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Abstract

Most falls occur after a loss of balance following an unexpected perturbation such as a slip

or a trip. Greater understanding of how humans control and maintain stability during per-

turbed walking may help to develop appropriate fall prevention programs. The aim of this

study was to examine changes in spatiotemporal gait and stability parameters in response

to sudden mechanical perturbations in medio-lateral (ML) and anterior-posterior (AP)

direction during treadmill walking. Moreover, we aimed to evaluate which parameters are

most representative to quantify postural recovery responses. Ten healthy adults (mean =

26.4, SD = 4.1 years) walked on a treadmill that provided unexpected discrete ML and AP

surface horizontal perturbations. Participants walked under no perturbation (normal walk-

ing), and under left, right, forward, and backward sudden mechanical perturbation condi-

tions. Gait parameters were computed including stride length (SL), step width (SW),

and cadence, as well as dynamic stability in AP- (MoS-AP) and ML- (MoS-ML) directions.

Gait and stability parameters were quantified by means, variability, and extreme values.

Overall, participants walked with a shorter stride length, a wider step width, and a higher

cadence during perturbed walking, but despite this, the effect of perturbations on means

of SW and MoS-ML was not statistically significant. These effects were found to be

significantly greater when the perturbations were applied toward the ML-direction. Vari-

abilities, as well as extremes of gait-related parameters, showed strong responses to the

perturbations. The higher variability as a response to perturbations might be an indicator

of instability and fall risk, on the same note, an adaptation strategy and beneficial to

recover balance. Parameters identified in this study may represent useful indicators of

locomotor adaptation to successfully compensate sudden mechanical perturbation during
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walking. The potential association of the extracted parameters with fall risk needs to be

determined in fall-prone populations.

Introduction

Falls are a serious clinical problem and often lead to injuries, the decline in mobility, and self-

imposed limitations on daily activities, especially in older adults. Fall-related injuries increase

costs for health care and rehabilitation and diminish the quality of life [1–3]. Most falls occur

after a loss of balance while walking, which is the most common activity in daily life, and fol-

lowing an unexpected perturbation such as a slip or trip [4]. Therefore, understanding of how

humans control balance and maintain stability during unexpected perturbed walking can help

with assessment of balance recovery ability and thus may help to reduce the incidence of falls.

In order to enhance understanding of falls caused by perturbations, recent studies have

examined changes in spatiotemporal gait parameters and dynamic stability (i.e., the margins

of stability [5,6]) following perturbations. Evidence has demonstrated adaptations of spatio-

temporal gait parameters to challenged walking by taking faster, shorter, and wider steps [7–

11]. Consequently, an alteration in gait parameters led to increased margins of stability (MoS)

and to enhanced stability during challenging walking [8,9]. While these alterations in spatio-

temporal gait parameters and dynamic stability occurred during different types of perturba-

tions, such as continuous mechanical and visual perturbations [9–14], it remains inconclusive

whether these observable adaptations also occur during sudden mechanical surface perturba-

tions in different directions.

The majority of perturbation studies has included perturbations only in the anterior-poste-

rior (AP) [7,15–17] or in the medio-lateral (ML) direction [9,11,13,14,18,19]. However, each

of these perturbations affects gait and stability in different ways, depending not only on the

type but also on the direction of the perturbations. Exposure to the continuous support surface

[10,12] and visual field [10,20,21] in both AP- and ML-directions produced anisotropic

changes in gait variabilities. The effects of perturbations were also found to be significantly

greater when perturbations were applied in the ML-direction [10,12,21]. Also, the unidirec-

tionality (AP or ML) of the perturbation may help the subjects in developing a volitional plan

for a stepping response thus lack’s the ecological validity since falls in the real world are multi-

directional and always unexpected [22,23]. Therefore, further studies on the effect of perturba-

tions on gait-related parameters and dynamic stability, which include sudden mechanical

surface perturbation in both AP- and ML-directions may reveal valuable information.

The means of gait characteristic appeared resistant to the effect of challenging walking

depending on the challenge [18,24]. Alternatively, the response of variability to perturbations

was stronger than the response of means during the continuous platform and visual perturba-

tions [12]. This indicated an increased challenge in stability that was not captured by means

but by the variability of parameters [12]. Thus, gait variability, which is defined as fluctuation

in gait parameters from one step to the next, might be an important indicator of gait stability

[25,26], and more responsive than the mean differences of the gait parameters.

Prior studies have used gait variability to characterize balance during walking

[10,11,18,21,27]. However, studies on the response of variability of the gait parameters to per-

turbations provided contradictory results. Continuous support surface perturbations during

walking in a static visual environment induced increased step width variability [14]. On the

other hand, Francis et al. reported no significant increase in gait variability in young adults in
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response to visual ML perturbation [18]. These differences might appear due to different types

of perturbations applied in these studies. In a recent work, Punt et al. explored the effects of

multidirectional sudden mechanical perturbations in stroke survivors who prospectively expe-

rienced falls or no falls [28]. By comparing the gait characteristics and dynamic stability in

both fallers and non-fallers group over every step after the perturbation, they observed no dif-

ference in individual’s ability to cope with the perturbations. Although their study provided

interesting insight into the response strategy in stroke survivors, the variability of the parame-

ters which might reveal helpful information in discriminations between fallers and non-fallers

was not included. There is a need for studies which examine the effect of sudden multidirec-

tional unexpected mechanical perturbations on the variability of gait-related parameters.

Additionally, extremes of gait-related parameters may be a better representative estimate of

the parameters in a challenging condition, such as perturbed walking compared with the mean

values that traditionally being used in research [29]. Rispens et al. found a strong association

between extremes relating to high gait quality and fall risk during daily life walking. During

perturbed treadmill walking, extremes may better capture pronounced postural responses

after perturbations, and in turn may be more sensitive indicators of gait stability [29]. To the

best of our knowledge, there have been no studies to evaluate the response of extremes of gait-

related parameters to quantify postural stability during perturbed walking.

The first aim of this study was to examine the changes in a candidate set of spatiotemporal

gait and stability parameters in response to sudden unexpected multidirectional mechanical

perturbations. Secondly, we aimed to evaluate the most affected parameters of this set for

measuring the effect of perturbations on postural recovery responses. Means, variability, and

extremes of gait-related parameters were used to specify responses during perturbed treadmill

walking. We hypothesized that participants would exhibit: (1) alterations in spatiotemporal

gait parameters to enhance dynamic stability and (2) a greater effect of perturbations on

extremes and variability of measures, as compared to means.

Methods

Participants and experimental protocol

Ten healthy young adults (age: 26.4 ± 4.1 years, height: 1.7 ± 0.08 m, mass: 64.4 ± 12.5 kg, 7

females) participated in this study. All participants provided written informed consent and

the study was approved by the ethical committee of the Medical Faculty, Tübingen University.

Recruited subjects had no experience of walking on the perturbation treadmill.

Participants walked on a perturbation treadmill (Balance Tutor, MediTouch, Netanya,

Israel) at the fixed speed of 1.11 ms-1 and were subjected to unexpected surface perturbations

in left, right, forward, and backward directions (Fig 1). The system has been described in detail

previously [30]. The treadmill platform is mounted on linear slides, which allow to translate it

in the lateral direction. Left and right perturbations were induced by automatically moving the

treadmill surface in ML-direction (12.8 cm and 1.5 ms-2). Forward and backward perturba-

tions were induced by acceleration and deceleration of the belt. To present the forward pertur-

bation, the belt speed accelerated toward 2.5 ms-1 and subsequently decelerated toward 1.1 ms-

1. The backward perturbation was presented by deceleration of the belt speed toward 0 ms-1

and subsequent acceleration toward 1.1 ms-1. First, the subjects completed 5 minutes (min) of

normal walking on the perturbation treadmill without perturbations to become familiar with

treadmill walking. The last min of the treadmill walking trial was used for data analysis (Nor-

mal) in order to measure the subject’s normal walking pattern. Afterwards, 4 trials of 1 min

perturbation treadmill walking were recorded. During each trial, participants were exposed

to a single perturbation in a specific direction in order to become familiar with perturbed

The effects of unexpectedmechanical perturbations on spatiotemporal gait parameters and dynamic stabiity
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walking. Subsequently, 4 trials of 5 min perturbation treadmill walking including a series of 16

perturbations towards a specific direction were recorded. The moment of all perturbations

was unpredictable. The time interval between perturbations ranged from 15–25 sec. All partic-

ipants walked in their comfortable sport shoes. Subjects always wore a loss safety harness to

prevent falls that prevented falls but did not restrict their gait.

Measurements and data analysis

Kinematic data were recorded at 200 Hz with an eight cameras motion capture system (Vicon

Motion System, Oxford, UK). A total of 39 reflective markers were placed at specific anatomi-

cal locations in accordance with the Plug-In-Gait marker set (Bodybuilder, Plug in Gait

model, Vicon Motion Systems, Oxford, UK). Motion data was analyzed using the Vicon

Nexus software (Version 2.5). The time frame of interest was 15 sec including 5 sec before and

10 sec after the perturbation.

Spatiotemporal gait parameters including step length, step width, and cadence were mea-

sured at the instant of the heel strike. Heel strike was identified as the local maxima of the posi-

tion of the heel markers in the AP-direction [31]. Stride length was defined as the AP-distance

between heel markers at the instant of heel strike plus the treadmill translation during the

stride. Step width was measured as the ML-distance between ankle markers at the moment of

heel strike. Cadence was calculated as the number of steps per minute.

Dynamic margins of stability were adapted from Hof et al. [5]. In this study, the extrapo-

lated center of mass (XCoM) was calculated as the position of the center of mass (CoM), plus

its velocity multiplied by the factor
ffiffiffiffiffiffiffiffi

lg�1

p

, where g was the acceleration of gravity and l was

the distance from the ankle marker of the trailing foot to the CoM at the instant of heel strike.

The margins of stability in the anterior-posterior direction (MoS-AP) were calculated as the

AP distance between the XCoM and the toe marker of the leading foot. The margins of stabil-

ity in the ML-direction (MoS-ML) were calculated as the lateral distance between the XCoM

and the ankle marker of the leading foot (Fig 1). MoS was calculated at heel strike for every

Fig 1. (A) A schematic drawing of the experimental setup. Forward and backward perturbations were induced by
acceleration and deceleration of the treadmill’s belt. Left and right perturbations were induced by moving the treadmill
surface in the ML-direction. Reflective markers were placed at specific anatomical locations in accordance with the plug-in-
gait marker set. (B) MoS-AP was defined as the AP distance between the XCoM-AP and the anterior boundary of the BoS,
defined by the leading toe marker (either RTOE or LTOE for the right and the left foot, respectively). MoS-ML was defined
as the ML distance between the XCoM-ML and the lateral boundary of the BoS, defined by the ankle marker (RANKL and
LANKL for the right and the left foot, respectively).

https://doi.org/10.1371/journal.pone.0195902.g001
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step during each time frame (~ 24 steps per each 15 sec time frame). All processing and analy-

ses were performed with customMATLAB R2015a programs (Mathworks, Inc., Natic, USA).

Measured values were visually checked regarding plausibility and wrong values resulted from

an error in the calculations due to the disturbed trajectory of markers were removed for fur-

ther analyzing.

For each time frame of 15 sec treadmill walking, the mean from all steps performed was cal-

culated for each spatiotemporal gait parameter and MoS. Additionally, variability character-

ized as the standard deviation was calculated for each spatiotemporal gait parameter and MoS.

Thus, gait characteristics were measured as the mean (mn) and standard deviation (sd) of the

spatiotemporal gait parameters including stride length (SLmn and SLsd), step width (SWmn and

SWsd), and cadence (cadencemn and cadencesd). Dynamic stability was calculated as the mean

and standard deviation of MoS in AP- (MoS-APmn and MoS-APsd) and ML- (MoS-MLmn and

MoS-MLsd) directions.

In addition, extremes were estimated as the 10th and 90th percentiles of the stride length

(SLP10 and SLP90), step width (SWP10 and SWP90), and cadence (cadence P10 and cadence P90),

as well as MoS in AP- (MoS-APP10 and MoS-APP90) and ML- (MoS-MLP10 and MoS-MLP90)

directions.

Statistical analysis

Multiple measures of variable including the mean, variability, and extremes of the spatiotem-

poral gait parameters as well as MoS in ML- and AP-directions were reduced to the mean val-

ues for each walking condition. Paired t-test and corresponding confidence interval (CI) was

used to examine differences between normal walking and perturbed walking conditions. In

addition, the effect size of responses was calculated using Cohen’s d statistic (d) to describe the

strength of the effect of perturbation conditions on each measurement. Cohen’s d statistic was

defined as the mean difference between normal and perturbed walking conditions divided by

the standard deviation of changes between conditions.

All statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc.,

Cary, NC, USA) with a confidence interval of 95% for all comparisons.

Results

All subjects completed the experiment with no fall into the harness system during the pertur-

bation trials. In total, 116 left, 130 right, 141 forward, and 144 backward perturbations were

analyzed. The results for means, variabilities, and extremes of normal walking, as well as per-

turbed walking, are presented in Table 1. Also, results of statistical analyses including mean

differences of perturbed walking conditions relative to normal walking, as well as the associ-

ated CI and effect sizes (i.e., Cohen’s d statistic) are presented in Figs 2 and 3.

Means of gait parameters and dynamic stability

Overall, compared with unperturbed treadmill walking, participants walked with shorter

stride length, wider step width, and higher cadence during ML perturbations. However, the

effect of perturbations on SWmn was not statistically significant (Fig 2A, 2B and 2C). Exposure

to the right perturbation resulted in a significantly shorter stride length (Est. = -3.478, 95%

CI [-5.302, -1.652], d = -1.363). In left perturbation, participants tended to decrease their stride

length (Est. = -2.448, 95% CI [-5.101, 0.206], d = -0.66). However, there were no significant dif-

ferences in SLmn, SWmn, and Cadencemn during forward and backward perturbations com-

pared with unperturbed walking (Fig 2A, 2B and 2C).

The effects of unexpectedmechanical perturbations on spatiotemporal gait parameters and dynamic stabiity
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Similar to SLmn, exposure to right perturbation resulted in significantly shorter MoS-APmn

compared with unperturbed walking (Est. = -1.776, 95% CI [-2.665, -0.887], d = -1.429, Fig

3A). Also, MoS-APmn tended to decrease during left perturbation, however, the effect did not

reach to the significant level (Est. = -1.269, 95% CI [-3.093, 0.555], d = -0.498). The perturba-

tions had no significant effect on MoS-MLmn (Fig 3B).

Variability of gait parameters and dynamic stability

During all perturbation conditions, the variability of stride length, step width, and cadence

was significantly higher than during unperturbed walking (Fig 2D, 2E and 2F). Lateral pertur-

bations resulted in an increase in the variability of stride length and step width than forward

and backward perturbations. However, the strength of the effect on stride length variability

appeared high during all perturbation conditions (Left: Est. = 4.352, 95% CI [3.091, 5.613],

d = 2.468; Right: Est. = 5.784, 95% CI [4.271, 7.298], d = 2.733; Backward: Est. = 1.955, 95%

CI [1.278, 2.632], d = 2.066; Forward: Est. = 3.331, 95% CI [2.488, 4.175], d = 2.826, Fig 2D).

On the other hand, the results of SWsd exhibited stronger effect of lateral perturbations than

forward and backward perturbations (Left: Est. = 1.609, 95% CI [1.261, 1.958], d = 3.307;

Right: Est. = 1.299, 95% CI [1.073, 1.526], d = 4.109; Backward: Est. = 0.448, 95% CI [0.142,

0.754], d = 1.048; Forward: Est. = 0.495, 95% CI [0.053, 0.937], d = 0.801, Fig 2E).

Table 1. Results for spatiotemporal gait parameters and margins of stability during different walking conditions (mean and SD; n = 10).

Condition

Normal Left Right Backward Forward

Stride length [cm]

Mean 128.83 ± 8.68 126.38 ± 7.56 125.35 ± 7.98 129.59 ± 7.54 127.61 ± 7.56

Variability 2.08 ± 0.48 6.43 ± 1.75 7.86 ± 1.98 4.03 ± 0.78 5.41 ± 1.09

P10 126.32 ± 8.55 121.65 ± 6.61 121.52 ± 7.53 125.82 ± 7.25 122.62 ± 7.76

P90 131.54 ± 8.78 131.34 ± 8.00 130.53 ± 8.40 133.08 ± 8.09 132.18 ± 8.14

Step width [cm]

Mean 20.97 ± 2.92 21.71 ± 3.30 21.69 ± 3.51 21.74 ± 3.22 21.14 ± 3.32

Variability 1.57 ± 0.39 3.18 ± 0.53 2.87 ± 0.38 2.02 ± 0.60 2.06 ± 0.72

P10 19.06 ± 2.86 18.56 ± 3.29 18.62 ± 3.70 19.29 ± 3.42 18.53 ± 3.46

P90 22.96 ± 3.03 25.19 ± 3.29 24.87 ± 3.34 24.49 ± 3.46 23.78 ± 3.52

Cadence [steps/min]

Mean 103.96 ± 5.49 106.26 ± 6.26 107.14 ± 6.67 103.70 ± 5.72 105.08 ± 5.94

Variability 1.45 ± 0.40 4.83 ± 2.28 5.81 ± 1.76 2.50 ± 0.44 4.87 ± 1.35

P10 102.14 ± 6.63 102.81 ± 6.27 103.28 ± 6.33 101.06 ± 5.73 101.64 ± 5.89

P90 105.85 ± 6.64 110.96 ± 6.87 112.19 ± 7.09 106.25 ± 5.62 108.39 ± 5.81

MoS-ML [cm]

Mean 8.89 ± 1.24 9.17 ± 1.41 9.07 ± 1.48 9.19 ± 1.38 8.92 ± 1.51

Variability 0.67 ± 0.16 1.43 ± 0.27 1.42 ± 0.18 0.97 ± 0.24 1.03 ± 0.20

P10 8.01 ± 1.30 7.73 ± 1.25 7.75 ± 1.58 8.05 ± 1.38 7.83 ± 1.39

P90 9.76 ± 1.26 10.62 ± 1.61 10.48 ± 1.46 10.42 ± 1.53 10.13 ± 1.62

MoS-AP [cm]

Mean 9.38 ± 2.86 8.11 ± 2.39 7.61 ± 2.35 9.67 ± 2.64 8.81 ± 2.66

Variability 0.96 ± 0.25 3.37 ± 1.01 2.89 ± 0.55 1.62 ± 0.51 3.94 ± 0.48

P10 8.17 ± 3.00 4.78 ± 2.55 3.67 ± 2.57 7.78 ± 2.99 6.41 ± 2.41

P90 10.62 ± 2.69 11.01 ± 2.34 10.07 ± 2.17 11.32 ± 2.46 11.33 ± 2.74

https://doi.org/10.1371/journal.pone.0195902.t001
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Fig 2. Difference of means, variability, and extremes of spatiotemporal gait parameters during perturbed walking conditions relative to normal walking.
Difference of means of (A) stride length, (B) step width, and (C) cadence. Difference of variability of (D) stride length, (E) step width, and (F) cadence. Difference of
10th percentile of (G) stride length, (H) step width, and (I) cadence. Difference of 90th percentile of (J) stride length, (K) step width, and (L) cadence. d indicates
Cohen’s d statistic effect size. Error bars indicate confidence intervals. (�) indicates statistically significant differences from Normal walking.

https://doi.org/10.1371/journal.pone.0195902.g002
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Fig 3. Difference of means, variability, and extremes of dynamic stability during perturbed walking conditions
relative to normal walking.Difference of means of (A) MoS-AP and (B) MoS-ML. difference of variability of (C)
MoS-AP and (D) MoS-ML. difference of 10th percentile of (E) MoS-AP and (F) MoS-ML. difference of 90th percentile
of (G) MoS-AP and (H) MoS-ML. d indicates Cohen’s d statistic effect size. Error bars indicate confidence intervals. (�)
indicates statistically significant differences from Normal walking.

https://doi.org/10.1371/journal.pone.0195902.g003
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Similar to the results of gait parameters, the dynamic stability exhibited significantly greater

variability during all perturbation conditions relative to unperturbed treadmill walking

(Fig 3C and 3D). However, forward perturbation had greater effect on MoS-APsd than on

MoS-MLsd (Est. = 2.979, 95% CI [2.607, 3.351], d = 5.729 and Est. = 0.371, 95% CI [0.204,

0.537], d = 1.591, respectively).

Extreme values

The results for extremes of spatiotemporal gait parameters showed no significant differences

between SLP90, SWP10, and CadenceP10 during perturbation walking conditions compared

with unperturbed treadmill walking (Fig 2J, 2H and 2I). SLP10 during lateral and forward per-

turbations was significantly shorter than during unperturbed walking (Left: Est. = -4.663, 95%

CI [-7.624, -1.702], d = -1.127; Right: Est. = -4.794, 95% CI [-7.017, -2.572], d = -1.543; For-

ward: Est. = -3.699, 95% CI [-6.192, -1.205], d = -1.061, Fig 2G). Also, SWP90 significantly

increased during lateral and backward perturbations (Left: Est. = 2.239, 95% CI [1.132, 3.347],

d = 1.447; Right: Est. = 1.913, 95% CI [0.879, 2.948], d = 1.323; Backward: Est. = 1.534, 95%

CI [0.389, 2.679], d = 0.958, Fig 2K). In addition, cadenceP90 during sideway and forward per-

turbations was significantly greater than during unperturbed walking, however the effect of

lateral perturbations was stronger compared with backward perturbation (Left: Est. = 5.11,

95% CI [2.253, 7.968], d = 1.279; Right: Est. = 6.349, 95% CI [4.148, 8.549], d = 2.064; Forward:

Est. = 2.549, 95% CI [0.531, 4.568], d = 0.904, Fig 2L).

Similar to the results of step width, MoS-MLP90 during lateral and backward perturbations

was significantly larger than during unperturbed walking (Left: Est. = 0.861, 95% CI [0.307,

1.414], d = 1.112; Right: Est. = 0.714, 95% CI [0.297, 1.131], d = 1.225; Backward: Est. = 0.656,

95% CI [0.016, 1.297], d = 0.733, Fig 3H). However, the results of MoS-MLP10 showed no

significant change between perturbed and unperturbed gait (Fig 3F). Also, MoS-APP90 was

not significantly different between perturbed and unperturbed treadmill walking (Fig 3G),

whereas MoS-APP10 during ML perturbation was significantly greater than during unper-

turbed walking (Left: Est. = -3.401, 95% CI [-5.484, -1.318], d = -1.168; Right: Est. = -4.505,

95% CI [-5.868, -3.142], d = -2.364, Fig 3E).

Discussion

In this study, we found that spatiotemporal gait parameters, as well as MoS, were affected dur-

ing exposure to AP- and ML- perturbations depending on the direction of the perturbations.

Participants took shorter, wider, and faster steps in order to increase their dynamic stability

in balance recovery during walking. More noteworthy was the increase in variability of these

parameters relative to unperturbed walking. These effects were also found to be significantly

greater when the perturbations were applied in the ML-direction.

Interestingly and as one might have expected by theory, the response of stride length (i.e.

AP response of spatial gait parameters) and MoS-AP (i.e. AP response of dynamic stability)

exhibited the same pattern of response to perturbations. Similarly, the response pattern of step

width (i.e. ML response of spatial gait parameters) and MoS-ML (i.e. ML response of dynamic

stability) appeared comparable. In addition, the response pattern of cadence (i.e., temporal

gait parameter) was reversely the same as that for stride length. Based on the theoretical mod-

els, in which the human body during walking is modeled as a simple inverted pendulum,

cadence, stride length, and walking speed cannot be adapted independently from each other

[5,6,8,32]. In the present study, subjects walked on the treadmill with a fixed walking speed,

therefore cadence was adapted according to the stride length.
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Previous studies showed decreases in stride length, increases in step width and cadence

with increasing perturbation intensity [9–11,33]. In this study, subjects exhibited shorter,

larger, and faster steps during ML than AP perturbations, suggesting that ML perturbations

were more challenging than AP perturbations, which is consistent with McIntosh et al. who

used ML and AP overground platform perturbations during walking [34]. However, they

quantified responses by CoM displacement and velocity, thus it remained unknown to what

extent the stability of gait was affected by perturbations.

In line with previous studies, MoS-AP significantly decreased in response to ML perturba-

tions [12]. MoS-AP is defined as the distance between the AP boundaries of the base of support

(BoS) and XCoM. Shorter and faster steps, which bring the CoM closer to the moving BoS,

improved stability in AP-direction [7,9,32,33]. Conversely, MoS-ML slightly increased in

response to applied perturbations implies a decrease in risk of falling [9,12]. Similar to the pre-

vious studies, our results show that lateral dynamic stability was controlled by taking slightly

wider steps to maintain stable walking during the perturbed walking [6,9,12]. The MoS in

ML direction is defined as the distance between the ML borders of the BoS and XCoM. Thus,

increased step width resulted in an increase in MoS-ML [9,20].

Perturbations had a strong effect on variabilities, indicating that step irregularity is a spe-

cific characteristic of walking adaptability during perturbed walking [10,11,13,21]. Our results

suggest that looking at the variability of parameters over a series of steps is a responsive mea-

sure of gait adaptations happening during perturbed walking. Importantly, it should be noted

that in this method, the effect of the perturbations on the mean of the parameters could be

smeared out, since it was measured over a series of steps and not over every single step after

the perturbation. Despite limited responsiveness for measuring the effects on means, the

presented approach of capturing the variability may represent a useful measure in future stud-

ies estimating fall risk in fall-prone populations. For instance, in a recent study, Punt et al.

reported no difference between fallers and non-fallers ability to cope with perturbation when

measuring mean of the parameters over every single step following the perturbation [28]. In

their study, the effect of the perturbations on gait variability over series of steps (i.e. fluctua-

tions) was not investigated, which might be helpful in providing additional information to dis-

criminate between fallers and non-fallers. Our findings of high responsiveness of variability

parameters are in agreement with Terry et al. who reported variabilities of CoM position

and step width as the most sensitive parameters in response to continuous visual and mechani-

cal perturbations toward ML-direction [13]. Also, in a recent study, Stokes et al. reported a

more profound effect of continuous visual ML perturbations on variabilities of step width, step

length, and trunk sway [11].

Significantly greater variability in response to ML perturbations indicates that to maintain

stability, participants needed to exert greater control in response to ML perturbations

[10,21,35]. The variability of SL was strongly affected by both ML and AP perturbations,

whereas the effect of ML perturbations on the variability of SW was much greater than the

effect of AP perturbations. MoS variability increased during all perturbed walking conditions.

However, similar to variabilities of gait parameters, the variability of MoS was also greater for

ML perturbations, as reported previously [12], reflecting the increased fluctuations in the

placement of protective stepping after the onset of the perturbation in order to enhance stabil-

ity [27]. Additionally, the variability of MoS-AP during the forward perturbation increased

which was also reported by Young et al., demonstrating higher fluctuations of MoS-AP in the

forward direction [12]. In the present study, gait instability was analyzed using an approach

similar to that used by Lipsitz et al. [36] measuring heart rate variability and by Hausdorff et al.

[37] measuring gait variability. The higher variability (i.e., more fluctuations) during and

immediately after recovery stepping may be referred to as unsteadiness. In this sense, the
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variability of gait and stability parameters may be used as a marker of unsteadiness, instability,

and fall risk. This should be further explored by applying this method in older adults and

impaired population since not all variability is a mark of poor locomotor control. As in heart

rate variability, some variability may reflect adaptability and be beneficial especially after an

unexpected loss of balance. Indeed, the ability to adapt gait when negotiating unexpected haz-

ards is crucial to maintain stability and avoid falling [38]. In the present study, the healthy

young participants experienced no difficulty and no fall during perturbed walking. Thus, the

high variability may show the ability of the young subjects to adapt the gait pattern which may

be a healthy behavior to respond to unexpected perturbation. This initial work suggests that

just as there is much to be gained by investigating gait and heart rate dynamics, above and

beyond the study of the average heart rate and gait dynamics, similar investigations of step

dynamics after an unexpected loss of balance may provide insight into postural stability and

may also have clinical applications.

ML perturbations resulted in a deviation from the straight walking trajectory. Conse-

quently, a lateral step or a crossing step was necessary to prevent sideward fall. Probably,

increasing the step width causing increased MoS-ML which results in decreasing the risk of a

sideward fall was prioritized above the stability in AP-direction. Therefore, participants in this

study increased the variability of AP responses as well as ML responses to compensate for the

higher risk of fall following the ML perturbations by taking wider and shorter steps. But AP

perturbations resulted in an interruption of the forward progression. In this case, the risk of

fall in backward and forward direction could decrease, respectively, by taking a backward

or a fast and short forward step which resulted in the higher effect on the variability of AP

responses than on ML responses. This observation suggests that presenting the ML perturba-

tions affected stability in both ML- and AP-directions with a stronger effect in sideway fall

than AP falls, and AP perturbations resulted in a stronger effect in the direction of the pre-

sented perturbation.

Backward perturbation reduced the distance between the anterior border of the BoS and

the XCoM thus increased MoS-AP. It should be noted that increase in MoS-AP simultaneously

might have the disadvantage increasing the risk of a backward loss of balance. Consequently,

subjects took wider steps to recover stability. The increased step width during backward per-

turbation resulted in a greater MoS in ML-direction. However, the results of backward pertur-

bation in this study should be interpreted with some cautions. Backward perturbations were

presented by deceleration of the treadmill belt, which was accompanied by a sudden stop in

the belt movement. Thus, gait cycles included in the backward perturbation consisted of gait

cycles before and after the belt stop, and motion’s frames related to the stop of the belt were

excluded from the analysis.

Extremes related to ‘high gait quality’ (HGQ) contain information about the best possible

performance in the high-risk situation, whereas extremes related to ‘low gait quality’ (LGQ)

contain information about responding to the risk which is related to the more demanding situ-

ations [29]. Therefore, together with the findings of this study, HGQ parameters are related to

responses which show larger stride length (SLP90), shorter step width (SWP10), lower cadence

(cadenceP10), higher MoS-AP (MoS-APP90), and lower MoS-ML (MoS-MLP10). While, LGQ

parameters are expected to represent subject’s responses in the high-risk situations (i.e. during

perturbations) which show shorter stride length (SLP10), larger step width (SWP90), higher

cadence (cadenceP90), lower MoS-AP (MoS-APP10), and higher MoS-ML (MoS-MLP90).

HGQ parameters during perturbed walking exhibited no difference with that of normal

walking. Thus, they showed no sensitivity to perturbations. As suggested by Rispens et al., per-

haps the HGQ extremes are an accurate estimation of the individual’s capacities and do not

capture the effect of perturbations [29]. Therefore, they showed the capacity and the best
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performance of young healthy adults in response to perturbations which exhibited no differ-

ence with normal walking.

Interestingly, the results of LGQ for all parameters were similar with the results of means

and showed the same response pattern. However, the effect of LGQ of parameters was some-

what more significant and stronger compared to means. Thus, it seems that LGQ were more

responsive and might be representative of the effect of unexpected perturbations.

There are some limitations in this study. First, due to technical limitations of the treadmill,

all expected numbers of perturbations were not presented. Second, trials were not presented in

a randomized order, therefore, the results of each condition could be influenced by learning of

the previous condition. However, this fact does not interfere with the findings of this study

since the main goal of this exploratory experiment was to find the effect of perturbations on

spatiotemporal gait and dynamic stability parameters in order to evaluate the most sensitive

measures which can better represent the effect of perturbations. Third, the data came from a

fairly small sample of relatively healthy young adults. Thus there is a need to investigate larger

sample sizes and explore older and "weaker" populations. Forth, there was no reflective mark-

ers attached to the treadmill. Consequently, the exact frame in which the perturbation was

presented was undetectable. To address this limitation, all parameters were measured over a

series of recovery steps and not over every single step after the perturbation. In this study, the

extreme of the parameters may have captured the immediate effect of the perturbations on

the parameters. Therefore, the present approach may potentially capture both the local effects

(extremes) and the fluctuations over a series of steps (variability), although this needs to be val-

idated in future studies. The detected information on extremes and variability of the parame-

ters should be clinically validated as a fall risk assessment by applying this method on fall-

prone populations. We acknowledge that the method of measurement over series of steps

from a perturbation trial arose some limitations such as missing the subtleties that happen

around the single steps following the perturbation. While the approach of analyzing a series of

steps provided interesting information about the variability, it may smear out the effects of

means. Therefore, the effect of the perturbations on the immediate steps after the perturba-

tions should be investigated in future studies. In addition, the moment of the perturbation was

adjusted to mid-stance of the left foot. However, there was a delay in triggering of the pertur-

bations due to limitations in the setup of the treadmill device and since we could not detect

the frame in which the perturbation was presented, the exact moment of the perturbations

could not be determined. Thus, some cautions in interpreting the results should be taken into

account, considering that depending on the moment of the perturbation within the gait cycle

the response is different.

Conclusions

The results show that the increase in cadence and step width, as well as the decrease in stride

length, are strategies to increase MoS, and thus to decrease the probability of falling in the

presence of perturbations. The present study also suggests that frontal plane fluctuations (ML

variability) are more variable compared with AP variability. Thus, the variability of responses

depends not only on the status of the individuals but also depends on the type and direction of

the perturbation. The participants were more sensitive to ML perturbations than to AP pertur-

bations which shows the importance of including ML perturbations in assessment protocols.

Variabilities, as well as extremes of gait-related parameters, showed strong responses for mea-

suring the effects of perturbations. Therefore, measuring variabilities and extremes of the

parameters in addition to means can help to better understand balance control strategies and

may be used as a marker of unsteadiness, instability, and fall risk. Further studies need to
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evaluate whether similar postural responses exist in older adults with different balance control

abilities, such as between fallers and non-fallers. In this context, this study can be useful for

designing advanced stability and gait evaluation and for introducing novel assessment proto-

cols for estimating fall risk.
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S1 Data. Data of the gait characteristics and dynamic stability. Parameters including SL,
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17. Süptitz F, Karamanidis K, Catalá MM, BrüggemannG-P (2012) Symmetry and reproducibility of the
components of dynamic stability in young adults at different walking velocities on the treadmill. Journal
of electromyography and kinesiology 22: 301–307. https://doi.org/10.1016/j.jelekin.2011.12.007 PMID:
22240093

18. Francis CA, Franz JR, O’Connor SM, Thelen DG (2015) Gait variability in healthy old adults is more
affected by a visual perturbation than by a cognitive or narrow step placement demand. Gait & posture
42: 380–385.

19. Hof A, Vermerris S, GjaltemaW (2010) Balance responses to lateral perturbations in human treadmill
walking. Journal of Experimental Biology 213: 2655–2664. https://doi.org/10.1242/jeb.042572 PMID:
20639427

20. Hof AL, van Bockel RM, Schoppen T, Postema K (2007) Control of lateral balance in walking: experi-
mental findings in normal subjects and above-knee amputees. Gait & posture 25: 250–258.

21. O’Connor SM, Kuo AD (2009) Direction-dependent control of balance during walking and standing.
Journal of neurophysiology 102: 1411–1419. https://doi.org/10.1152/jn.00131.2009 PMID: 19553493

22. Schonnop R, Yang Y, Feldman F, Robinson E, Loughin M, et al. (2013) Prevalence of and factors asso-
ciated with head impact during falls in older adults in long-term care. Canadian Medical Association
Journal 185: E803–E810. https://doi.org/10.1503/cmaj.130498 PMID: 24101612

23. Yang Y, Mackey D, Liu-Ambrose T, Feldman F, Robinovitch S (2016) Risk factors for hip impact during
real-life falls captured on video in long-term care. Osteoporosis international 27: 537–547. https://doi.
org/10.1007/s00198-015-3268-x PMID: 26252977

24. Tay CS, Lee JK, Teo YS, Foo PQ, Tan PM, et al. (2016) Using gait parameters to detect fatigue and
responses to ice slurry during prolonged load carriage. Gait & posture 43: 17–23.

25. Brach JS, Studenski S, Perera S, VanSwearingen JM, Newman AB (2008) Stance time and step width
variability have unique contributing impairments in older persons. Gait & posture 27: 431–439.

The effects of unexpectedmechanical perturbations on spatiotemporal gait parameters and dynamic stabiity

PLOSONE | https://doi.org/10.1371/journal.pone.0195902 April 19, 2018 14 / 15

https://doi.org/10.1016/j.jelekin.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17766146
https://doi.org/10.1016/j.jbiomech.2004.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15519333
https://doi.org/10.1016/j.humov.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17935808
https://doi.org/10.1371/journal.pone.0082842
http://www.ncbi.nlm.nih.gov/pubmed/24349379
https://doi.org/10.1016/j.jbiomech.2010.02.003
https://doi.org/10.1016/j.jbiomech.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20346453
https://doi.org/10.1016/j.jbiomech.2011.12.027
https://doi.org/10.1016/j.jbiomech.2011.12.027
http://www.ncbi.nlm.nih.gov/pubmed/22326059
https://doi.org/10.1016/j.jbiomech.2012.05.006
https://doi.org/10.1016/j.jbiomech.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22648147
https://doi.org/10.1016/j.humov.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/24071548
https://doi.org/10.14814/phy2.12222
http://www.ncbi.nlm.nih.gov/pubmed/25501424
https://doi.org/10.1016/j.jelekin.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22240093
https://doi.org/10.1242/jeb.042572
http://www.ncbi.nlm.nih.gov/pubmed/20639427
https://doi.org/10.1152/jn.00131.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553493
https://doi.org/10.1503/cmaj.130498
http://www.ncbi.nlm.nih.gov/pubmed/24101612
https://doi.org/10.1007/s00198-015-3268-x
https://doi.org/10.1007/s00198-015-3268-x
http://www.ncbi.nlm.nih.gov/pubmed/26252977
https://doi.org/10.1371/journal.pone.0195902


26. Maki BE (1997) Gait changes in older adults: predictors of falls or indicators of fear? Journal of the
American geriatrics society 45: 313–320. PMID: 9063277

27. Yang F, Pai Y-C (2014) Can stability really predict an impending slip-related fall among older adults?
Journal of biomechanics 47: 3876–3881. https://doi.org/10.1016/j.jbiomech.2014.10.006 PMID:
25458148

28. Punt M, Bruijn SM, Roeles S, van de Port IG, Wittink H, et al. (2017) Responses to gait perturbations in
stroke survivors who prospectively experienced falls or no falls. Journal of biomechanics 55: 56–63.
https://doi.org/10.1016/j.jbiomech.2017.02.010 PMID: 28267989

29. Rispens SM, van Schooten KS, Pijnappels M, Daffertshofer A, Beek PJ, et al. (2015) Do extreme values
of daily-life gait characteristics provide more information about fall risk than median values? JMIR
research protocols 4: e4. https://doi.org/10.2196/resprot.3931 PMID: 25560937

30. Shapiro A, Melzer I (2010) Balance perturbation system to improve balance compensatory responses
during walking in old persons. Journal of neuroengineering and rehabilitation 7: 32. https://doi.org/10.
1186/1743-0003-7-32 PMID: 20630113

31. Zeni J, Richards J, Higginson J (2008) Two simple methods for determining gait events during treadmill
and overground walking using kinematic data. Gait & posture 27: 710–714.

32. Pai Y-C, Patton J (1997) Center of mass velocity-position predictions for balance control. Journal of bio-
mechanics 30: 347–354. PMID: 9075002

33. Hak L, Houdijk H, Steenbrink F, Mert A, van der Wurff P, et al. (2013) Stepping strategies for regulating
gait adaptability and stability. Journal of biomechanics 46: 905–911. https://doi.org/10.1016/j.jbiomech.
2012.12.017 PMID: 23332822

34. McIntosh EI, Zettel JL, Vallis LA (2016) Stepping Responses in Young and Older Adults Following a
Perturbation to the Support Surface During Gait. Journal of Motor Behavior: 1–11.

35. Kuo AD (1999) Stabilization of lateral motion in passive dynamic walking. The International journal of
robotics research 18: 917–930.

36. Lipsitz LA, Mietus J, Moody GB, Goldberger AL (1990) Spectral characteristics of heart rate variability
before and during postural tilt. Relations to aging and risk of syncope. Circulation 81: 1803–1810.
PMID: 2344676

37. Hausdorff JM, Forman DE, Ladin Z, Goldberger AL, Rigney DR, et al. (1994) Increased walking variabil-
ity in elderly persons with congestive heart failure. Journal of the American Geriatrics Society 42:
1056–1061. PMID: 7930329

38. CaetanoMJD, Menant JC, Schoene D, Pelicioni PHS, Sturnieks DL, et al. (2016) Sensorimotor and
cognitive predictors of impaired gait adaptability in older people. Journals of Gerontology Series A: Bio-
medical Sciences and Medical Sciences 72: 1257–1263.

The effects of unexpectedmechanical perturbations on spatiotemporal gait parameters and dynamic stabiity

PLOSONE | https://doi.org/10.1371/journal.pone.0195902 April 19, 2018 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9063277
https://doi.org/10.1016/j.jbiomech.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25458148
https://doi.org/10.1016/j.jbiomech.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28267989
https://doi.org/10.2196/resprot.3931
http://www.ncbi.nlm.nih.gov/pubmed/25560937
https://doi.org/10.1186/1743-0003-7-32
https://doi.org/10.1186/1743-0003-7-32
http://www.ncbi.nlm.nih.gov/pubmed/20630113
http://www.ncbi.nlm.nih.gov/pubmed/9075002
https://doi.org/10.1016/j.jbiomech.2012.12.017
https://doi.org/10.1016/j.jbiomech.2012.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23332822
http://www.ncbi.nlm.nih.gov/pubmed/2344676
http://www.ncbi.nlm.nih.gov/pubmed/7930329
https://doi.org/10.1371/journal.pone.0195902

