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A B S T R A C T   

Background and objective: Adequate reactive steps are critical for preventing falls following balance perturbations. 
Perturbation-based balance training was shown to improve reactive stepping in various clinical populations, but 
its delivery is labor-intensive and generally uses expensive equipment. Action observation of reactive steps with 
either motor imagery (AOMI) or motor simulation (AOMS) are potential alternative training modalities. We here 
aimed to study their effects on reactive stepping performance. 
Methods: Sixty healthy young subjects were subjected to forward platform translations that elicited backward 
reactive steps. The AOMI group (n = 20) was tested after AOMI of an actor’s reactive steps, while the AOMS 
group (n = 20) additionally stepped along with the actor. The control group (n = 20) was tested without any 
prior observation. Our primary outcome was the step quality of the first trial response, as this best represents a 
real-life loss-of-balance. Step quality was quantified as the leg angle with respect to the vertical at stepping-foot 
contact. We also studied single step success rates and reactive step quality across repeated trials. 
Results: Reactive step quality was significantly better in the AOMI and AOMS groups than in the control group, 
which differences coincided with a twofold higher single step success rate. Reactive step quality improved upon 
repeated trials in all groups, yet the AOMS group needed the fewest repetitions to reach plateau performance. 
Significance: The present results demonstrate that both AOMI and AOMS improved first and repeated trial 
reactive stepping performance. These findings point at the potential applicability of these concepts for home- 
based reactive balance training, for instance in serious games, with overt movements (AOMS) possibly having 
some benefits over mental imaginations (AOMI). Whether similar beneficial effects also emerge in the target 
populations of balance-impaired individuals remains to be investigated.   

1. Introduction 

The risk of falling is increased in older adults and people with 
neurological disorders [1–3]. Falls in daily life are often the result of 
inadequate reactive stepping performance, which is a final common 
balance saving strategy for preventing falls after an unexpected 
loss-of-balance [4]. Perturbation-based balance training (PBT) is an 
emerging rehabilitation intervention that has shown great potential for 
improving reactive stepping in various populations. In healthy older 
adults, fall rates were significantly reduced after PBT [5]. Moreover, 
gains in balance recovery performance were retained for weeks to 
months after training [6–8]. Incorporation of perturbation training into 

inpatient rehabilitation care of sub-acute stroke patients resulted in 
fewer falls in the six months post discharge [9], as well as in higher 
multistep thresholds and improved balance confidence [10]. Reactive 
step quality also improved following PBT in people with chronic stroke 
[11,12]. 

Despite this mounting evidence for the efficacy of PBT, there are 
significant limitations that prevent broad clinical uptake. To date, PBT 
often requires intensive supervision and specialized equipment. There
fore, this type of training is only available to a relatively limited number 
of patients. To tackle this issue, we wondered whether (partly) replacing 
real PBT practice by action observation with motor imagery (AOMI) of 
reactive stepping may be a viable option. This was inspired by 
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neuroimaging studies demonstrating that brain activity patterns during 
action observation and motor imagery of e.g., hand gestures, locomotion 
and slipping - without performing an overt movement - correspond to 
those during actual task execution [13–16]. Furthermore, training pro
grams using AOMI, either stand-alone or in addition to conventional 
training, have shown beneficial effects on balance and gait outcomes in 
healthy older adults [17–19] and people with chronic stroke [20,21]. 
Yet, the majority of these studies examined outcomes related to 
steady-state balance (e.g., postural oscillations) or to walking ability (e. 
g., Timed Up and Go test). Therefore, it remains to be investigated 
whether AOMI may be effective for improving reactive stepping re
sponses as well. 

To address this question, we aimed to investigate whether AOMI of 
reactive stepping (i.e., mentally imaging performing an observed reac
tive step) improves balance recovery responses following high-intensity 
backward perturbations in healthy young individuals, as compared to no 
prior action observation. We hypothesized that AOMI would prepare 
subjects better for new real balance perturbations and would thus result 
in a better reactive stepping performance, especially for the very first 
perturbation. In addition, we studied whether motor simulation, i.e., 
actually stepping along with the observed step as accurately as possible, 
may result in greater gains in reactive stepping performance compared 
to action observation with motor imagery alone. 

2. Methods 

2.1. Participants 

Sixty healthy young adults (23.7 ± 3.1 years; 36 females) partici
pated in the study (Table 1). Exclusion criteria were any neurological, 
orthopedic or vestibular disorder or use of medication negatively 
affecting balance, and any prior experience with balance perturbations 
induced by the Radboud Fall Simulator (RFS) or with other experi
mentally induced balance perturbations. All subjects gave written 
informed consent prior to participation. The study was conducted in 
accordance with the Declaration of Helsinki and adhered to the guide
lines of the local medical ethical committee (CMO region Arnhem- 
Nijmegen). 

2.2. Experimental setup 

The experiments were conducted using the RFS, which is a movable 
platform (Baat Medical, Enschede, The Netherlands) with two inte
grated force plates (0.6 × 1.8 m each, AMTI Custom 6 axis composite 
force platform, USA) that delivered strong perturbations. Backward 
balance perturbations were delivered by platform translations in for
ward direction. Perturbations comprised of an acceleration (4.5 m/s2, 
300 ms), constant velocity (1.35 m/s, 500 ms), and a deceleration phase 
(− 4.5 m/s2, 300 ms). Participants stood barefoot on the platform with 
their feet 4.5 cm apart and wore a safety harness attached to the ceiling 
to prevent falling. The perturbation direction was known in advance and 
the onset of perturbation randomly varied between 3 to 6 s. Participants 
were instructed to respond to the perturbations with a single step 
without grabbing the rails surrounding the platform. 

There were three different groups: a control group (CTR), an action 
observation with motor imagery group (AOMI) or an action observation 
with motor simulation group (AOMS) (Fig. 1a). Participants were 

allocated at random. They were all subjected to a series of 20 real bal
ance perturbations in the backward direction. The CTR group was tested 
without any prior observation of a third person (actor) reacting to the 
same series of perturbations. Before being subjected to the perturbations 
themselves, the AOMI group was instructed to attentively observe the 
actor’s movements in response to the same series of 20 perturbations 
and to mentally imagine themselves performing the reactive steps in the 
same manner (Fig. 1b). The AOMS group was additionally instructed to 
move along with the actor as accurately as possible in terms of step 
timing, size and direction. Standardized instructions were read aloud 
from paper by the researcher. The participant and the actor were 
instructed to not communicate with each during the experiment. Only 
the participant, the actor (if applicable) and the researcher were present 
during the session. 

2.3. Data acquisition and analysis 

Ground reaction forces (GRFs) underneath each foot were collected 
by the two force plates integrated in the moveable platform (sampled at 
2000 Hz). The vertical force components from each force plate were 
filtered offline at 20 Hz with a 10th order zero-lag Butterworth filter. 
Reflective markers were placed on anatomical landmarks according to 
the Vicon Lower Body Plugin-Gait model (Vicon Motion Systems, United 
Kingdom). An additional reflective marker was placed on the platform to 
correct marker positions for platform movements. The marker positions 
were recorded by an 8-camera 3D motion analysis system (sampled at 
100 Hz, Vicon Motion Systems, United Kingdom). Marker trajectory 
data were filtered offline with a 10 Hz low-pass 2nd order zero-lag 
Butterworth filter. Perturbation onset was encoded by a digital trigger 
signal (sampled at 1000 Hz). The moments of foot off and foot contact 
were detected from the ground reaction forces, using a threshold value 
of 100 N. Small shuffling movements of the foot (i.e. both vertical heel 
lift and horizontal heel displacement both below 5 cm) were not 
considered as steps. In those cases, the first ‘real’ step was included in 
the analysis. Single steps were defined as steps where no further 
expansion of the base of support occurred in the direction of the 
perturbation after first foot contact . Single step success was visually 
evaluated and manually annotated during data acquisition and verified 
using video-recordings. 

2.4. Outcomes 

The primary outcome was reactive step quality of the first real 
perturbation trial, which is considered to best represent an unexpected 
real-life loss-of-balance [22]. Step quality was defined as the leg angle at 
first stepping-foot contact; it was computed as the angle between the 
vertical and the line connecting the mid-pelvis with the second meta
tarsal of the stepping-foot (Fig. 1c). A positive leg angle represents a foot 
position posterior to the vertical and larger positive leg angles corre
spond to better step quality [11]. 

The success rate of recovering balance with a single step (as 
instructed) in the first trial was determined as a secondary outcome 
measure. In addition, we calculated the following secondary outcomes 
measures to investigate step characteristics that could explain possible 
differences in first trial performance. We calculated step onset, step 
duration, step length, step velocity and total mid-pelvis excursion (i.e. 
from perturbation onset to first stepping-foot contact) to gain insight in 

Table 1 
Participants’ Characteristics.   

CTR (n = 20) AOMI (n = 20) AOMS (n = 20) p-value 

Age (mean ± SD) 23.6 ± 3.7 23.2 ± 2.6 24.3 ± 3.2  0.57 
Gender (male/female) 11/9 5/15 6/14  0.11 

CTR, control group; AOMI, action observation with motor imagery group; AOMS, action observation with motor simulation group. There were no significant dif
ferences between groups in age and gender (assessed with an one-way ANOVA and a χ2 test, respectively). 
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the characteristics of the first step. To study whether participants 
anticipated to the first perturbation by adopting a more favorable initial 
posture for counteracting the expected impact, we calculated forward 
lean and weight-bearing asymmetry [23,24]. Forward lean at pertur
bation onset was calculated as the distance between the mid-pelvis and 
the line connecting the heel markers, expressed as a percentage of the 
length of the BoS. Weight-bearing asymmetry in favor of the stance leg 
was calculated as the mean GRF of the stance leg over the 500 ms time 
interval pre perturbation onset, expressed as percentage of the total 
body weight. Lastly, to verify whether the initial passive effect of the 
perturbation on the CoM dynamics was similar across groups, we 
calculated the velocity of the mid-pelvis at 150 ms post perturbation 
onset before any active corrective response was expected to take place 
[25]. All step characteristics were calculated in the sagittal plane. 

Lastly, the leg angle was determined for all subsequent trials to 
investigate whether participants improved their reactive step quality 
over the course of repeated perturbations. All outcome measures were 
calculated with custom-written Matlab software (version R2022a). 

2.5. Statistical analysis 

The leg angle in the first trial, as well as the secondary outcomes of 
the first trial, were compared between groups using the non-parametric 
Kruskal-Wallis H test (due to non-normal distributions), with post-hoc 
Mann-Whitney U tests in case of a significant effect of group. The 
number of steps required (i.e., single step or multiple steps) in the first 
trial was compared between groups with a Pearson χ2 test. To investigate 
whether participants improved their reactive step quality over the 
course of repeated perturbations, we used linear mixed model analyses 
for repeated categorical observations to study within group changes in 
leg angle as function of repeated perturbations. The average leg angle 
over the last five trials was defined as the reference leg angle, so the 
factor Trial consisted of sixteen levels (trial 1 to 15 individually and trial 
16 to 20 averaged). Post-hoc pairwise comparisons with Bonferroni 

correction for multiple comparisons were performed to contrast the leg 
angle in each of the first fifteen trials to the reference leg angle. Statis
tical analyses were performed with SPSS (version 25) with a significance 
level of α = 0.05. 

3. Results 

3.1. First trial response 

One first trial of a subject in the AOMS group was excluded from 
analysis, because the platform slightly moved backward before the 
actual forward translation, which warned the participant for the up
coming perturbation. The leg angle in the very first trial significantly 
differed between groups (H(2) = 9.363, p = 0.009) (Fig. 2a). The first 
trial leg angle was significantly higher in both the AOMI group (12.5◦

[8.2–14.4] (median [Q1-Q3]), U = 108, p = 0.012) and the AOMS 
group (11.7◦ [9.2–15.8], U = 91, p = 0.005) compared to the CTR 
group (6.5◦ [2.4–10.4]). There was no significant difference in the first 
trial leg angle between the AOMS group and the AOMI group (U = 179, 
p = 0.771). 

Only 25% of the participants in the CTR group were able to recover 
balance with a single step following the first perturbation (Fig. 2b), 
whereas more than half of the participants in the AOMI and AOMS 
groups (50% and 58%, respectively) did recover in one step (CRT versus 
AOMI, χ(1) = 2.667, p = 0.102; CTR versus AOMS, χ(1) = 4.358, 
p = 0.037). 

Table 2 summarizes the secondary first trial outcomes. There was a 
significant group effect on step length (H(2) = 9.928, p = 0.007), step 
velocity (H(2) = 6.395, p = 0.041), total mid-pelvis excursion (H(2) 
= 6.608, p = 0.037) and forward lean (H(2) = 19.505), p < 0.001). 
Larger values were observed in both AOMI and AOMS groups compared 
with the CTR group, but did not differ between the AOMI and AOMS 
group. Step onset, step duration, mid-pelvis velocity and weight-bearing 
asymmetry were not significantly different between groups. 

Fig. 1. Overview of experimental protocol. a) Participants were allocated to a control group (CTR), an action observation with motor imagery group (AOMI) or an 
action observation with motor simulation group (AOMS) to prepare for the main experiment consisting of a sequence of 20 high-intensity backward balance per
turbations. b) Photo illustrating the AOMI phase. The participant stood behind the Radboud Fall Simulator (RFS) and observed and mentally imagined the reactive 
stepping movements of the other person on the RFS. c) Definition of the leg angle, the primary outcome measure, for a backward step. Reactive step quality was 
expressed as the leg angle at stepping-leg contact. 
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3.2. Repeated trial response 

First, we verified that the reference leg angle (i.e., the average leg 
angle over the last five trials) did not differ significantly between groups 
(H(2) = 0.819, p = 0.664). In all three groups, the leg angle improved 
over the course of repeated perturbations (see Fig. 3), as demonstrated 

by a significant effect of Trial number in the CTR (F(15) = 9.5, 
p < 0.001), AOMI (F(15) = 12.2, p < 0.001) and AOMS group (F(15) 
= 13.4, p < 0.001). 

Post-hoc analysis revealed significant differences between the 
reference leg angle and one or more of the fifteen preceding trials in each 
of the groups (Fig. 4). In the AOMS group, the mean leg angle was lower 

Fig. 2. First trial step response, represented by a) the leg angle and b) the proportion of participants that succeeded with a single step. Significant differences 
(p < 0.05) between groups are indicated with asterisks (*). 

Table 2 
First trial characteristics.    

Median [Q1-Q3] Kruskal-Wallis   

CTR (n = 20) AOMI (n = 20) AOMS (n = 19) H(2) p-value 

Spatiotemporal Step onset (ms) 259 [235–275] 263 [252–292] 261 [245–306] 1.292 0.524 
Step duration (ms) 222 [201–247] 234 [203–257] 236 [208–252] 0.957 0.620 
Step length (cm) 55 [44–59] 62 [57–65] 64 [57–70] 9.928 0.007* 
Step velocity (cm/s) 240 [203–260] 260 [240–288] 260 [240–320] 6.395 0.041* 
Total MidPelvis excursion (cm) 30 [28–35] 36 [32–40] 37 [32–38] 6.608 0.037* 

Anticipation Forward lean (%BoS) 50 [46–58] 67 [64–71] 64 [58–68] 19.51 <0.001* 
Weightbearing asymmetry (%BW) 54 [50–57] 53 [48–56] 54 [52–61] 2.831 0.243 

Passive effect MidPelvis velocity at 150 ms (mm/s) 44 [41–48] 44 [41–45] 45 [43–47] 3.531 0.171  

* CTR < AOMI and CTR <AOMS, assessed with post-hoc Mann-Whitney U tests (p < 0.05). CTR, control group; AOMI, action observation with motor imagery group; 
AOMS, action observation with motor simulation group; Q1, first quartile; Q3, third quartile; BoS, base of support; BW, body weight. 

Fig. 3. Time course of improvement in leg angle over repeated perturbations. Dots represent the mean leg angles across subjects and shaded areas represent the 
standard error of the mean. 
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than the reference leg angle only in the very first trial (− 7.5◦(95 %CI 
[− 9.9,− 5.1]), p < 0.001). In the AOMI group, the mean leg angle was 
significantly lower than the reference leg angle in the first two trials 
(trial 1, − 8.2◦[− 10.9,− 5.6], p < 0.001; trial 2, − 3.8◦[− 6.5,− 1.1], 
p < 0.001). In the CTR group, the leg angle was significantly lower than 
the reference leg angle in trials 1 to 4 (trial 1, − 11.7◦[− 16.0,− 7.4], 
p < 0.001; trial 2, − 8.3◦[− 12.5,− 4.0], p < 0.001, trial 3, − 6.2◦

[− 10.5,− 2.0], p < 0.001; trial 4, − 4.7◦[− 9.0,− 0.5], p = 0.016), while 
trials 5 and 6 bordered significance (− 3.8◦[− 8.0,0.5] and − 4.0◦

[− 8.2,0.3], respectively). 

4. Discussion 

The goal of this study was to investigate whether action observation 
of reactive steps with either motor imagery or motor simulation may 
help improve reactive stepping performance in response to novel per
turbations. As hypothesized, both AOMI and AOMS resulted in better 
reactive stepping performance following the very first perturbation, as 
demonstrated by a larger leg angle at foot contact. In addition, these first 
trial reactive steps were of greater length and velocity, which differences 
coincided with a twofold higher single step success rate. Moreover, both 
AOMI and AOMS yielded faster gains in step quality upon repeated 
perturbations compared to CTR, with AOMS showing the fastest 
improvement. 

4.1. First trial response 

Our finding of improved first trial responses following AOMI and 
AOMS is of particular relevance, as such a novel perturbation is 
ecologically more valid and quantitatively different than subsequent 
trials [22]. The relevance of the first trial effect size (i.e., a 4.5◦ greater 
mean leg angle) is supported by the observation that it was found along 
with a higher probability of successful recovery, with a previous study 
reporting a three-fold greater odds of successful recovery for every 1◦

increment in leg angle [25]. For comparison, the currently observed 
effect size is of the same order of magnitude as the observed gains in leg 
angle following a 10-sessions perturbation-based training program in 
people with stroke (4.3◦ [11]). 

The better first trial responses following AOMI and AOMS may be 
related to reduced startle reflexes. The first trial response is thought to 
consist of a superimposition of active corrective balance responses and 
the startle reflex [26]. Startle reflexes, i.e., involuntary motor reactions 
to unexpected sensory inputs, limit the effectiveness of the response 
during new and unexpected balance perturbations [26,27], due to 
increased joint stiffness from extensive generalized coactivity across 
bilateral muscles [27]. We speculate that prior AOMI and AOMS may 

have prevented strong startle reflexes from the novel first perturbation, 
thus enhancing the effectiveness of active balance correcting responses. 
Yet, as the actual experience of the loss-of-balance induced by the 
perturbation remained new, first trial performance in the AOMI and 
AOMS groups was not yet optimal, as demonstrated by further im
provements in reactive steps with repeated exposure. 

The greater first trial leg angles after AOMI or AOMS were found 
along with larger step lengths and higher step velocities, which out
comes are indeed strongly correlated [25,28]. Of note, we also observed 
a ~6 cm greater mid-pelvis excursions after prior observation, whereas 
step onset and duration did not differ between groups. Since the leg 
angle depends on both the mid-pelvis and the stepping-foot position, the 
greater pelvis excursion would theoretically oppose the effects of the 
larger step length and velocity on the leg angle. Yet, this difference was 
observed along with AOMI and AOMS participants leaning more for
ward in anticipation of the perturbation, thus reducing its impact [23]. 
The difference in forward lean corresponded to a forward displacement 
of the mid-pelvis of approximately 3 cm (i.e. half the difference in total 
mid-pelvis excursion). According to an inverted pendulum model, this 
distance accounts for a difference in leg angle of approximately 1.8◦, 
which is much lower than the observed between-group mean difference 
in first trial leg angles (~4.5◦). We therefore conclude that, in addition 
to potential benefits of anticipatory forward lean, the reactive step itself 
was indeed qualitatively better following AOMI or AOMS. 

4.2. Repeated trial response 

The naive participants in the present study gradually increased their 
leg angles over the course of the experiment and eventually achieved 
plateau performance. This is in line with a previous study in which the 
probability of successful recovery increased with repeated very large 
perturbations in naïve healthy young adults, which was found along 
with gains in leg angles [25]. AOMI participants reached plateau per
formance faster than CTR subjects (in the third vs. fifth trial), whereas 
AOMS participants reached plateau performance already in the second 
trial. We reasoned that learning from motor simulation, where an actual 
step is performed - albeit voluntary in nature - could be situated between 
learning from motor imagery (no execution of a step) and learning from 
physical practice (execution of a true reactive step, e.g., during PBT). 
This is supported by our results, although differences with AOMI were 
modest. 

4.3. Limitations and future directions 

A limitation was that the study was conducted in healthy young 
participants, whereas the risk of falls is particularly relevant in older 

Fig. 4. Estimated marginal mean differences in leg angle per group, showing differences between the reference leg angle (i.e., the average leg angle over de last five 
trials) and each of the fifteen preceding trials. Means and 95% confidence intervals are shown. 
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adults and in neurologically impaired persons [29]. While it has previ
ously been shown that these groups can indeed improve motor skills 
from AOMI [17–22], it remains for future studies to investigate whether 
this also holds for reactive stepping in the target populations of PBT. 

In the present study, backward reactive step quality was assessed 
after AOMI or AOMS of reactive steps evoked in the same direction. 
However, perturbations in daily life are unpredictable regarding their 
direction and intensity. Previous studies demonstrated the generaliza
tion of acquired motor adaptation across different physical perturba
tions [30,31]. Moreover, the response after AOMI or AOMS manifested a 
greater proactive component than would be the case in real-life per
turbations, as participants already had some prior knowledge. Whether 
the beneficial effects of AOMI or AOMS for a single direction and in
tensity also generalize across other perturbation directions and in
tensities remains to be investigated. If this would be the case, this would 
greatly enhance the potential of embedding AOMI or AOMS in reactive 
balance training. 

4.4. Clinical implications 

Real balance perturbations cannot be safely trained at home. Based 
on the present findings, solutions for home-based reactive balance 
training, for instance in the form of exergames, may be developed to 
exploit the potential of AOMI and AOMS. Such serious games may be 
valuable for complementing standard rehabilitation therapy, as well as 
for its continuation at home after discharge [32]. The use of AOMS may 
have benefits over AOMI, since it elicits overt movements (rather than 
just mental imaginations), which is expected to increase home-user 
engagement [33]. Therefore, AOMS in particular may hold promise 
for enabling home-based training of reactive balance in populations 
with an increased risk of falling, such as people with chronic stroke, but 
this requires further research. 
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