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Background. Previous studies indicated that a single session of repeated-slip exposure can reduce over 40% of lab-
oratory-induced falls among older adults. The purpose of this study was to determine to what degree such perturbation 
training translated to the reduction of older adults’ annual falls risk in their everyday living.

Methods. Two hundred and twelve community-dwelling older adults (≥65  years old) were randomly assigned to 
either the training group (N = 109), who then were exposed to 24 unannounced repeated slips, or the control group 
(N = 103), who merely experienced one slip during the same walking in the same protective laboratory environment. We 
recorded their falls in the preceding year (through self-reported history) and during the next 12 months (through falls 
diary and monitored with phone calls).

Results. With this single session of repeated-slip exposure, training cut older adults’ annual risk of falls by 50% (from 
34% to 15%, p < .05). Those who experienced merely a single slip were 2.3 times more likely to fall during the same 
12-month follow-up period (p < .05) than those who experienced the 24 repeated slips. Such training effect was espe-
cially prominent among those who had history of falls.

Conclusion. A single session of repeated-slip exposure could improve community-dwelling older adults’ resilience to 
postural disturbances and, hence, significantly reduce their annual risk of falls.
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FALLS are a common and serious problem in older peo-
ple. The cumulative effect of falls on older adults and on 

our health care system is enormous; the results are debilitating 
injuries, loss of independence, and transfer to an institution or 
even death (1,2). Perturbation-related falls from trips or slips 
are responsible for about 60% of outdoor falls among commu-
nity-dwelling adults aged 70 or older (3). Even the healthiest 
older adults are not immune to idiopathic falls (with unknown 
cause) that can have devastating health consequences (4). It 
is therefore difficult, yet imperative, to develop and validate 
prophylactic approaches that can reduce the likelihood of falls 
among community-dwelling older adults.

Perturbation training is emerging as a viable option to 
reduce older adults’ risk of falls (5–7). This approach is 
novel because it focuses on improving a person’s resilience 
in response to externally induced perturbations for fall reduc-
tion rather than relying on performance-based exercises or 
other alternatives to improve one’s physical conditioning 
and control of balance (8–11). A person can modify, through 
training, the response to a postural perturbation and improve 

his or her control of stability between the center of mass and 
base of support (12,13). Such trial-and-error practice allows 
the central nervous system to make adaptive improvements 
in proactive and reactive control of stability to resist falls (5).

Adaptation to repeated-slip exposure experienced dur-
ing perturbation training can occur rapidly—often in a 
single training session—as a person learns to shift his or 
her reliance on feedback-driven response for error correc-
tion to both incorporate proactive (feed-forward) control 
as well as improve reactive control of center-of-mass sta-
bility (5,14). Effects from a single session of repeated-slip 
exposure can be retained for many months when the partici-
pants were trained and retested in identical laboratory set-
ting (5). Further, there is evidence that these effects can be 
generalized across different tasks or environments (15,16). 
Although these findings are promising, it is unknown 
whether such training effects can in fact translate into 
reducing older adults’ risk of falls in their everyday living.

This study was to determine to what degree a novel form of 
motor training, perturbation training provided in the laboratory, 
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in fact translated to the reduction of community-dwelling older 
adults’ annual falls risk in their daily living. Based on the find-
ings of perturbation-induced rapid adaptation (17), its carryo-
ver (15,16,18), and long-term retention (14,19) from previous 
laboratory studies, we hypothesized that such adaptation could 
indeed significantly reduce older adults’ annual risk of falls 
in daily living in comparison to their own history as well as 
to those of a randomly assigned control group, who received 
only a single slip (mimicking an occasional event) in the same 
initial session with an identical protective laboratory settings.

Methods

Study Design
We designed a randomized controlled trial to compare 

effects from systematic perturbation training (repeated 
slips) with those from merely an occasional (single) slip. 
Based on this design, all participants were randomly 
assigned to receive either 24 repeated slips (training group) 
or only a single slip (control group) in an identical protective 
laboratory settings. Their history of falls in the preceding 
12 months and prospective falls in the 12 months following 
this initial session were compared to test the hypothesized 
training-induced reduction in falls.

Participants’ Recruitment
The recruitment was conducted within a 50-mile radius from 

the laboratory in the city and the neighboring suburbs of the 
Greater Chicago Area. These volunteers (paid) came from dif-
ferent senior centers, community exercise centers (eg, YMCA), 
independent senior living facilities, the Aging Research Registry 
of the Buehler Center on Aging at Northwestern University, or 
from affiliates of the Department on Aging, City of Chicago. 
All participants (≥65 years) had given written informed con-
sent in this study approved by Institutional Review Board in the 
University of Illinois at Chicago.

All consented participants had no prior experience of 
any perturbation training. They completed a questionnaire 
for information on any neurological, musculoskeletal, and 
cardiopulmonary conditions. They were required to pass 
a cognition and memory test (>25 on the Folstein Mini 
Mental Status Exam) (20), a calcaneal ultrasound screening 
(t score > −1.5) (21), and a mobility test (Timed Up and Go 
score < 13.5 seconds) (22) and were presumably healthy.

outcome Measure and other Potential Confounding 
Variables

Slips during walking were induced through the electro-
mechanical unlocking of a pair of side-by-side low-friction, 
movable platforms embedded in a 7-m walkway (Figure 1a). 
During nonslip trials, the platforms were firmly locked in 
place. In a slip trial, they were released only after a foot 
contact was detected by force plates (AMTI, Newton, MA) 

located beneath, and they would then be free to slide for-
ward (for up to 0.9 m) (23). A full-body harness and shock-
absorbing suspension ropes, connected through a load cell 
to an overhead trolley on a track over the walkway, enabled 
participants to walk freely while protecting them against any 
harmful body impact with the floor surface (Figure 1a). A fall 
was defined by the harness support when it exceeded 30% 
of this person’s body weight (Figure 2a) (24). Participants’ 
other demographic characteristics and potential confounding 
factors, including age, gender, weight, height, Berg Balance 
scale, and Timed Up and Go score, were also recorded.

Initial Session
The participants were instructed to walk with their pre-

ferred speed and manner. They were informed that a slip 
“may or may not” occur on any trial and that, if slipped, 
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Figure 1. (a) Schematics of the experimental setup used to induce an unan-
nounced slip in the person traversing the walkway. A slip is induced by releas-
ing two low-friction movable platforms embedded in the middle of this 7-m 
walkway. Each of the two moveable platforms is mounted to the walkway base 
frame with four low-friction linear bearings. The base frame is bolted to two 
force plates (not shown) that are used to measure ground reaction force; each 
platform is unlocked electronically after the force plates detect the landing 
of the corresponding foot. All participants wore a safety harness adjusted to 
prevent any part of the body (other than the feet) to come in contact with the 
ground. (b) The protocol of the initial session for (A) the training group and (B) 
the control group. Participants were never told the forthcoming trial condition; 
rather, they were only informed that a slip “may or may not occur.” To make the 
timing of the novel slip trial difficult to anticipate, the first 10 trials for everyone 
was unperturbed (regular) trials in which the low-friction platforms were firmly 
locked in place. The training group then experienced a total of 24 slips delivered 
in a block-and-mixed fashion. Two blocks of eight slip trials are shown in gray, 
intervening two blocks of three nonslip (NS) trials in white, and a final block of 
mixed eight slip and six nonslip trials in vertical lines. The control group only 
experienced the novel (single) slip.
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they should try to recover and keep walking forward. 
A novel slip was induced only after 10 trials of unperturbed 
walking to make it difficult for anticipation. As a result, par-
ticipants did not know when, where, and how this novel first 
slip would occur. After this trial, those in the training group 
went on to have another 22 slip trials before the final slip 
(24 in total), arranged in blocks of eight slips, followed by 
three nonslip trials, and a final block of eight slips mixed 
with six nonslip trials (Figure  1b-A). Here again, no one 
was ever informed about the forthcoming trial condition 
(slip or nonslip). Those in the control group had the same 
amount of walking trials but did not experience any further 
slips in this initial session (Figure 1b-B) (14,26).

Falls Monitoring Program
A fall occurring in everyday living was defined when par-

ticipants had experienced a sudden, unintended change in 
body position causing them to land on a lower surface, for 
example, an object, the floor, or the ground. Participants’ 
self-reported rate of falls experienced in the previous 
12 months was recorded at the initial session. Over the next 
12 months, falls experienced in their everyday living were 
recorded in a log (falls diary). An investigator would call 
each participant at 6-week intervals to retrieve the log. If 
a (prospective) fall(s) had occurred, this investigator would 
follow up with a 5- to 10-minute survey using standard ques-
tionnaire regarding the frequency, locations, and types of fall 
and associated injuries and/or treatment received (27).

Statistical Analysis
Preliminary analyses were performed to identify any 

confounding variables that could emerge from the base-
line sample demographics and potential confounding fac-
tors and from dropout status by comparing experimental 

groups with t test for continuous variables and chi-square 
test for categorical variables. Rate of falls was compared 
using Fisher exact test between the training and the con-
trol groups. Kaplan–Meier survival method was used to 
compare the length of time (month) till the first fall during 
the 12-month falls monitoring program between the two 
experimental groups. For the final analysis, the general-
ized estimating equations model with a log link function 
was employed to assess the trajectory of outcome variable 
(history-to-prospective change in falls) and to determine 
if such within-group change (the time factor) differs as a 
result of training (the group factor that inspects between-
group—that is, training vs. control—difference and group-
by-time interaction).

Generalized estimating equations is a method for ana-
lyzing correlated data that can be modeled using specific 
covariance matrix. We employed the proportional odds 
method that is based on modeling cumulative logit func-
tions. The correlations among the binary outcome (history 
and prospective falls) were modeled as exchangeable. Any 
confounding variables identified in the preliminary analy-
ses were included in the final model. Throughout the article, 
both on-treatment (including only participants with com-
plete data) and intention-to-treat (including all participants 
regardless of dropout) analyses were performed. All analy-
ses were performed using SAS 9.3 (Cary, NC) with a sig-
nificance level of .05.

Results
Fifty-one of those 269 community-dwelling older 

adults recruited initially did not participate in the initial 
sessiondue to poor bone density, five due to poor mobil-
ity, and one due to poor cognition/memory. The remaining 
212 participants, having been randomly assigned into two 
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Figure 2. Video sequences show three possible slip outcomes: (a) a participant experienced a fall, the same participant recovered successfully in the subsequent 
slip trials, (b) with a skate-over strategy, and (c) with a walkover strategy (25). Three frames in a1–a3, b1–b3, and c1–c3 show the instants of foot touchdown that 
triggered the onset of the slip, postslip liftoff, and touchdown of trailing limb. The triangle on each frame marks the location of the heel at the onset of the slip.
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groups (ie, the training and the control group), completed 
the initial session (Figure 3). There were no differences in 
age, body weight, history of falls, and risk for falls (Berg 
Balance Score) between the two groups at the time of the 
initial session, but more men (33.9% vs. 21.4%, p = .040) 
and higher level of mobility (Timed Up and Go score: 
7.2 ± 1.6 vs. 8.1 ± 1.9 seconds, p < .001) were found in 
the training group than the control group. After the ini-
tial session, 42 participants from the training group and 28 
from the control group failed to complete the entire falls 
monitoring program and were considered dropout based 
on our study protocol (Figure  3). However, these data 
were included in the intent-to-treat analysis. Participants 
who dropped out were older (74.6 ± 5.2 vs. 72.0 ± 5.5 
years, p  =  .018) in the training group but were heavier 
(82.7 ± 16.8 vs. 75.2 ± 14.4 kg, p  =  .027) in the control 
group than were those who completed the study (Table 1). 
When two groups were pooled together, however, those 
70 people who dropped out did not differ in any of these 
confounding variables from those 142 participants who 
stayed in the study (Figure  3). The final analysis of 67 

participants included in the training group were slightly 
younger (72.0 ± 5.5 vs. 73.7 ± 5.3, p  =  .077) more likely 
to be men (34.3% vs. 21.3%, p = .083) with better mobil-
ity (7.2 ± 1.3 vs. 7.9 ± 1.6, p = .006) than were 75 partici-
pants in the control group (Table 1). These confounding 
variables were adjusted in the final generalized estimating 
equations model.

Upon the novel (first) slip in walking during the initial 
session, rate of falls was similar between these two groups 
(49% for the training group vs. 56% for the controls, 
p  =  .60, Figure  4). Those in the training group quickly 
learned fall-resisting skills after the repeated-slip expo-
sure in the protective laboratory environment and were 
able to successfully reduce their rate of falls to 0% upon 
their final (24th) slip (p < .001, Figure 4). Subsequently, 
participants in the training group were able to reduce their 
falls outside of laboratory by 50%, down from 34% to 
15%, over the next 12 months (p = .026). In contrast, one 
slip did not significantly change the control group’s risk 
of falls during the same 12-month period (39% vs. 32%, 
p = .35, Figure 4).

Table 1. Sample Demographics and Confounding Factors by Experimental Groups

Baseline Characteristics

Training Group (N = 109) Control Group (N = 103)

p Value  
(A vs. C)

(A) Complete  
(N = 67)

(B) Dropout  
(N = 42)

p Value  
(A vs. B)

(C) Complete  
(N = 75)

(D) Dropout  
(N = 28)

p Value  
(C vs. D)

Age (y) 72.0 ± 5.5 74.6 ± 5.2 .0184 73.7 ± 5.3 74.4 ± 6.0 .5459 .0765
Gender (male) 23 (34.3%) 14 (33.3%) .9150 16 (21.3%) 6 (21.4%) .9916 .0833
Mass (kg) 75.6 ± 13.0 75.3 ± 14.3 .9113 75.2 ± 14.4 82.7 ± 16.8 .0265 .8619
History of falls (yes) 23 (34.3%) 13 (31.0%) .6985 29 (38.7%) 8 (28.6%) .6383 .5922
Berg Balance Scale 54.7 ± 1.7 54.3 ± 1.8 .1858 54.4 ± 1.8 53.6 ± 2.3 .0935 .2668
Timed Up and Go score 7.2 ± 1.3 7.2 ± 1.9 .8640 7.9 ± 1.6 8.6 ± 2.4 .1768 .0059

269 community-living older adults
screened for eligibility

51 excluded on heel ultrasound
5 excluded for poor mobility
1 excluded for poor cognition 

Randomization

109 (Training Group)
Exposed to 24 slips 

103 (Control Group)
Exposed to one slip

7 unreachable

67 subjects analyzed 75 subjects analyzed

Recruitment

Initial Session

10 withdrew

2 incomplete data

9 medical reasons

15 unreachable

10 withdrew

12 incomplete data

5 medical reasons

Termination

Figure 3. Flowchart of the number of the participants in various phases of the study. Of 269 older adults (≥65 years) recruited from communities around the 
Greater Chicago Area, 51 participants did not continue due to poor bone density, five due to poor mobility, and one due to poor cognition/memory. The remaining 212 
were randomly assigned to one of the two groups. The intervention in the initial session consisted of repeated exposure to a total of 24 slips for the training group, 
whereas the control group only experienced a single slip. In the next 12 months, 142 of them completed the falls monitoring program, and the results from 67 and 75 
participants were analyzed for the training group and the control group, respectively.
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Falls characteristics during the 12-month follow-up 
period were summarized in Table 2. For both on-treatment 
and intention-to-treat analyses, the control group illustrated 
significantly higher portion of participants with prospective 
falls during the 12-month period than the training group 
(32% vs. 15%, p = .0173 and 25% vs. 13%, p = .0193, 

respectively). There were no differences in frequency of 
falls, activities prior to falling, perceived cause of falling, 
and injuries sustained from a fall between the training and 
control groups.

Kaplan–Meier survival analysis showed that the con-
trol group had a greater likelihood of falls during the 
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Figure 4. (a) Rate of falls (%) during the first slip for the training group (filled circles) and the control group (open squares) and during the final (24th) slip in 
the initial session. (b) Annual rate of self-reported falls both groups experience in everyday living prior to the initial session (history) and in 12 months following the 
initial session (prospective). * indicates a significance level of p < .05, **p < .01, and ***p < .001.

Table 2. Falls Characteristics During the 12-Month Fall-Monitoring Program by Experimental Groups

Falls Characteristics

On-Treatment Analysis

p Value

Intention-to-Treat Analysis

p Value

Training 
(N = 67) Control (N = 75)

Training 
(N = 109)

Control 
(N = 103)

N % N % N % N %

Prospective falls
 Yes 10 14.9 24 32.0 .0173 14 12.8 26 25.2 .0193
 No 57 85.1 51 68.0 88 80.7 70 68.0
 Nonreport — — — — 7 6.4 7 6.8
Frequency of falls
 0 57 85.1 51 68.0 .0990 88 80.7 70 68.0 .1049
 1 9 13.4 19 25.3 11 10.1 21 20.4
 2 1 1.5 4 5.3 3 2.8 4 3.9
 3 0 0.0 1 1.3 0 0.0 1 1.0
 Nonreport — — — — 7 6.4 7 6.8
Activities prior to falling
 Ambulation 2 20.0 9 37.5 .9430 6 42.9 10 38.5 .9815
 Transferring 1 10.0 2 8.3 1 7.1 3 11.5
 Running 0 0.0 1 4.2 0 0.0 1 3.8
 Sports 0 0.0 0 0.0 0 0.0 0 0.0
 Stairs/curb 1 10.0 1 4.2 2 14.3 1 3.8
 Others/unknown 6 60.0 11 45.8 5 35.7 11 42.3
Perceived cause of falling
 Slips 2 20.0 4 16.7 .8269 4 28.6 4 15.4 .3368
 Trips 5 50.0 8 33.3 8 57.1 10 38.5
 ADL and transfers 1 10.0 1 4.2 1 7.1 1 3.8
 External hazards 0 0.0 0 0.0 0 0.0 0 0.0
 Others/unknown 2 20.0 11 45.8 1 7.1 11 42.3
Injuries sustained from falls
 Fracture 0 0.0 2 8.3 .9876 1 7.1 2 7.7 .8673
 Treated injury 0 0.0 2 8.3 1 7.1 2 7.7
 Untreated injury 2 20.0 4 16.7 2 14.3 4 15.4
 No injury 8 80.0 16 66.7 10 71.4 18 69.2



 PERtuRBAtIoN tRAINING LowERS FALL RISK 1591

12-month follow-up period than the training group using 
both on-treatment (Figure 5a) and intention-to-treat analy-
ses (Figure  5b). The multivariable analysis with general-
ized estimating equations model further confirmed these 
findings with significant time (history vs. prospective falls) 
and group-by-time interaction effects (Table 3). There was 
an overall reduction in the risk of falls (odds ratio = 0.31, 
95% confidence interval: 0.16–0.64, p = .002), but most of 
the reductions were from the training group as illustrated by 
the significant group-by-time interaction. Participants in the 
control group were 2.3 times more likely to experience falls 
in the next 12 months than did those in the training group 
(odds ratio  =  2.30, 95% confidence interval: 1.04–5.49, 
p =  .033, Table 3). The intention-to-treat analysis yielded 
a similar result.

Further analysis suggested that perturbation training had 
more profound effect on participants with history of falls 
than it did to those without such history (Table 4). More than 
half of the fallers (55%) in the control group continued to 
experience falls in the same duration of 12 months. In con-
trast, only 26% of the previous fallers in the training group 
experienced further falls in their everyday living (between-
group p  =  .035, Table  4), although they still appeared to 

fall more frequently than did those without previous history 
of falls after receiving the same training (9.1%, p = .064). 
Interestingly, those participants without previous history 
of falls in the training group (9.1%) also appear to be less 
likely to fall in comparison to their counterpart in the con-
trol group (17.4%, Table 4), though such difference did not 
reach a significant level (p = .2469, Table 4).

Discussion
The novel approach of perturbation training by letting 

older adults learn from falling in a safe and well-controlled 
environment puts slips into good use. Such perturbation 
training could improve older adults’ proactive and reactive 
control of stability and their limb support against collapse 
in a laboratory setting (14,26). When older adults were 
retested in the same laboratory settings 6 months (14,26) 
or even 12 months (19) after the initial session, they also 
showed significantly greater retention of such training 
effects. These laboratory observations have enabled us to 
hypothesize that perturbation training may reduce older 
adults’ annual fall risk in everyday living outside of the 
laboratory. Now, the results indeed further confirmed that 
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Figure 5. (a) On-treatment analysis of Kaplan–Meier survival curves of falls during the 12-month fall-monitoring program. (b) Intention-to-treat analysis of 
Kaplan–Meier survival curves of falls during the 12-month fall-monitoring program.

Table 3. Generalized Estimating equations Model on Change in Rate of Falls in Everyday Living

Parameter

On-Treatment Analysis Intention-to-Treat Analysis

OR 95% CI p Value OR 95% CI p Value

Group (control) 1.12 0.60–2.08 .6610 1.07 0.54–2.14 .7023
Time (12 mo vs. pre) 0.31 0.16–0.64 .0018 0.42 0.18–0.68 .0036
Group × Time 2.30 1.04–5.49 .0339 2.00 1.01–5.76 .0481
Gender (female) 1.35 0.72–2.52 .1089 1.23 0.68–2.56 .1211
Age 0.97 0.92–1.02 .1714 0.98 0.91–1.02 .1824
Timed Up and Go score 0.99 0.84–1.17 .8556 0.99 0.85–1.19 .8577

Note: 95% CI = 95% confidence interval; OR = odds ratio.
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such training benefits can be retained and be generalized 
to reduce these older adults’ likelihood of annual fall risk 
by 50% in their daily living (Table 2 and Figures 4 and 5).

In this study, we have applied the overlearning prin-
ciple in a total of 24 slips in randomized-block design, 
which is known to augment both the retention and the 
generalization (28). Although an occasional slip could 
in itself be a learning experience, experimental evidence 
suggests that a single session of 24 slips can be supe-
rior than a single slip (29). The learning (retention and 
its generalization) may be further reinforced by the per-
ceived or real penalties that could result from errors in 
failed recovery. In real life, such falls can lead to severe or 
even life-threatening injuries. Thus, consequences of an 
inappropriate response to slip (and a fall) may implicitly 
(albeit subconsciously) motivate the central nervous sys-
tem to quickly learn and remember the improved move-
ment strategies for an extended period. Fear-conditioning 
studies in mice have demonstrated that a single session is 
sufficient for long-term retention of the acquired stimu-
lus–response behavior (30). Notably, our training effect 
was especially prominent among those at-risk of falls 
(who had a history of falls). The fear resulting from pre-
vious falls might have further accentuated (consciously or 
unconsciously) their learning.

Because relatively few people in both groups fell in 
everyday living (30% or less) and even fewer in each cat-
egory of falls, the findings of this study can only be pre-
liminary that require further verification. It remains unclear, 
for instance, whether such training-induced benefits can 
be generalizable or would be more specific to slip-related 
falls in everyday living. In Table 2, the percentage of trips 
and slips, which accounts for up to 60% of falls by older 
adults, was quantitatively greater in the trained group. 
Indeed, the largest number of falls in the untrained group 
was from unknown causes. This is not trivial. Arguably, 
the significant between-group difference in prospective 
falls may have been driven by the rather large difference in 
falls due to unknown causes, for which any explanation can 
only be speculative. Therefore, any attempt to link pertur-
bation training to specific type of fall outcome (eg, slip or 
trip) could be misled due to this and other data limitations. 
Nonetheless, a combined all-cause falls is still an accept-
able endpoint (from data logistics perspective) to provide 
evidence on outcome evaluation for this novel approach of 
perturbation training among the elderly people.

We are only at the beginning of understanding the poten-
tial benefits or the limitations of perturbation training in 
terms of its generalizability and specificity. We first investi-
gated that repeated-slip training-induced interlimb transfer 
effects, that is, to what degree young adults could withstand 
a novel slip applied to the untrained contralateral limb dur-
ing walking (31). We subsequently investigated generaliza-
tion across different environmental conditions and found 
that after being trained with moveable platform induced 
slips, young adults were able to resist falling when exposed 
to a slippery vinyl floor (16). We then looked at young 
adults’ ability to generalize skills across different tasks 
(intertask) and demonstrated that they could resist slip-
induced falls during walking after being given repeated-slip 
training during a sit-to-stand task (15). We also studied the 
generalizability from repeated-slip training on a computer-
controlled treadmill to a novel over-ground slip during level 
walking (7).

Moreover, we investigated how repeated-slip training 
would affect recovery from a novel trip, which is a dia-
metrically opposing type of perturbation (18). The results 
indicated that although adaptation to slips did interfere with 
the proactive control of stability (negative effect) just as one 
would have expected, the adaptive improvements in reactive 
control were able to generalize to the trip response (posi-
tive effect). The latter (the generalization) was sufficient to 
mitigate such interference. All evidence seems to point to 
the conclusion that, in general, training will improve both 
proactive and reactive control of stability (7,15,16,31) and 
that one or both mechanisms may be generalizable across 
conditions outside of the training context or even crosso-
ver to opposing types of perturbation as seen in the slip-to-
trip study (18). Although it is not clear whether the current 
perturbation-training paradigm would result in the largest 
effects only on slip-related falls in real life (though it is 
theoretically logical), our findings are still promising given 
the highly debilitating fractures associated with these falls 
among the elderly people.

Perturbation training is different from the conventional 
performance-based, self-initiated, and self-motivated train-
ing in several respects. Unlike conventional training, such as 
muscle strengthening and standing balance training, pertur-
bation training mimics naturalistic environments. It induces 
gross errors (32,33) and improves the effectiveness of pro-
tective stepping that can be generalized to untrained activi-
ties, from sit-to-stand to walking for instance (15), and that 
is involuntary in nature, which do not exist in self-initiated 
performance or exercise. Experiencing such errors is essen-
tial for the central nervous system to recalibrate an exist-
ing internal representation of the environment (34,35)—in 
this case, pertaining to the stability limits—which provides 
the basis required in order to make adaptive adjustments in 
protective stepping and in both proactive and reactive con-
trol of stability. Training that focuses only on self-initiated 
(and in essence, volitional and self-motivated) performance 

Table 4. Prospective Falls During 12-Month Follow-up Period by 
Experimental Groups

Baseline  
History of Falls

Training (N = 67) Control (N = 75)

p ValueFaller/Total % Faller/Total %

Yes 6/23 26.1 16/29 55.2 .0350
No 4/44 9.1 8/46 17.4 .2469
Total 10/67 14.9 24/75 32.0 .0173
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may not provide the opportunity for someone to improve 
his or her reaction to unexpected or unpreventable postural 
disturbances.

Further, the recalibration process appears to take place in 
just a few perturbation trials (25,36) that does not require the 
same length of training as developing a new motor program. 
We have shown that “skate-over” or “walkover” movement 
strategies can quickly emerge when older adults traverse 
across the same slippery surface (Figure  2b and c) (25). 
In contrast to the conventional performance-based training 
that could require at least 50 hours/sessions of training (37), 
a single session of perturbation-based training may improve 
their resilience to postural disturbances year-round. Does 
that sound “too good to be true”? Studies conducted by 
independent investigative groups may provide additional 
verification or confirmation.

This study did not include a “pure” control group who 
walked on the same walkway for the same number of trials 
and the same length of time but did not experience any slip. 
Evidence suggests that even a single slip (as experienced 
by the control group) may yield some training effects (29). 
The rationale to use such a control group was that a single 
slip would better prepare participants against future falls 
than using a control group who had never experienced any 
slip in the same laboratory setting. Hence, demonstrating 
that repeated-slip training is better than a single slip would 
provide a higher order evidence than to merely demonstrate 
that such training is better than a “pure” control group 
without any slip exposure. The results indeed suggest that 
repeated-slip exposure is better than an occasional incident 
of a single slip that an untrained person could otherwise 
naturally experience in real-life situations (Figure 4).

This study has limitations. It did not explore the optimum 
dose–response (numbers of slip exposure) relationship that 
is required for providing efficiency and optimal outcome. 
The monitoring of falls in everyday living was conducted 
through falls diary, which could be influenced by many 
factors including the accuracy of recall and participation 
adherence, although this approach is still one of the most 
commonly applied methods for such studies (9,10,38–41). 
Any systematic, methodological-related bias would, how-
ever, likely have affected both the training group and the 
control group similarly. Although our findings suggest that 
training could be especially helpful to those who previously 
had a history of falls, the sample size for such analyses on 
subgroups is still small. Finally, these findings are relevant 
only for healthy and active older adults, who presumably 
are more likely to have the neuromotor plasticity and to 
respond safely and develop subsequent fall response strate-
gies than the more impaired older adults.

In conclusion, the results lend support to our hypothesis 
that perturbation training can reduce community-dwelling 
older adults’ annual risk of falls in their everyday liv-
ing. Based on the evidence presented here, it is conceiv-
able that a future intervention strategy may also include a 

“vaccination-like” component to boost older adults’ resil-
ience in response to postural disturbances.
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