significantmain effects for all Steps on all gait parameters,
while no significant Group or Group × Steps interaction effects
werefound.PosthocanalysesrevealedareductiontonegativeAP
MoS(i.e. instability in thebackwarddirection)at step2ND(Fig.7
andSupplementaryMaterialTableS1).Duringstep3Dto5D,AP

MoS was increased to values larger than those at base-
line. A significant reduction in step time was found
during step 3D and 4ND, whereas step lengths reduced
during step 1D, 2ND, 4D and 6ND. Moreover, both ML
MoS (step 3D and 4ND) and step width (1D, 3D and
4ND) increased. Figure 8 shows the relation between
gait stability and spatio-temporal parameters for a typi-
cal deceleration perturbation response. Results on the
analyses of the other perturbation types can be found
in the Supplementary Material (Table S1 and Fig. S2).

4 Discussion

We developed a gait perturbation protocol containing two plat-
form, two belt, and two sensory perturbations. Our main aim

Table 2 Mean ± SDof baseline gait parameter for the dominant (BD) and non-dominant (BND) steps in young and older adults. Significant effects at p
< 0.05 are printed in italics

Parameter Young adults Older adults Main effect (sides) Between subjects effect (Group) Interaction effect (Steps × Group)

Mean ± SD Mean ± SD F p F p F p

ML MoS [m] D 0.065 ± 0.012 0.061 ± 0.013 31.339 < 0.001 1.218 0.286 0.388 0.542
ND 0.053 ± 0.006 0.047 ± 0.013

AP MoS [m] D 0.169 ± 0.047 0.142 ± 0.052 2.888 0.109 1.729 0.207 1.009 0.330
ND 0.175 ± 0.044 0.143 ± 0.045

Step time [s] D 0.544 ± 0.046 0.555 ± 0.033 0.015 0.905 0.285 0.600 0.113 0.741
ND 0.545 ± 0.043 0.554 ± 0.032

Step length [m] D 0.680 ± 0.066 0.656 ± 0.125 2.488 0.134 0.430 0.521 2.113 0.165
ND 0.692 ± 0.066 0.656 ± 0.113

Step width [m] D 0.126 ± 0.032 0.113 ± 0.056 1.539 0.233 0.356 0.559 0.293 0.596
ND 0.126 ± 0.032 0.113 ± 0.056

LDSML – 1.829 ± 0.294 1.798 ± 0.334 – – – – – –

LDSAP – 1.585 ± 0.263 1.404 ± 0.262 – – – – – –

LDSVT – 1.826 ± 0.428 1.701 ± 0.366 – – – – – –

Fig. 4 Mean and standard deviations of the overall perturbation effect 6S
(see text for details) for medio-lateral (ML) and anterior-posterior (AP)
margins of stability (MoS) after the ipsi-lateral sway (SwyI), contra-
lateral sway (SwyC), acceleration (Acc), deceleration (Dec), visual

(Viz) and auditory (Aud) perturbations. Black dots represent values for
young adults whereas white dots represent older adults. Significantly
different pairwise comparisons are indicated at the top per perturbation
type in italic

2330 Med Biol Eng Comput (2018) 56:2325–2335



was to evaluate which perturbation type affected stability the
most in young and older adults. We found little differences in
our groups of participants. However, the results showed that all
mechanical perturbations effectively altered the gait pattern in
both young and older adults while the sensory perturbations did

not affect the gait pattern. The contralateral sway and decelera-
tion perturbation appeared most challenging. Visual and audito-
ry perturbations did not affect the gait pattern. This is in line with
previous work, which showed that low light conditions did not
affect spatio-temporal parameters [33, 34]. To our knowledge,
auditory perturbations by means of acoustic startles have not
been investigated previously.

The contralateral sway perturbation (i.e. platform movement
to the right at left heel strike or the left at right heel strike)
induced BoS movement towards the XCoM and thus ML
MoS decreased. Consequently, the majority of the participants
were required to take a cross-step to prevent falling. Following
the initial perturbation response, ML MoS was recovered by
taking faster, shorter and wider steps. Due to the adaptations in
step length and step time, AP MoS increased as well [23].
Likewise, the deceleration perturbation reduced the distance be-
tween the border of the BoS and the XCoM in the backward
direction and thus AP MoS initially decreased. Again, stability
was recovered by taking faster, shorter, and wider steps.
Previous work from Hof and colleagues (2010) reported com-
parable perturbation responses after ML waist-pushes. By defi-
nition, a BoS perturbation is expected to have a similar effect on
ML MoS as a CoM perturbation in the opposite direction.
Indeed, Hof and colleagues’ (2010) waist-pushes to the left at
left heel strike weremore challenging as compared to left pushes
at right heel strike. The fact that acceleration perturbations ap-
peared less challenging as compared to decelerations has been
demonstrated previously in younger adults but to our knowl-
edge not in older adults [19]. Ilmane and colleagues (2015)
showed that the initial effect of the acceleration perturbations
was larger compared to the deceleration, but recovery from the

Fig. 5 Mean and standard
deviations of anterior-posterior
(AP) and medio-lateral (ML)
margins of stability (MoS), step
length, width and time for steps
for the contra-lateral sway
(SwyC) perturbations. Black dots
represent for values young adults
whereas white dots represent
older adults. Significant differ-
ences between pre-perturbation
(PD and PND) and post-
perturbation (1D to 6ND) steps
are indicated with *

Fig. 6 A schematic representation of a typical response (black) to a contra-
lateral sway perturbation as compared to baseline walking (gray). Squares
represent ML (step width) and AP (step length) foot placement whereas the
line density is an indication of the time elapsed (step time) between consec-
utive steps. Margins of stability in the ML and AP direction are indicated by
the diamonds. The perturbation was triggered at step 0ND
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deceleration perturbations took much longer (up to four steps
compared to one for the acceleration perturbation). The reduc-
tion in XCoM induced by the deceleration perturbation is extra
challenging as one needs to maintain forward velocity to keep
up with the treadmill speed.

While contralateral sway and deceleration perturbations
evoked the largest responses, this does not necessarily mean that
ipsilateral and acceleration perturbations should not be included
in perturbation-based gait assessment. However, by applying
more challenging perturbations, the (in)ability to adequately re-
cover may be more profound and hence the perturbation re-
sponse may be more sensitive to discriminate between fallers
and non-fallers. The question whether the contralateral sway or
deceleration perturbation is most challenging is more difficult to
answer. Deviation from baseline (6S) was more than twice as
large for the deceleration (0.52 ± 0.12 m) compared to the con-
tralateral sway perturbation (0.22 ± 0.03 m). However, the fact
that an ML change in position was induced by the sway pertur-
bation as opposed to anAP change in velocity by the deceleration
perturbation limits direct comparison. In a recent study,McIntosh
et al. (2016) usedML andAP overground platform perturbations
in young and older adults and found that contralateral sway per-
turbations were most challenging, followed by ipsilateral sway
and then forward-backward perturbations. However, they quan-
tified perturbation response by CoM displacement and velocity,
while ignoring its relation to the BoS. Hence, it is unknown to
what extent stability was affected. Additionally, whether ML or
AP perturbations aremore challengingmay be patient-specific as
a result of individual risk factors for falls such as decline in
muscle strength or ineffective stepping strategies [1]. Therefore,
including both contralateral sway and deceleration perturbations
in gait stability assessment might give a more complete represen-
tation of one’s ability to resist or recover from a gait perturbation.

Successful recovery from a perturbation is determined by
the combination of stability prior and in response to the per-
turbation. By proactively increasing gait stability, one might

Fig. 7 Mean and standard
deviations of anterior-posterior
(AP) and medio-lateral (ML)
margins of stability (MoS), step
length, width and time for steps
for the deceleration (Dec) pertur-
bations. Black dots represent for
values young adults whereas
white dots represent older adults.
Significant differences between
pre-perturbation (PD and PND)
and post-perturbation (1D to
6ND) steps are indicated with *

Fig. 8 A schematic representation of a typical response (black) to a de-
celeration perturbation as compared to baseline walking (gray). Squares
represent ML (step width) and AP (step length) foot placement whereas
the line density is an indication of the time elapsed (step time) between
consecutive steps. Margins of stability in the ML and AP direction are
indicated by the diamonds. The perturbation was triggered at step 0ND
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reduce the effect of the perturbation and minimize risk of
falling [44–46]. Although we did not aim to evaluate such
adaptations, the data revealed that participants proactively
adapted their gait pattern. Gait adaptations were perturbation
type specific but did not differ between age groups. Of interest
would be to investigate whether more frail elderly show sim-
ilar proactive gait adaptations and whether these adaptions are
indicative of fall risk.

In contrast to our expectations based on previous studies [6,
7, 44, 47], we did not find any differences in perturbation effects
and recovery responses between young and older adults. This
may be explained by the fact that most of our older adults were
recruited through fitness classes and therefore very fit and
healthy. This potential selection bias was confirmed by the
non-significant differences in steady state local dynamic stabil-
ity during baseline walking, which is known to decrease with
age [41–43]. Furthermore, differences between young and older
adults in upper body movement were not included in our anal-
yses. Previous work shows, for example, that arm movement
strategies following trip perturbations are affected by ageing
[48]. However, such differences should have been reflected in
our gait stability measures, including full body CoMmovement,
which did not differ. Moreover, the perturbation intensities may
have been too low to provoke responses close to the individuals’
boundaries. For example, McIntosh and colleagues (2016) used
15 cm ML platform excursions to discriminate between young
and older adults as opposed to 5 cm in this study. Decelerations
of 8 m/s2 (as opposed to our 2.43–5.13 m/s2) were used to
distinguish fallers from non-fallers [49]. The perturbation inten-
sities in this study were chosen such that a fall would not be
induced, which we believe is preferable in clinical practice, but
higher intensities might be required to reveal subtle group dif-
ferences. Additionally, within this fit group more sensitive out-
comemeasuresmay have been required to discriminate between
young and older adults. For example, evaluation of trunk kine-
matics may have been of added value [50].

5 Conclusion

No differences between young and older adults were found in
the recovery response to medio-lateral platform, anterior-
posterior belt, and sensory perturbations. However, our results
revealed that contralateral sway and deceleration perturbations
showmost potential in disturbing the gait pattern in young and
healthy older adults. Therefore, including these specific per-
turbation types in perturbation-based gait assessment may be
preferred over ipsilateral sway, acceleration, visual or auditory
perturbations. Further investigation including comparison be-
tween older adults with and without history of falls and pos-
sibly at higher intensities is required to see if and how
perturbation-based gait assessment can be used to identify fall
risk in the elderly population.

Funding information MP (NWO VIDI grant #917-14-344) and SB
(NWO grant #451-12-041) were financially supported by the
Netherlands Organization for Scientific Research.

Compliance with ethical standards

Conflict of interest SR and FS are employees of Motek.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Ambrose AF, Paul G, Hausdorff JM (2013) Risk factors for falls
among older adults: a review of the literature. Maturitas 75:51–61.
https://doi.org/10.1016/j.maturitas.2013.02.009

2. Berg WP, Alessio HM, Mills EM, Tong C (1997) Circumstances
and consequences of falls in independent community-dwelling
older adults. Age Ageing 26:261–268. https://doi.org/10.1093/
ageing/26.4.261

3. Talbot LA, Musiol RJ, Witham EK, Metter EJ (2005) Falls in
young, middle-aged and older community dwelling adults: per-
ceived cause, environmental factors and injury. BMC Public
Health 5:86. https://doi.org/10.1186/1471-2458-5-86

4. van Dieën JH, Pijnappels M (2017) Balance control in older adults.
In: In: Barbieri F, Vitório R (eds) Locomotion and posture in older
adults. Springer,Cham

5. Grabiner MD, Koh TJ, Lundin TM, Jahnigen DW (1993)
Kinematics of recovery from a stumble. J Gerontol 48:M97–
M102. https://doi.org/10.1093/geronj/48.3.M97

6. Pijnappels M, Bobbert MF, van Dieën JH (2005) Push-off reactions
in recovery after tripping discriminate young subjects, older non-
fallers and older fallers. Gait Posture 21:388–394. https://doi.org/
10.1016/j.gaitpost.2004.04.009

7. Süptitz F, Catalá MM, Brüggemann GP, Karamanidis K (2013)
Dynamic stability control during perturbed walking can be assessed
by a reduced kinematic model across the adult female lifespan. Hum
MovSci 32:1404–1414. https://doi.org/10.1016/j.humov.2013.07.008

8. Bhatt T, Espy D, Yang F, Pai YC (2011) Dynamic gait stability,
clinical correlates, and prognosis of falls among community-
dwelling older adults. Arch Phys Med Rehabil 92:799–805.
https://doi.org/10.1016/j.apmr.2010.12.032

9. Merrill Z, Chambers AJ, Cham R (2017) Arm reactions in response
to an unexpected slip-impact of ageing. J Biomech 58:21–26.
https://doi.org/10.1016/j.jbiomech.2017.04.011

10. Yang F, Pai YC (2014) Can stability really predict an impending
slip-related fall among older adults? J Biomech 47:3876–3881.
https://doi.org/10.1016/j.jbiomech.2014.10.006

11. Oliveira ASC, Gizzi L, Kersting UG, Farina D (2012) Modular orga-
nization of balance control following perturbations during walking. J
Neurophysiol 108:1895–1906. https://doi.org/10.1152/jn.00217.2012

12. Pijnappels M, Kingma I, Wezenberg D, Reurink G, van Dieën JH
(2010) Armed against falls: the contribution of arm movements to
balance recovery after tripping. Exp Brain Res 201:689–699.
https://doi.org/10.1007/s00221-009-2088-7

13. Pavol MJ, Owings TM, Foley KT, Grabiner MD (2001)
Mechanisms leading to a fall from an induced trip in healthy older
adults. J Gerontol A Biol Sci Med Sci 56:M428–M437. https://doi.
org/10.1093/gerona/56.7.M428

Med Biol Eng Comput (2018) 56:2325–2335 2333

https://doi.org/10.1016/j.maturitas.2013.02.009
https://doi.org/10.1093/ageing/26.4.261
https://doi.org/10.1093/ageing/26.4.261
https://doi.org/10.1186/1471-2458-5-86
https://doi.org/10.1093/geronj/48.3.M97
https://doi.org/10.1016/j.gaitpost.2004.04.009
https://doi.org/10.1016/j.gaitpost.2004.04.009
https://doi.org/10.1016/j.humov.2013.07.008
https://doi.org/10.1016/j.apmr.2010.12.032
https://doi.org/10.1016/j.jbiomech.2017.04.011
https://doi.org/10.1016/j.jbiomech.2014.10.006
https://doi.org/10.1152/jn.00217.2012
https://doi.org/10.1007/s00221-009-2088-7
https://doi.org/10.1093/gerona/56.7.M428
https://doi.org/10.1093/gerona/56.7.M428


14. Crenshaw JR, Kaufman KR, Grabiner MD (2013) Trip recoveries
of people with unilateral, transfemoral or knee disarticulation am-
putations: initial findings. Gait Posture 38:534–536. https://doi.org/
10.1016/j.gaitpost.2012.12.013

15. Lockhart TE, Smith JL, Woldstad JC (2005) Effects of aging on the
biomechanics of slips and falls. Hum Factors 47:708–729. https://
doi.org/10.1518/001872005775571014

16. Süptitz F, Karamanidis K, Catalá MM, Brüggemann GP (2012)
Symmetry and reproducibility of the components of dynamic sta-
bility in young adults at different walking velocities on the tread-
mill. J Electromyogr Kinesiol 22:301–307. https://doi.org/10.1016/
j.jelekin.2011.12.007

17. McCrum C, Epro G, Meijer K, Zijlstra W, Brüggemann GP,
Karamanidis K (2016) Locomotor stability and adaptation during
perturbed walking across the adult female lifespan. J Biomech 49:
1244–1247. https://doi.org/10.1016/j.jbiomech.2016.02.051

18. SessomsPH,WyattM,GrabinerMD,CollinsJD,KingsburyT,Thesing
N, KaufmanK (2014)Method for evoking a trip-like response using a
treadmill-based perturbation during locomotion. J Biomech 47:277–
280. https://doi.org/10.1016/j.jbiomech.2013.10.035

19. Ilmane N, Croteau S, Duclos C (2015) Quantifying dynamic and
postural balance difficulty during gait perturbations using
stabilizing/destabilizing forces. J Biomech 48:441–448. https://
doi.org/10.1016/j.jbiomech.2014.12.027

20. LiuX,Bhatt T, PaiYC (2015) Intensity and generalization of treadmill
slip training: high or low, progressive increase or decrease? J Biomech
49:135–140. https://doi.org/10.1016/j.jbiomech.2015.06.004

21. Sloot LH, van den Noort JC, van der Krogt MM, Bruijn SM,
Harlaar J (2015) Can treadmill perturbations evoke stretch reflexes
in the calf muscles? PLoS One 10:e0144815. https://doi.org/10.
1371/journal.pone.0144815

22. McAndrew Young PM, Wilken JM, Dingwell JB (2012) Dynamic
margins of stability during human walking in destabilizing environ-
ments. J Biomech 45:1053–1059. https://doi.org/10.1016/j.
jbiomech.2011.12.027

23. Hak L, Houdijk H, Steenbrink F, Mert A, van der Wurff P, Beek PJ,
van Dieën JH (2013) Stepping strategies for regulating gait adapt-
ability and stability. J Biomech 46:905–911. https://doi.org/10.
1016/j.jbiomech.2012.12.017

24. Sturdy J, Gates DH, Darter BJ, Wilken JM (2014) Assessing pre-
parative gait adaptations in persons with transtibial amputation in
response to repeated medial-lateral perturbations. Gait Posture 39:
995–998. https://doi.org/10.1016/j.gaitpost.2013.12.006

25. Bruijn SM, Meijer OG, Beek PJ, van Dieën JH (2010) The effects
of arm swing on human gait stability. J Exp Biol 213:3945–3952.
https://doi.org/10.1242/jeb.045112

26. Toebes MJP, Hoozemans MJM, Dekker J, van Dieën JH (2014)
Effects of unilateral leg muscle fatigue on balance control in
perturbed and unperturbed gait in healthy elderly. Gait Posture 40:
215–219. https://doi.org/10.1016/j.gaitpost.2014.03.194

27. Vlutters M, Van Asseldonk EHF, Van der Kooij H (2016) Center of
mass velocity based predictions in balance recovery following pel-
vis perturbations during human walking. J Exp Biol 219:1514–
1523. https://doi.org/10.1242/jeb.129338

28. Martelli D, Vashista V, Micera S, Agrawal SK (2016)
Direction-dependent adaptation of dynamic gait stability fol-
lowing waist-pull perturbations. IEEE Trans Neural Syst
Rehabil Eng 24:1304–1313. https://doi.org/10.1109/TNSRE.
2015.2500100

29. Hof AL, Vermerris SM, Gjaltema WA (2010) Balance responses to
lateral perturbations in human treadmill walking. J Exp Biol 213:
2655–2664. https://doi.org/10.1242/jeb.042572

30. O’Connor SM, Kuo AD (2009) Direction-dependent control of
balance during walking and standing. J Neurophysiol 102:1411–
1419. https://doi.org/10.1152/jn.00131.2009

31. Beurskens R, Wilken JM, Dingwell JB (2014) Dynamic stability of
individuals with transtibial amputation walking in destabilizing en-
vironments. J Biomech 47:1675–1681. https://doi.org/10.1016/j.
jbiomech.2014.02.033

32. Smith BA, Ashton-Miller JA, Ulrich BD (2010) Gait adaptations in
response to perturbations in adults with Down syndrom. Gait
Posture 32:149–154. https://doi.org/10.1016/j.surg.2006.10.010.
Use

33. Thies SB, Richardson JK, Ashton-Miller JA (2005) Effects of sur-
face irregularity and lighting on step variability during gait: A study
in healthy young and older women. Gait Posture 22:26–31. https://
doi.org/10.1016/j.gaitpost.2004.06.004

34. Rogers HL, Cromwell RL, Grady JL (2008) Adaptive changes in
gait of older and younger adults as responses to challenges to dy-
namic balance. J Aging Phys Act 16:85–96

35. Bruijn SM, Meijer OG, Beek PJ, van Dieën JH (2013) Assessing
the stability of human locomotion: a review of current measures. J R
Soc Interface 10:20120999. https://doi.org/10.1098/rsif.2012.0999

36. Hof AL, Gazendam MGJ, Sinke WE (2005) The condition for
dynamic stability. J Biomech 38:1–8. https://doi.org/10.1016/j.
jbiomech.2004.03.025

37. Geijtenbeek T, Steenbrink F, Otten B, Even-Zohar O (2011) D-
Flow: immersive virtual reality and real-time feedback for rehabil-
itation. In Proceedings of the 10th International Conference on
Virtual Reality Continuum and Its Applications in Industry

38. van den Bogert AJ, Geijtenbeek T, Even-Zohar O, Steenbrink F,
Hardin EC (2013) A real-time system for biomechanical analysis of
human movement and muscle function. Med Biol Eng Comput 51:
1069–1077. https://doi.org/10.1007/s11517-013-1076-z

39. Hak L, Houdijk H, Beek PJ, van Dieën JH (2013) Steps to take to
enhance gait stability: the effect of stride frequency, stride length, and
walking speed on local dynamic stability and margins of stability.
PLoS One 8:e82842. https://doi.org/10.1371/journal.pone.0082842

40. Zeni JA, Richards JG, Higginson JS (2008) Two simple methods
for determining gait events during treadmill and overground walk-
ing using kinematic data. Gait Posture 27:710–714. https://doi.org/
10.1038/nature13314.A

41. Kang HG, Dingwell JB (2009) Dynamic stability of superior vs. in-
ferior segments during walking in young and older adults. Gait
Posture 30:260–263. https://doi.org/10.1016/j.gaitpost.2009.05.003

42. Terrier P, Reynard F (2015) Effect of age on the variability and
stability of gait: a cross-sectional treadmill study in healthy individ-
uals between 20 and 69 years of age. Gait Posture 41:170–174.
https://doi.org/10.1016/j.gaitpost.2014.09.024

43. Buzzi UH, Stergiou N, Kurz M et al (2003) Nonlinear dy-
namics indicates aging affects variability during gait. Clin
Biomech 18:435–443. https://doi.org/10.1016/S0268-
0033(03)00029-9

44. McIntosh EI, Zettel JL, Vallis LA (2017) Stepping responses in
young and older adults following a perturbation to the support sur-
face during gait. J Mot Behav 49:288–298. https://doi.org/10.1080/
00222895.2016.1204262

45. Yang F, Kim J, Munoz J (2016) Adaptive gait responses to aware-
ness of an impending slip during treadmill walking. Gait Posture
12:175–179. https://doi.org/10.1016/j.gaitpost.2016.09.005

46. Bhatt T, Wening JD, Pai YC (2006) Adaptive control of gait stabil-
ity in reducing slip-related backward loss of balance. Exp Brain Res
170:61–73. https://doi.org/10.1007/s00221-005-0189-5

47. Senden R, Savelberg HHCM, Adam J, Grimm B, Heyligers IC,
Meijer K (2014) The influence of age, muscle strength and speed
of information processing on recovery responses to external pertur-
bations in gait. Gait Posture 39:513–517. https://doi.org/10.1016/j.
gaitpost.2013.08.033

48. Roos PE,McGuiganMP,KerwinDG, TrewarthaG (2008) The role of
armmovement in early trip recovery in younger and older adults. Gait
Posture 27:352–356. https://doi.org/10.1016/j.gaitpost.2007.05.001

2334 Med Biol Eng Comput (2018) 56:2325–2335

https://doi.org/10.1016/j.gaitpost.2012.12.013
https://doi.org/10.1016/j.gaitpost.2012.12.013
https://doi.org/10.1518/001872005775571014
https://doi.org/10.1518/001872005775571014
https://doi.org/10.1016/j.jelekin.2011.12.007
https://doi.org/10.1016/j.jelekin.2011.12.007
https://doi.org/10.1016/j.jbiomech.2016.02.051
https://doi.org/10.1016/j.jbiomech.2013.10.035
https://doi.org/10.1016/j.jbiomech.2014.12.027
https://doi.org/10.1016/j.jbiomech.2014.12.027
https://doi.org/10.1016/j.jbiomech.2015.06.004
https://doi.org/10.1371/journal.pone.0144815
https://doi.org/10.1371/journal.pone.0144815
https://doi.org/10.1016/j.jbiomech.2011.12.027
https://doi.org/10.1016/j.jbiomech.2011.12.027
https://doi.org/10.1016/j.jbiomech.2012.12.017
https://doi.org/10.1016/j.jbiomech.2012.12.017
https://doi.org/10.1016/j.gaitpost.2013.12.006
https://doi.org/10.1242/jeb.045112
https://doi.org/10.1016/j.gaitpost.2014.03.194
https://doi.org/10.1242/jeb.129338
https://doi.org/10.1109/TNSRE.2015.2500100
https://doi.org/10.1109/TNSRE.2015.2500100
https://doi.org/10.1242/jeb.042572
https://doi.org/10.1152/jn.00131.2009
https://doi.org/10.1016/j.jbiomech.2014.02.033
https://doi.org/10.1016/j.jbiomech.2014.02.033
https://doi.org/10.1016/j.surg.2006.10.010.Use
https://doi.org/10.1016/j.surg.2006.10.010.Use
https://doi.org/10.1016/j.gaitpost.2004.06.004
https://doi.org/10.1016/j.gaitpost.2004.06.004
https://doi.org/10.1098/rsif.2012.0999
https://doi.org/10.1016/j.jbiomech.2004.03.025
https://doi.org/10.1016/j.jbiomech.2004.03.025
https://doi.org/10.1007/s11517-013-1076-z
https://doi.org/10.1371/journal.pone.0082842
https://doi.org/10.1038/nature13314.A
https://doi.org/10.1038/nature13314.A
https://doi.org/10.1016/j.gaitpost.2009.05.003
https://doi.org/10.1016/j.gaitpost.2014.09.024
https://doi.org/10.1016/S0268-0033(03)00029-9
https://doi.org/10.1016/S0268-0033(03)00029-9
https://doi.org/10.1080/00222895.2016.1204262
https://doi.org/10.1080/00222895.2016.1204262
https://doi.org/10.1016/j.gaitpost.2016.09.005
https://doi.org/10.1007/s00221-005-0189-5
https://doi.org/10.1016/j.gaitpost.2013.08.033
https://doi.org/10.1016/j.gaitpost.2013.08.033
https://doi.org/10.1016/j.gaitpost.2007.05.001


49. Ding L, Yang F (2016) Muscle weakness is related to slip-initiated
falls among community-dwelling older adults. J Biomech 49:238–
243. https://doi.org/10.1016/j.jbiomech.2015.12.009

50. Crenshaw JR, Rosenblatt NJ, Hurt CP, Grabiner MD (2012) The
discriminant capabilities of stability measures, trunk kinematics,
and step kinematics in classifying successful and failed compensa-
tory stepping responses by young adults. J Biomech 45:129–133.
https://doi.org/10.1016/j.jbiomech.2011.09.022

Sanne Roeles , MSc. is a human
movement scientist and PhD stu-
den t a t t he Unive r s i t y o f
Strathclyde, involved in an indus-
trial doctorate programme. Her
main focus is on the use of gait
perturbations to identify fall risk
in the elderly.

Prof. Dr. Philip Rowe ’s main re-
search area lies in Clinical
Movement Analysis. He is inter-
ested in the application of science
and engineering methods to pa-
tient treatment and their use to
evaluate effects of rehabilitation
services.

Dr. Sjoerd Bruijn ’s main focus
lies on gait stability. His PhD
work was on methods to quantify
gait stability. As a post doc he
aims to tackle the question of
how we stabilize our gait, using
various techniques like EEG or
gait perturbations.

Dr. Craig Childs is a research fel-
l ow a t t h e Un i v e r s i t y o f
Strathclyde. As manager of the
CAREN lab he supervises various
projects, such as comparison of
various knee implants and
perturbation-based gait assess-
ment in older adults.

Georgia Tarfali , MSc. is a physiotherapist, research fellow and PhD stu-
dent. Hermainwork is on improving fall prevention training programs in the
elderly using rehabilitation technology.

Dr. Frans Steenbrink is head of
the Clinical Applications &
Research department at Motek.
They ensure evidence-based inte-
gration of Motek’s technologies
by collaborating with clinical and
scientific partners.

Prof Dr. Mirjam Pijnappel ’s
main focus is on age-related ef-
fects on mobility. The goals of
her research are to contribute to
the knowledge of causes for falls
in the elderly to identify fallers
and targets for fall prevention.

Med Biol Eng Comput (2018) 56:2325–2335 2335

https://doi.org/10.1016/j.jbiomech.2015.12.009
https://doi.org/10.1016/j.jbiomech.2011.09.022

	Gait stability in response to platform, belt, and sensory perturbations in young and older adults
	Abstract
	Introduction
	Methods
	Participants
	Equipment
	Protocol
	Data analyses
	Outcome measures

	Statistical analyses

	Results
	Baseline walking
	Which perturbation type affected the gait pattern the most?
	How did participants adapt their gait in between perturbations?
	How were spatio-temporal adjustments used to recover ML and AP gait stability?

	Discussion
	Conclusion
	References


