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Abstract—Identifying effective interventions is vital in pre-
venting slip-induced fall accidents in older adults. The
purpose of the current study was to evaluate the efficacy of
moveable platform training in improving recovery reactions
and reducing fall frequency in older adults. Twenty-four
older adults were recruited and randomly assigned to two
groups (training and control). Both groups underwent three
sessions including baseline slip, training, and transfer of
training on a slippery surface. Both groups experienced two
slips on a slippery surface, one during the baseline and the
other (after 2 weeks) during the transfer of training session.
In the training session, the training group underwent twelve
simulated slips using a moveable platform while the control
group performed normal walking trials. Kinematic, kinetic,
and EMG data were collected during all the sessions. Results
indicated a reduced incidence of falls in the training group
during the transfer of training trial as compared to the
control group. The training group was able to transfer
proactive and reactive control strategies learned during
training to the second slip trial. The proactive adjustments
include increased center-of-mass velocity and transitional
acceleration after training. Reactive adjustments include
reduction in muscle onset and time to peak activations of
knee flexors and ankle plantar flexors, reduced ankle and
knee coactivation, reduced slip displacement, and reduced
time to peak knee flexion, trunk flexion, and hip flexion
velocities. In general, the results indicated a beneficial effect
of perturbation training in reducing slip severity and recovery
kinematics in healthy older adults.

Keywords—Falls, Elderly, Biomechanics, Locomotion, Fall
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INTRODUCTION

Fall accidents are associated with considerable
medical cost and suffering in older adults. Annually,
33% of older adults (> 65 years) experience a fall and
many of these falls are recurrent.”’ Slip-induced falls
account for 87% of all hip fractures, which often
results in immobility and may require admission to a
nursing home facility.** As the size of the older pop-
ulation (> 65 years) is growing and fall injuries remain
prevalent in this age group, there is a need for pre-
vention strategies to reduce the risks associated with
falls. Numerous exercise interventions based on
strength training,® balance training,*> and Tai Chi*
have been proposed to prevent falls. However, efficacy
of these interventions in reducing fall rates have pro-
duced mixed results.”**** The differences may be
because most of the training programs are general in
nature and not designed to improve specific motor
skills related to recovering from a slip-induced fall.

A training program that may help older adults learn
movements directly related to recovery responses may
improve their sensory and muscle co-ordination and
thus their ability to recover from a postural perturba-
tion (i.e., slip). Perturbation-based training using a
moveable platform has shown to evoke biomechanical
and neuromuscular reactions similar to slip-induced
fall.>*® The perturbation training in general follows the
principle that the central nervous system will continu-
ously adapt and adjust to postural disturbances induced
to maintain balance.*** Numerous studies have used
repeated perturbations to observe improvements in
adaptive responses.'’?%4**® These adaptive changes
were believed to be caused by the modulation of feed-
forward and feedback motor control systems. Similarly,
there is evidence for long-lasting modifications in the
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inter-limb co-ordination after a period of walking on a
rotating disk'’*® or a split-belt treadmill.® The pres-
ence of aftereffects following a period of training under
new conditions implies the process of “re-learning” the
motor output for a given task.

Recently, Bhatt et al’ demonstrated improved
recovery in young adults after repeated exposures to a
simulated slip-perturbation. Slips were induced using a
moveable platform (free to slide when unlocked) that
shifted unexpectedly when the participants walked
over it. This created an overall sensory conflict (similar
to a slip) by perturbing the somatosensory system.
Improvements were seen both during pre-slip and post-
slip center-of-mass (COM) stability, with participants
reaching a steady-state after a few trials. Additionally,
Wang et al.*’ demonstrated generalization of motor
adaptation by transferring adaptive control acquired
from sit-to-stand-slip to improved recovery in an
unexpected novel slip in walking. Furthermore, Bieryla
et al* demonstrated improvements in trip recovery
following repeated trip perturbations on a treadmill in
older adults. Pavol and Pai*® found a decreased inci-
dence of falls in older adults with repeated slip expo-
sure during a sit to stand task. These studies provide
evidence that slip-perturbation training can be gen-
eralized to other movement tasks, and older adults
have the capability to adapt their movements to
recover from a perturbation through training.

Although previous studies examined the adaptation
of individuals to the simulated slip-perturbation
training, none of the studies validated the training
effects on an actual slippery surface. Additionally, there
is a need to assess the extent to which such training
effects can be reproduced in older adults. Further, littleis
known about the various biomechanical and neuro-
muscular responses in older adults that may govern the
recovery process during postural maintenance when
exposed to perturbation training. The objective of the
current study was to evaluate the effects of moveable
platform training (MPT) in improving recovery in older
adults and reducing fall frequency. Additionally, the
purpose of the study was to identify the various bio-
mechanical and neuromuscular changes that occur
during the MPT. It was hypothesized that the MPT
group would be able to transfer strategies learned during
the training to an actual slip.

METHOD

Participants

Twenty-four healthy older adults (> 65 years, 12
males, and 12 females) were recruited for the study
(Table 1). Participants signed a written consent form
approved by the Institutional Review Board (IRB) of
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TABLE 1. Participants demographics (mean += SD).

Group
Control (n = 12) Training (n = 12) p value
Age (years) 74.18 + 5.82 71.24 + 6.82 0.91
Mass (kg) 69.63 + 9.45 68.24 + 8.04 0.78
Stature (cm) 169.41 £+ 9.16 167.45 + 11.52 0.11

The p value represents the results of a ttest comparing two-
groups.

Virginia Tech before participation. The participants
were screened by a physician for general physical
fitness and balance problems. Exclusionary criteria
included cardiovascular, respiratory, neurological, and
musculoskeletal abnormalities as well as any other
difficulties hindering normal gait. Participants were
randomly divided into a control group (n = 12), and a
MPT group (n = 12). No significant differences were
found in the demographics of participants between
groups (Table 1).

Apparatus
Slip- Perturbation Set-Up

The slip trials were conducted on a 15 m long
walkway. The walkway was embedded with two force
plates (Type 45550-08, Bertec Corporation, USA)
which were used to record gait characteristics and
induce an actual slip (Fig. 1a). The slippery surface
(i.e., top of one the force plates) was covered with a
water and clear jelly mixture (1:1) to reduce the coef-
ficient of friction (COF) (dynamic COF = 0.12) of the
floor surface. In order to provide a consistent floor
COF, same person applied the same amount of mix-
ture using a sponge roller. Participants were unaware
of the position of this surface as the force plates are
covered with the same vinyl as the walkway and, the
slippery substance was not visible on the walkway.
This is a standardized approach used in previous slip
and fall studies.’®>! The experimental layout is shown
in Fig. la.

Moveable Platform Set-Up

The slip-perturbation training was conducted by
inducing slips using a custom built sliding device con-
sisting of a low friction, motorized moveable platform
(40 x 120 cm). The moveable platform was embedded
into an existing 15 m walkway and was covered with
the same vinyl floor material as that of the walkway
(Fig. 1a). One force plate (BP400600-1000, AMTI,
MA) was placed before the moveable platform so that
the ground reaction force of the step prior to con-
tacting the platform could be recorded. Slips were
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FIGURE 1. (a) Experimental set-up for the baseline and transfer of training session including the walkway, harness, markers, two
force plates (F1 and F2), and motion capture system and (b) experimental lay-out of MPT set-up with the motorized platform and

force plate.

induced by a computer-controlled program that moved
the platform right after the heel contact of the slipping
limb (right), when the vertical ground reaction force of
the trailing limb (left) dropped below a threshold (i.e.,
40% of body weight was lifted off the force plate)
(Fig. 1b). This platform movement simulated a back-
ward fall when slipping over a slippery surface. The
computer program, written in LabVIEW 6.2 (National
Instruments, Austin, TX), was used for the real-time
monitoring of the force and required individual’s
weight (in kg) as an input parameter.

Measurement

Full-body kinematics were recorded at 100 Hz using
a six-camera motion capture system (Qualisys). Twen-
ty-four reflective markers were attached to various
bony landmarks of the body. The marker configuration
was similar to previous studies.’*>’ Kinetic data were
collected at 1000 Hz from the force plates. An eight-
channel EMG telemetry Myosystem 2000 (Noraxon,
USA) was used to record temporal activations of var-
ious muscles in the lower extremity during all the ses-
sions. Bipolar surface electrodes were placed bilaterally
over vastus lateralis (VL), medial hamstring (MH),
tibialis anterior (TA), and medial gastrocnemius (MG)
muscles. The EMG data were sampled at 1000 Hz.
Uniform clothes and shoes were provided to all par-
ticipants to minimize loose clothing and shoe-sole

differences. Participants wore a full body fall-arresting
harness throughout the experiment (Fig. 1a).*

Protocol

The experiments were divided into three sessions:
baseline measure, training acquisition, and transfer of
training, on three separate days (Fig. 2). During the
first session, all participants underwent a slip trial on a
slippery floor surface that served as a baseline measure
(Slipl). After 2 weeks, the training group performed
the slip training and the control group performed
normal walking trials. The third session was on the
following day of the training, where both groups were
exposed to a slippery floor surface similar to the
baseline session (Slip2).

Baseline Measure and Transfer of Training

Participants were instructed to walk on the walkway
for 10 min at a self-selected pace to become familiarized
with the harness and the laboratory environment. A
metronome was used to record participants’ pace. The
starting point of their walking was adjusted so that their
right foot landed on the force plate at the center of the
walkway, which was later switched to a slippery surface
(Fig. 1a). The baseline kinematic, kinetic, and EMG data
were recorded from five walking trials before inducing
the slip. After collecting the normal walking trial, an
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FIGURE 2. Experimental sessions for the control and the
MPT groups.

actual slippery surface was introduced without partici-
pants’ knowledge and the data were collected (Slipl).
Based on the group assignment, participants were called
for their next session (MPT or control walking session)
(Fig. 2). After the training acquisition session, partici-
pants returned to the laboratory the following day for the
transfer of training session that was similar to the base-
line session.

Training Acquisition

Although the control group did not undergo any
training, they were brought to the lab for the second
session which was similar to the baseline session to
maintain consistency in the number of lab sessions
experienced by both groups. The control group was
instructed to walk on the walkway for 15-20 min at
their self-selected pace which was matched to their
baseline session. Simple filing tasks were provided to
the participants at the end of the walkway. The
training group underwent MPT in their second session.
Participants were instructed to walk on the walkway at
their self-selected pace which was matched to their
pace recorded from the first session. The starting point
of their walking was adjusted such that their trailing
limb (left) landed on the force plate placed prior to the
moveable platform. While participants walked on the
walkway, a simulated slip was induced by moving
the platform 0.3 m at a speed of 1.2 m/s (acceleration
at 20 m/s?). After the first exposure to the simulated
slip, participants were instructed to continue walking
at the same speed as that of the previous trial and that
they may or may not be slipped again.

The training session consisted of 24 trials, consisting
of a block of three repeated slips (T1-T3), then a block
of three no slips (N1-N3), followed by a second block
of three repeated slips (T4-T6), another block of three
no slips (N4-N6), followed by 12 trials of random
variations of slips and no slips (R1-R12) (Fig. 3).
A combination of blocked and randomized practice
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FIGURE 3. Experimental protocol for MPT consisting of 24
trials of blocked slip and no slip trials (12), and randomized
slip and no slip trials (12).

sessions have been shown to enhance motor learning.?’
The structure of the training session is similar to the
protocol adopted by Bhatt er al.> However, after the
first block of repeated slips, the speed of the moveable
platform was increased or decreased by 0.24 m/s (20%
of the initial velocity) for the next block of slip trials
based on whether the participants successfully recov-
ered from the perturbation (by observation). The de-
crease in velocity was believed to provide a better
opportunity for successful recovery in cases where
failed recoveries were observed, whereas an increase in
speed was believed to provide greater challenge, if
successful recoveries are observed; both of which has
been shown to improve motor learning.*® The last 12
trials included two slip speeds from block 1 and 2 tri-
als, and no slip presented in a random order. Whole
body kinematics, kinetic, and EMG data were
recorded during all the trials.

This training adheres to the principles of progressive
overload, as progressions were made by increasing the
magnitude of perturbation whenever the participants
were able to recover, thus increasing challenge to the
motor control system.'* Progressions were matched to
the individual’s rate of adaptation, that is the magni-
tude of perturbation was either increased or decreased
based on participants’ ability to recover balance, pro-
moting individualization.” Variability (i.e., speed of
platform) and randomization (i.e., order of slip/no slip
trials) of the practice conditions helped in the transfer
of the learned recovery mechanisms (motor skill) to
different situations (i.e., slippery floor surface), thereby
promoting generalizability.'**'

Data Analyses

The converted coordinate kinematic (marker data)
and kinetic (force plate) data were low-pass filtered
using a fourth order, zero lag, Butterworth filter at a
cut off frequency of 7 Hz. The EMG data were digi-
tally band pass filtered at 10450 Hz following data
collection.'” They were then rectified and low-pass
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filtered using a fourth order, zero lag, Butterworth
filter with a 7 Hz cut off frequency to create a linear
envelope.'>* Heel-contact (HC) and Toe-off (TO)
instances were identified from the ground reaction
forces. The analyses were performed during the stance
phase (HC to TO) of the slipping foot. The dependent
variables are divided into two categories. (1) Variables
that describe the responses after the slip is initiated
(reactive adjustments) and (2) variables that describe
characteristics at heel contact before the slip is initiated
(proactive adjustments).

Reactive Adjustments

Slip distances (SDI & SDII) and peak sliding heel
velocity (PSHV) were used as measures of slip severity
as described by previous studies.™** The outcome of
the slip (i.e., fall or recovery) was measured using the
fall frequency. For a slip to be considered a fall, the
slip distance must exceed 10 cm and the PSHV must
exceed the center of mass velocity while slipping.*?
Additionally, videos for each of the participants were
analyzed to detect a fall along with the trunk marker
(fall to vertical minimum).

Muscle activity onsets and durations of the slipping
limb were determined using a threshold of two stan-
dard deviations above activity during a quiet period of
gait cycle.””* The onset and time to peak activation of
MG, TA, MH and TA of the slipping limb after the
slip is initiated were used in the statistical analyses.
Co-contraction index (CCI) or coactivity was calcu-
lated based on the ratio of the EMG activity of the
antagonist/agonist muscle pairs (TA/MG and VL/
MH) using the method proposed by Rudolph er al.*
The peak ankle and knee coactivity and the time to
peak coactivity (ankle and knee) of the slipping limb
after the slip is initiated were utilized for the statistical
analyses.

The lower extremity 2D joint angles (ankle, knee
and hip) and angular velocities were calculated using
methods described previously.*® Trunk angle was de-
fined as angle between the trunk segment (mid-point
between shoulder and mid-point between ASIS) and
vertical. Peak angles, peak angular velocity, time to
peak angle, and time to peak angular velocities of the
slipping limb and the trunk were calculated after the
slip was induced. All analyses were performed in
the sagittal plane. The foot-onset, foot down, and
unperturbed foot reaction time in ms were analysed to
reveal how fast the non-slipping foot could substanti-
ate its role in the recovery process after a slip.?®

Proactive Adjustments

The proactive adjustments were defined as the
changes in gait measures, angular kinematics, and

EMG measures at heel contact before the slip was
initiated. These variables were measured to quantify
any anticipatory changes participants may have at heel
contact between Slipl and Slip2 session. Center-
of-mass velocity (COMvel) was calculated as average
of all the COMs from the 14 segments as described by
Lockhart et al.>* Transitional acceleration of the whole
body COM (TA) was defined as the change in hori-
zontal COMvel between heel contact and shortly after
(~50 ms) heel contact.””** Required coefficient of
friction (RCOF) was defined as the minimum ratio of
horizontal to vertical ground reaction force.*> Ankle,
knee, and hip angles of the slipping limb along with the
trunk angle at the heel contact were used to quantify
any proactive angular adjustments. The muscle (MG,
TA, MH, and VL) onsets along with ankle and knee
coactivity of the slipping limb at the heel contact were
used to quantify any proactive muscular adjustments.

Statistical Analyses

The experiment employed a two-group pretest—
posttest design. To determine the effect of MPT on
recovery performance, difference values were calcu-
lated between the two slips (Slip2 — Slipl), and a one-
way multivariate analysis of variance (MANOVA) was
conducted between the two groups including all the
dependent measures. If a statistically significant main
effect of training was found, subsequent univariate
analysis of variance (ANOVA) was conducted to elu-
cidate the effect of training on each of the dependent
measures (reactive and proactive measures). The fre-
quency of falls was analyzed within the groups before
and after the training, and between the groups (train-
ing and control) for Slip1 using the Chi-square (y°) test
statistic. To determine if the groups had similar slip-
ping characteristics during Slip1, a between group one-
way ANOVA was performed on slip distances (SDI &
SDII) and PSHV. To determine if the gait character-
istics prior to slipping during Slipl were similar in both
the groups, a between group one-way ANOVA was
performed on COMvel, TA, and RCOF at heel con-
tact. All statistical analyses were conducted using SPSS
11.5.0 (Chicago, IL) with a significance level of
p < 0.05 for all the tests.

RESULT

The training group was able to reduce the frequency
of falls from 42% upon the first unexpected slip (Slip1)
during the baseline session to 0% upon the second
unexpected slip (Slip2) during the transfer of training
session (3° = 12.67, df = 1, p = 0.007). Although, the
frequency of falls in the control group reduced from
50% upon Slipl to 25% upon Slip2, the results were
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not statistically significant (y* = 1.67, df = 1, p = 0.216).
Both groups were at a similar fall rate during Slipl
(7 =0.57, df = 1, p = 0.862). The MANOVA on the
difference values (Slip2 — Slipl) for all the dependent
variables indicated a significant effect of training (Wilk’s
lambda: F(l’ 18) = 601, p= 0009)

The ANOVA indicated that SDI and SDII
decreased more from Slipl to Slip2 in the training
group compared to control (SDI: F 15 = 12.34,
p = 0.002, SDII: F(; 15y = 18.34, p = 0.001) (Fig. 4).
The decrease in the PSHV was greater for the training
group (Table 2) compared to control (F(;, 15 = 9.008,
p = 0.008) (Fig. 4). No significant differences were
found in the mean slip distances and peak sliding heel
between the groups during Slipl (F(;, 15y = 2.008,
p = 0.22), indicating no group differences at the
baseline.

In terms of slipping limb kinematics, the peak knee
flexion (F{;, 15y = 8.26, p = 0.01) and peak hip flexion
(F, 18y = 15.46, p = 0.001) decreased more from Slip1l

P. PARuAT AND T. E. LOCKHART

to Slip2 in the training group compared to control
(Table 2). The peak knee angular velocity decreased
more from Slipl to Slip2 in the training group com-
pared to control (£, 13y = 9.46, p = 0.01). A decrease
in the peak angular velocity of hip, trunk, and ankle
was observed but the differences were not significant
between groups. The peak trunk angular velocity
increased in the control group from Slip1 to Slip2 trial
(Table 2). Further analysis revealed a significant effect
of group on time to peak angular velocities. The time
to peak trunk angular velocity (F(, 13 = 11.46,
p =0.01) and hip angular velocity (F(;, 15y = 7.45,
p = 0.03) decreased more in the training group com-
pared to control (Table 2).

Muscle responses of the slipping limb to Slipl were
similar in both training and control groups, with
activation of MHs (~160 ms), followed by MG
(~180 ms), TA (~188 ms), and VL (~240 ms). There
was an early onset of MH (F(; 15 = 14.97, p = 0.001)
and TA (£, 15y = 10.46, p = 0.01) from Slipl to Slip2

25 + 4 Control 30 ; &« Control 300 & Control
= MPT = 55 ] MPT = MPT
£ 20 - = g 5 o 250
G =2
= = 20 e »
v 15 & | E 200 - A
Z = 2 15 ) T
o — g - N &
" —~— i ~
= 1 e 2 10 T 150
~ o o E 8
2 54 a 2 5 - 100 - S|
“ . & . | *
0 ; . = s 0 . r . ) 50 : ; ; .
Slip1 Slip2 Slipl Slip2 Slip1 Slip 2

FIGURE 4. Changes in slip severity measures from Slip1 to Slip2 between control and MPT group. Note: Statistics were per-
formed on the difference values (Slip2 — Slip1). *p<0.05, **p<0.01.

TABLE 2. Mean + SD of joint angles and angular velocities during Slip1 and Slip2 trials between control and training group.

Group
Training Control
Variable Slip1 Slip2 Slip1 Slip2
Joint angles (°)
Ankle angle at HC (+ = plantar) 98.23 + 3.66 100.52 + 4.67 95.56 + 4.29 98.56 + 5.29
Knee angle at HC (+ = flex)" —-5.24 +1.23 —3.64 + 2.89 —2.46 +1.23 —1.53 + 0.98
Hip angle at HC (+ = flex) 10.86 + 4.23 9.54 + 5.29 16.32 + 5.28 18.42 + 6.39
Trunk angle at HC (+ = flex) 9.86 + 3.54 10.34 + 5.56 10.34 + 5.76 9.34 + 3.56
Peak ankle angle (+ = plantar) 108.60 + 5.34 103.38 £+ 4.23 110.32 + 4.55 108.87 + 6.78
Peak knee angle (+ = flex)** 25.63 £+ 5.50 18.04 + 3.68 24.59 + 5.39 21.24 + 4.38
Peak hip angle (+ = flex)* 12.44 £ 3.96 7.61+ 245 18.70 + 3.47 16.42 £ 2.53
Peak trunk angle (+ = ext) 31.44 + 13.96 29.61 + 10.45 38.70 + 13.47 39.42 + 12.53
Joint angular velocity (°/s)
Peak ankle velocity 85.66 + 15.96 75.66 + 16.47 102.56 + 22.4 95.78 + 10.45
Peak knee velocity* 244.34 £ 25.9 189.34 + 16.4 255.45 + 32.4 210.29 + 31.6
Peak hip velocity” 150.44 + 22.61 75.45 + 12.55 150.4 + 28.65 75.45 + 10.53
Peak trunk velocity 135.32 + 13.21 115.32 £ 33.81 135.32 + 23.2 145.32 + 16.2

*p < 0.05, **p < 0.01, 'p < 0.1, p value represent the statistics on the difference value (Slip2 — Slip1) between groups.
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trial in the training group compared to control. An
early onset of MG and VL muscles were also observed
after training, but the differences between the groups
were not significant (Table 3). The time to peak acti-
vation of MH (F, 15 = 15.55, p =0.001) and TA
(Fu, 18y = 16.52, p = 0.001) muscles decreased more in
the training group compared to control. Peak knee
coactivity decreased from Slipl to Slip2 in the training
group (F(, 15 = 31.31, p = 0.0001). Similarly, peak
ankle coactivity decreased from Slipl to Slip2 in the
training group (F(;, 15y = 19.46, p = 0.001) (Table 3).
The time to peak knee coactivity decreased more in the
training group from Slip1 to Slip2 compared to control
(Fu, 18y = 10.46, p = 0.01) (Table 3). The non-slipping
foot timing analysis indicated no differences in the TO
and foot-onset between the groups. The unperturbed
foot reaction time decreased more from Slipl to Slip2
in the training group compared to control (£, 15 =
10.46, p = 0.02) (Table 4).

The results indicated few proactive adjustments in the
training group before the slip during the transfer of
training trial (Slip2). The COMyvel at heel contact before
slip-start increased more from Slipl to Slip2 in the
training group as compared to control (F(;, 15y = 10.76,
p = 0.004). Similarly, the transitional acceleration of
the whole body COM increased more in the training
group compared to control (F{;, 15y = 10.34, p = 0.004).
No significant differences were observed in the friction
demand characteristics (RCOF) between Slip1 and Slip2
trials in either group. No significant differences were
observed in the ankle, knee, hip and trunk angle at the
heel contact before the slip onset in both groups. In
terms of muscle activation, participants in the training
group had an early onset of MH activity around heel
contact compared to the control group during Slip2 trial
(Fu, 18y = 5.34, p = 0.03). No significant differences
were found in the ankle and knee coactivity at heel
contact between the groups.

TABLE 3. Mean = SD of onset of muscle activity after slip-start and the time to peak activations (recovery trials only).

Group
Training Control
Variable Slip1 Slip2 Slip1 Slip2
Muscle activation onset (ms)
Medial gastrocnemius 188 + 33.66 185 + 14.67 189 + 24.29 179 £ 25.29
Tibialis anterior® 197 + 22.23 165 + 12.89 188 + 21.23 178 + 12.98
Medial hamstrings* 155 + 11.76 133 + 10.33 168 + 15.28 156 + 16.39
Vastus lateralis 238 + 23.54 220 + 15.56 245 + 25.76 255 + 15.99
Time to peak activations (ms)
Medial gastrocnemius 335 + 25.50 321 + 23.68 364 £+ 15.39 377 £ 34.38
Tibialis anterior** 312 + 33.96 277 £ 22.45 378 + 23.47 362 + 32.53
Medial hamstrings** 250 + 13.96 215 + 17.45 290 + 23.47 278 + 22.53
Vastus lateralis’ 365 + 25.35 340 + 16.68 369 + 33.12 354 + 20.73
Coactivations
Peak knee coactivity** 245+ 112 1.77 £ 0.94 223+ 1.39 2.44 +1.44
Peak ankle coactivity* 1.88 + 0.96 1.32 £ 0.45 1.95 + 1.11 2.1 +£0.99
Time to peak knee coactivity*l* 310 + 43.96 250 + 37.15 320 + 44.47 310 + 29.66
Time to peak ankle coactivity' 290 + 25.35 240 + 36.68 319 + 53.12 330 + 20.55
*p < 0.05, **p < 0.01, Tp < 0.1, p value represent the statistics on the difference value (Slip2 — Slip1) between groups.
TABLE 4. Mean = SD of the non-slipping foot response time after the slip was initiated.
Group
Training Control
Variable Slip1 Slip2 Slip1 Slip2
Non-slipping foot response time (ms)
Toe-off 156 + 29.23 149 + 15.73 160 + 18.66 155 + 25.12
Foot-onset 270 + 16.24 260 + 15.22 278 + 20.56 285 + 23.16
Foot down’ 395 + 25.22 368 + 22.34 400 + 28.34 410 + 26.34
Unperturbed foot reaction time* 128 £ 15.22 100 + 18.16 122 £+ 20.76 126 + 28.76

*p < 0.05, **p < 0.01, Tp < 0.1, p value represent the statistics on the difference value (Slip2 — Slip1) between groups.
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DISCUSSION

The aim of the study was to examine the effects of
MPT in reducing fall frequency and improving recov-
ery strategies in older adults. The overall findings of
the study indicated that older adults were able to learn
movements related to recovery during the MPT and
transfer them to an actual slippery surface. As
hypothesized, the frequency of falls reduced signifi-
cantly in the training group from the initial slip during
the baseline to the slip after training as compared to
the control group. The reduced fall rate may have been
achieved through the combination of training-induced
improvements in various kinematic, slip-related, and
neuromuscular parameters.

Reactive Strategies After the Training

Reactive or feedback responses refer to strategies
employed by individuals after a slip has been initiated.
It is known that decreasing the slip displacement of the
slipping foot helps in reducing the severity of slip and
hence improve chances of recovery.”*** Our results
indicated decreased slip distances and PSHV in the
training group. Additionally, greater differences were
seen in the reduction of slip distance II in the training
group, indicating training-induced improvements in
the slip recovery phase. Slips were initiated at similar
time intervals in both groups during Slipl and Slip2
trials (Fig. 5). However, the time required for slip-stop
was reduced in the training group as compared to the
control group during the Slip2 trial. Further analysis
revealed a reduction in the touch-down time of the
non-slipping foot after the slip initiation in the training
group (Fig. 5). The unperturbed foot reaction time was

@ Training
- - - M Control
UnSide
R - ——
TO foot onset foot down
PerSide - il
> o -
slip start  slip peak slip stop
100 200 300 400 500 600
Per HC

Time (ms)

FIGURE 5. Slip events of the perturbed (PerSide) foot and
the unperturbed (UnSide) foot during Slip2 trial for training
and control group. The graph only contains data from suc-
cessful recovery (TO—unperturbed foot toe off, PerHC—heel
contact of the slipping foot).
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110 £ 199 ms for the training group and
150 £ 29.8 ms for the control group. A quick stepping
response of the non-slipping/trailing foot after a slip is
initiated aids in the recovery process by widening the
base of support and thus reducing slip displace-
ment.?%3*

In terms of neuromuscular responses, during the
Slip2 trial, an early onset and reduced time to peak
MH and TA muscle of the slipping limb were observed
in the training group. After a slip is initiated, faster
recovery reactions within 100-200 ms will help in sta-
bilizing the slipping limb and avoiding a fall. The ini-
tial muscular response to a slip consists of activation of
MH followed by other muscles of the slipping limb.'?
Therefore, an ecarly activation of MH may help in
stabilizing the knee joint and assist in slip recovery
process. During the training session (T1-T12), similar
patterns of carly onset and reduced time to peak
muscle activations were observed, indicating a positive
transfer to Slip2. Reactive muscle activation can be
attributed to the feedback process of the motor control
that uses reflex pathways to modify motor-unit
recruitment and continually adjust ongoing muscle
activity.®'> Both proactive and reactive motor control
can improve stability by necessary frequent stimulation
of sensory and motor pathways. As a particular signal
passes through a sequence of synapses (e.g., in this
study, signals to the CNS related to the perturbation);
the synapses become more capable of transmitting the
same signal the next time.?>*> After repeated exposure
to simulated slips during the training, it may be pos-
sible that older adults were able to achieve an optimal
strategy to quickly activate muscles necessary for sta-
bilization during Slip2.

Further neuromuscular responses such as decreased
peak knee and ankle coactivity of the slipping limb were
observed in the training group during Slip2 trial. In
general, the integrated muscle activity of all the muscles
of slipping limb increased during Slip2. Such patterns
of coactivity were also observed during the training,
with an initial increase and subsequent decrease in the
coactivity, which reached a plateau after 6-7 training
trials (Fig. 6). Coactivation of agonist and antagonist
muscles is important for the regulation of joint stiff-
ness.'*> Empirical evidence suggests that training
induces a decrease in coactivation, which may increase
net joint torque and reduce energy expenditure.'®'®
Apart from the magnitude, the time to peak knee
coactivation was also reduced in the training group
during the Slip2 trial. This may be attributed to the
early onset and reduced time to peak MH activity after
training. It may be possible that with repeated exposure
to simulated slips, the CNS chose the most effective
muscle synergy organization to achieve a common goal
(i.e., recovery) with the least energy expenditure.
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In terms of angular kinematics, successful recoveries
relied on increased peak ankle plantar flexion, knee
flexion, hip flexion, and decreased peak trunk exten-
sion angles. These results are consistent with previous
studies investigating slips, i.e., primary knee flexion
response followed by a secondary knee extension
response.''? Significant training-induced improve-
ments were found in the knee and hip angles between
the groups. During training, similar kinematic changes
were observed, with a plateau by 6-7 training trials.
The trunk angular velocity was an important predictor
of a successful recovery as compared to the peak trunk
angle. The training group was able to quickly reverse
trunk extension as compared to the control. Reducing
forward trunk rotations are believed to have a signifi-
cant effect in bringing the COM of the body within
stability limits.'®

4.5 Training
4 - - Control
3.5+
£ 37
2
5 254
[}
S 24
@ 4
= 4
< 1.5
<
14 *
0.5

T T
Slip 1 T1-TI2 Slip 2

Proactive Strategies After the Training

Study findings indicated presence of proactive or
feedforward strategies during training and transfer of
training trials. Proactive adjustments were more pre-
valent during the training trials (T1-T12) as compared
to the transfer of training trial (Slip2). An increased
COMvel and TA were observed at the heel contact in
the training group during Slip2 (Fig. 7). Increases in
the COMyvel aids in maintaining balance when expe-
rienced with a slip.****>° During training, participants
walked with an increased COMuvel after the first
exposure to the simulated slip. Bhatt et al®* found
similar results in their study, where younger adults
improved their pre-slip stability during training trials
by increasing the COMvel with respect to base of
support. However, in this study older adults took
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FIGURE 6. Mean = 1 SD of peak ankle and knee coactivity from T1 to T12 slip training trials (training group), and from Slip1 and

Slip2 trials (control and training group).
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FIGURE 7. Mean = 1 SD of COM velocity and transitional acceleration of whole body COM (TA) at heel contact from T1 to T12 slip
training trials (training group), and from Slip1 to Slip2 trials (control and training group).
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longer to achieve stability (~7 to 8 trials) as compared
to the younger adults (~3 to 5 trials) in previous
studies®*® (Fig. 7). Further proactive changes were
observed in early onset of MH activity at heel contact
in the training group during Slip2. Similar responses
were observed during training trials. Preactivation of
muscles can provide quick compensation for external
loads by increasing joint stiffness and are critical for
dynamic joint stability.'” No differences were found in
the ankle, knee, hip, and trunk angles at the heel
contact between Slipl and Slip2, indicating a reduced
reliance on proactive kinematic strategies. In sum-
mary, training-induced improvements were observed in
both proactive and reactive strategies leading to
reduced fall frequency in the training group.

Although beneficial effects of training were observed
in the study, it is important to address the existing
limitations. First, only healthy older adults were
recruited in the study and it is unclear how these results
may change with a different population (i.e., fall prone
older adults). Second, it is difficult to generalize the
results outside of the laboratory environment as the
sample size is relatively low and there is a need to test
with a larger population group. Third, the retention of
this training has not been examined and therefore it is
difficult to interpret how long the improvements will be
retained in the older adults. Based on the drawbacks of
this study, future research should explore factors such
as retention of the training, transferability of training
to community and care facilities, and a longitudinal
study to record fall frequencies of the individuals in the
study after training.

In conclusion, one of the major findings from this
study was that healthy older participants were capable
of learning specific motor skills during training on the
platform and transfer them to a different situation (i.e.,
an actual slip). Findings from the current study con-
tributed to the knowledge of various biomechanical
and neuromuscular parameters that were sensitive to
training (i.e., trainability of some mechanisms). This
information may be used as a preliminary data to
improve the existing perturbation training methods to
further refine the recovery reactions in older adults.
The ultimate goal of training interventions is for older
adults to transfer the learned motor task to different
context outside the laboratory setting.
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