
Repeated-Slip Training: An Emerging Paradigm for Prevention of
Slip-Related Falls Among Older Adults

YC Pai, PT, PhD [Professor] and
Department of Physical Therapy, University of Illinois at Chicago, 1919 W Taylor St, Room 426
(M/C 898), Chicago, IL 60612 (USA)

TS Bhatt, PT, PhD [Postdoctoral Fellow]
Department of Physical Therapy, University of Illinois at Chicago

Abstract
Falls frequently cause injury-related hospitalization or death among older adults. This article
reviews a new conceptual framework on dynamic stability and weight support in reducing the risk
for falls resulting from a forward slip, based on the principles of motor control and learning, in the
context of adaptation and longer-term retention induced by repeated-slip training. Although an
unexpected slip is severely destabilizing, a recovery step often is adequate for regaining stability,
regardless of age. Consequently, poor weight support (quantified by reduction in hip height),
rather than instability, is the major determinant of slip-related fall risk. Promisingly, a single
session of repeated-slip training can enhance neuromechanical control of dynamic stability and
weight support to prevent falls, which can be retained for several months or longer. These
principles provide the theoretical basis for establishing task-specific adaptive training that
facilitates the development of protective strategies to reduce falls among older adults.

The increased susceptibility to falling with increasing age,1 associated with the reduced
capacity in sensorimotor function,2 poses a significant health threat to the older adult
population. Injuries as the result of falls affect a broad spectrum of older adults—not only
those individuals who are frail or have impairments but also those who are healthy and
living independently.3,4 Falls are the leading cause of injury-related hospitalization and
death in this older population.5 Such fall-related injuries can lead to decreased mobility or to
a reduced activity level because of an instilled fear of falling.6 In either case, the result is a
decreased quality of life. There is no question that prevention of falls is a pressing problem
that biomedical research must solve.

One intervention strategy that is currently underutilized and that has far-reaching potential is
to promote an older adult's own neuromuscular protective mechanisms appropriate for
reducing the incidence of falls. This strategy emphasizes motor training under conditions
resembling real-life situations. This review focuses on literature relevant to the prevention of
slip-related falls resulting from the repeated, unannounced exposure to slips during the
performance of activities of daily living, such as in moving from a sitting position to a
standing position and in walking. Such a repeated-slip paradigm represents one class of
external perturbation induced through reducing surface friction (versus unperturbed,
volitional movement or a different class of external perturbation, such as a trip) under
therapeutically manipulated safe conditions. Furthermore, it mimics the accidental
(unpredictable) nature of slips experienced in real life by mixing the slips with nonslip
conditions, unbeknownst to the participating individuals.
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Although slip-like perturbations can be applied during standing or walking by moving the
support surface forward with an actively controlled, motorized mechanism,7–9 such forced
sliding is theoretically different from slips due to reduced friction.10 Moreover, the fixed
motion profile used during forced sliding contradicts the commonly observed adaptive
strategies for stability control, which is essentially achieved by actively controlling the peak
slip displacement and velocity, as these motor skills can be acquired spontaneously under
low-friction conditions.11 It is reasonable to postulate that the motor skills required for
overcoming real-life challenges (ie, slip accidents) are best acquired under conditions that
resemble real-life situations. Our review consists of 3 parts that further explore the
mechanisms and feasibility for such an approach:

1. We first define commonly used terms such as “stability,” “balance loss,” “weight
support,” and “limb collapse.” We review the conceptual framework upon which
their relationship with falls can be elucidated.

2. We synthesize both empirical and analytical evidence indicating that the central
nervous system (CNS) might be trained to simultaneously prevent backward
balance loss and reduce downward descent of the body resulting in falls. It is
suggested that, with repeated perturbations affecting posture and gait, the CNS
likely builds new, or updates existing, internal representations to improve its
feedforward control, while decreasing a person's reliance on feedback corrective
mechanisms for successful recovery. The latter mechanism also can be enhanced
and is effective in reduction of falls.

3. We demonstrate meaningful preservation, over months, of the proactive and
reactive locomotion strategies that emerge from a single training session via
adaptive enhancements in feedforward and feedback control.

Dynamic Stability and Weight Support
We will first clarify the meaning of several terms essential to this review. In Newtonian
mechanics, balance occurs only when equilibrium conditions are met (ie, when the net
external force and moment acting on a person diminish). Balance is only transient; however,
humans cannot uphold these equilibrium conditions constantly nor indefinitely, even during
quiet standing. We, therefore, refer to stability as a person's ability to restore balance without
resorting to the alteration of his or her base of support (BOS) following an externally
imposed perturbation or even during volitional movement.10,12–15 Logically, there must be
limits on a person's stability. Outside of these limits, loss of balance or instability occurs.
The relationship between a standing person's center of mass (COM) and BOS defines the
person's stability limits, which can be termed as the stability threshold or boundary that
outlines a “stability region.” The BOS consists of the outline area of each foot in contact
with the ground and the area between the feet in bipedal stance. When the horizontal
component of the velocity of the COM is negligible, this person is stable when the COM
projection stays inside the BOS, which defines the stability limits in a static sense. Forward
loss of balance must occur when the COM traverses anteriorly to the BOS and vice versa for
backward loss of balance.10

A fall is initiated when loss of balance occurs. Fall initiation, in this context, is the same as
the term “falling,” which describes a process. Because of the availability and the application
of a recovery step or other protective responses, such falling is different from an actual fall.
The latter is a consequence rather than a process, and it is defined by a sudden, unintended
change in position causing an individual to land inadvertently at a lower level, on an object,
the floor, or the ground. When loss of balance (falling) occurs following an external
perturbation, a person usually responds with changing BOS to avert an actual fall by taking
a recovery step or by grasping onto nearby structures if they exist.
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Postural sway reflects our inability to keep ourselves in constant equilibrium conditions;
thus, it is often used as a convenient measure of stability. It can be assessed by the
displacement of the center of pressure pertaining to the BOS in quiet standing.16–18 The
implication is that the greater the body sway, the closer a person is to approaching his or her
stability limits, thus the less stable this person is becoming.19–23 Sway-referenced
measurements have been shown to be sensitive to problems of falling.24,25 An age-related
increase in body sway often is cited as an indication of a decline in stability,26–29 and it has,
in several instances, been associated with falling among older adults.30,31 No conclusive
evidence, however, indicates that people who sway with greater magnitude are less likely to
recover balance after perturbation. Because most falls occur during locomotion,3,29,32–34

body sway evaluated during quiet standing may not be the most appropriate indicator of
stability during activities of daily living.20

What are a person's dynamic stability limits during movement when the horizontal
component of the COM velocity is not negligible? We have recently extended the above-
stated static definition of stability initially proposed by Borelli,35 the founding father of
biomechanics, to dynamic conditions. This was done by simultaneously considering the
instantaneous COM position and velocity that define a person's motion state (ie, in the COM
state-space). When the forward velocity of the COM exceeds a set of stability limits and
when the forward momentum (ie, the product of the velocity and body mass) cannot be
diminished before the COM reaches the anterior border of the BOS, forward balance loss
must occur. Conversely, when the COM is located posterior to the BOS and when its
forward velocity (and its forward momentum) is lower than the threshold required to bring
the COM into the BOS, backward balance loss must occur (Fig. 1).

Across a range of COM positions, these 2 sets of the threshold divide the COM state-space
into respective regions of forward and backward loss of balance. Between the 2 thresholds
lies the feasible stability region (FSR) or the dynamic stability region, within which balance
can possibly be restored (Fig. 1). The environmental constraints play a major role in shaping
the FSR. For example, the FSR differs between nonslip conditions and low-friction induced
slip conditions (Fig. 1), which also is different from that under forced-slide perturbations
created by a motorized moving platform.10 It is noteworthy that there is a region of overlap
between the FSR for nonslip conditions and that for slip conditions, where a person can be
stable regardless of which condition is applied (shaded region in Fig. 1). We will discuss the
implications of this region later.

How is the dynamic stability region quantified? The boundaries of the FSR are shaped by a
person's anatomical and physiological limitations, as well as by environmental constraints.13

These boundaries can be determined numerically with the aid of mathematical simulation
and optimization.10,12,15 The latter is an iterative computational process that systematically
searches the entire COM state-space within those physical limitations and constraints to
“rule out” all possible COM position-velocity combinations that will ultimately lead to
balance loss and violate the task objectives that define successful performance.

How does the FSR apply to standing conditions? When a perturbation from a moving
platform, a tug, or a push is insufficient to displace a person's COM state outside the FSR,
“in-place” responses such as “ankle or hip strategy”8,36 are sufficient to restore balance
without resorting to taking a step. Balance loss occurs when a large-scale perturbation
displaces the body's COM state outside the FSR. When that happens, only establishing a
new BOS, often by taking a recovery step, can then restore balance and avert an actual fall.
37,38
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How does the FSR apply to locomotion? Humans volitionally displace their COM state
outside of stability limits to achieve mobility in locomotion. In unperturbed walking,
forward progression is achieved by “controlled” forward falling, which is accompanied by a
forward step. Each step prevents an actual fall and improves dynamic stability by bringing
the person's COM state either inside the FSR or at least closer toward rather than farther
from the threshold for forward balance loss. In contrast, backward falling is not an intended
task objective in regular gait, which is commonly stable against backward loss of balance
under unperturbed conditions.15 As mentioned for standing, however, backward balance loss
occurs during perturbed gait when a person's COM state is located posterior to the BOS,
below the corresponding FSR threshold. This happens when that person is subject to a large-
scale, unexpected, novel forward slip, as discussed below extensively.

The development of this conceptual framework and the quantification of dynamic stability
have enabled us to differentiate, for the first time, the individual roles of stability and weight
support in averting an actual fall. Hip height (measured as the vertical distance from the
ground to the midpoint between 2 hips) can readily quantify weight support. Perturbation-
induced “buckling” of the knee or limb collapse occurs when a person's hip height descends
below his or her usual amount of variability following a perturbation (ie, unintended hip
descent). In walking, following an unexpected forward slip after touch-down, the unintended
hip descent is defined as when the hip is located 3 standard deviations below this person's
average hip height in unperturbed gait and when the hip velocity prematurely reverses in the
downward direction (Fig. 2). In the sit-to-stand task, because the task requires continuous
ascent, unintended limb collapse can easily be identified when descent (instead of
continuous ascent) begins at the hip a few hundred milliseconds after a slip, which is
induced immediately after a person loses contact with the chair (seat-off).39,40 Most of the
examples in the rest of this section relate to this slip paradigm in the sit-to-stand task.

The concept of limb collapse is similar to that of balance loss (falling), describing a process
that does not necessarily lead to an actual fall. In a subgroup of 23 young adults who took
only one recovery step upon a slip, hip descent began at about 300 milliseconds after slip
onset (ie, about 100 milliseconds before step lift-off41), from about the same height of 44%
body height, regardless of who recovered or fell.39 At recovery step touch-down, both
groups experienced unintended hip descent (ie, knee buckling or limb collapse). However,
the difference in hip height (X̄±SD) between recoveries and falls was significant, at 42.8%
±1.7% and 37.6%±3.0% of body height, with a downward speed of 11.8%±16.0% and
62.0%±22.1% body height/s, respectively.39 Thus, although unintended hip descent occurs
in all individuals following slip onset, the degree of decent in fallers is significantly greater
than in recovery. For both young and older adults who fell, their hip height already
descended more than 5% body height below their corresponding seated height at the time of
harness arrest.42,43

Interestingly, although instability is often a precursor to an actual fall, it is neither a
sufficient nor a necessary condition at the time of an actual fall, because the COM state
stability can be restored rapidly (in a few hundred milliseconds) by taking a recovery step.
14,44–46 It is when instability is combined with inadequate weight support that recovery
from a large-scale perturbation such as a slip becomes virtually impossible. A lowered hip
height at recovery step lift-off can hinder foot clearance, affecting the step length and foot
placement at touch-down. Inability to provide timely and sufficient weight support is indeed
associated with increased risk for falling from trips47 and slips.41 Decreases in hip height at
post–slip recovery step touch-down had over a 20 times greater effect on the odds of falls
than equivalent decreases in stability among young and older adults during an unexpected
slip induced in the sit-to-stand task.40
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Unlike stability-related issues, the reasons why fallers with apparent good strength (force-
generating capacity) fail to provide adequate weight support after experiencing a sudden,
unexpected, usually large-scale perturbation have been studied less and are little understood.
Only recently have results indicated that unintended hip descent is caused by inadequate
concentric work generated by the knee extensors and, to a lesser extent, the hip extensors
from slip onset to step lift-off (Fig. 3).41 A dilemma arising in this sit-to-stand paradigm is
that initiating the recovery step with one limb to regain stability following a slip takes away
its ability to assist the other limb to provide weight support during the slip.41 All of the 65
subjects included in this analysis took a step for recovery, but from step lift-off to touch-
down, fallers could not resist knee buckling under the gravity, which forced their knee
extensors to do more negative (eccentric) work at the stance limb than those who recovered.
This finding suggests that the need to simultaneously provide weight support and stability
may represent competing task objectives under such circumstances, regardless of age (Fig.
3). The CNS may be unable to resolve this dilemma due to lack of experience for proper
prioritization.40 It also may be due to a conflict with an ongoing motor program,
demonstrated, for example, by the inability to modify the central pattern generator to prevent
lift-off of the trailing limb (ie, by aborting a forward step following a slip in walking).46

Such an “aborted” step would increase stability by maintaining the extended posterior BOS.

Unfortunately, little has been postulated to account for such failure in neural control
mechanisms. A spectrum of reflex and triggered responses, that can be elicited following the
perturbation, exists within and across limbs. These responses are likely influenced by the
task-related modulation from supraspinal or cortical control.8,48–50 Thus, the deficient
weight support of fallers may reflect a failure to exhibit an appropriate neuromuscular
response during the initial hundred milliseconds following perturbation onset (unpublished
research). In fact, the most robust electromyographic (EMG) magnitudes are often registered
a few hundred milliseconds (100–200 milliseconds) after the onset of a novel perturbation
and range from 4 to 9 times the EMG magnitudes achieved during normal walking, with a
duration lasting for a relatively long time (70–200 milliseconds) (unpublished research).51–
55 Yet, such responses may be inefficient or come too late to reverse hip descent. Therefore,
fall incidence was about 30% among young adults and more than twice that rate among
older adults upon the first unexpected slip during the sit-to-stand task.40

Promisingly, this conceptual framework also offered us a theoretical basis for motor
training, suggesting that a person can adaptively enhance his or her stability. Three lines of
evidence highlight the feasibility of adaptive training to improve stability through exposure
to repeated slips induced after seat-off during the sit-to-stand task. Initially, upon the first
unexpected slip in the sit-to-stand task in a study by Pai et al,56 the averaged COM state of
41 older adults at seat-off was located in area 1 shown in Figure 1. It was very stable under
nonslip conditions, but very near the boundary for backward balance loss under slip
conditions. Consequently, the perturbation forced the COM state outside the FSR, and all of
the participants experienced backward balance loss (100%), as predicted. Following a block
of 5 repeated slips, they rapidly adapted to increase their stability at seat-off from area 1 to
area 2 shown in Figure 1, resulting in only 12% backward balance loss.

Although area 2 shown in Figure 1 is very stable under slip conditions, it is very near the
boundary for forward balance loss under nonslip conditions, representing potential “over-
compensation.” That was exactly what happened upon the first nonslip trial after the slip
block, in which most individuals experienced a forward balance loss. The model prediction
again was correct. Finally, older adults rapidly made readjustments to their COM state upon
the second nonslip trial to increase their stability at seat-off against forward balance loss by
scaling back the amount of their forward COM shift and velocity increase.56,57 Notably,
they did not return to their original movement pattern prior to the first slip, but adapted
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instead to an intermediate pattern that, on average, was stable under both slip and nonslip
conditions (with their stability located in area 3 of Fig. 1). These readjustments had a
significant influence on the recovery outcome, such that the falls incidence among older
adults decreased from 73% upon the first slip of the initial slip block to only 20% upon the
first re-slip trial (that is, the first slip of the second slip block, which followed a block of
nonslip trials).57 Stability can be maintained with such desirable adaptive strategies inside
this shaded area of Figure 1, regardless of whether a slip occurs or not.

Improvements in stability reduced the reliance on reactive responses to provide weight
support. Nonetheless, both older and young adults were able to improve weight support in
reaction to a slip and prevent unintended hip descent through adaptive training. In subgroups
of 22 young and 14 older adults who undertook repeated slip, then nonslip and re-slip trials,
in the sit-to-stand task, all participants were able to recover upon the re-slip by significantly
increasing their hip height, regardless of their age and whether they fell or did not fall during
the first slip.43 As demonstrated, a person's own neuromuscular protective mechanisms
against falls can be developed or enhanced with appropriate adaptive training. The
neuromechanical principles of adaptive training will be discussed further in the next section.

Adaptive Control and Training
It is well established that humans are adaptable to sudden or unexpected changes in
environmental constraints during different activities, such as standing or locomotion.
11,36,48,54,58 Encouragingly, this ability can remain intact even at an older age (Fig. 4).42
Such motor adaptation is a process that occurs in the initial acquisition phase of motor
learning and often requires novel associations between the externally imposed perturbations,
such as a slip, and motor actions. An increase in stability resulting from an alteration in
regular gait pattern, such as the emergence of a walkover or skate-over strategy after
repeated exposure to a slippery surface, is an example of such an adaptation used for
preventing the incidence of backward balance loss and falls.11 In the walkover pattern, the
subject's response to a slip from reduced surface friction resembled a natural walking
pattern, with minimal forward BOS displacement (≤0.05 m). In the skate-over pattern, the
forward BOS displacement (>0.05 m) was less than that during a trial in which loss of
balance occurred but greater than that in the walkover pattern. Similar to the unperturbed
gait, the trailing limb in both walkover and skate-over patterns lands anterior to the slipping
limb. Such an alteration in gait pattern is a prerequisite to a permanent change in motor
behavior and represents an early “form of learning that evolves over a series of movements
to restore the original performance of a task in the presence of an external
perturbation.”59(p972)

Necessary for adaptive control that underlies movement alteration are sensory information
processing and sensorimotor transformation.60 With repeated exposure to perturbation, a
newly acquired, predominantly predictive form of adaptive control emerges. Such control
exhibits feedforward behavior by responding to this perturbation in a predefined way that
improves performance by modifying present and future motor commands, relying on stored
information from previous experience.59 To perform the transformation, the CNS builds,
refines, or updates an internal representation of the potential threats that may occur in the
external environment (eg, stepping onto a patch of wet surface or traversing an icy parking
lot). The motor commands and sensory prediction must accurately reflect the changes
occurring in the environment. When the sensory prediction is consistent with the actual
sensory information generated by the ongoing movement, the feedback controller will elicit
little online corrective commands.61 Otherwise, these sensory inputs will not only elicit
online reactive responses to compensate for motion errors, but also continue to be used,
adaptively, in an offline mode, to reshape the sensory representation of the environment and
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the motor commands in a feedforward manner.2 Offline modification is needed for correct
future performance under similar contexts. Although the reliance on feedback control
decreases with the maturation of the adaptation process, sensory inflow continues to play a
role in fine-tuning the movement during this acquisition phase.

The feedforward control underlying successful proactive adjustments, occurring before or in
anticipation of perturbation onset and relying usually on previously acquired knowledge, can
affect the movement outcomes in 2 different ways during this adaptive process. First, it can
alter posture and limb control prior to an encounter with an environmental hazard.54,56,62

Our experimental results indicated that improved dynamic stability prior to the onset of
perturbation can reduce or eliminate the need for a reactive response following the onset of
perturbation (Fig. 4).56 Both young and older adults adapted to preventing falls without
resorting to recovery stepping.

The second aspect of the feedforward control is that it can influence and alter the feedback-
control-related reactive response following the onset of perturbation to increase the
likelihood of a successful reactive response.11,43,54 As an example in responding to a slip
during walking,11 an increase in both pre– and post–slip-onset gait stability is significantly
correlated to a reduction in the incidence of balance loss. In this case, pre- and post-slip gait
stability for all slip trials was measured, respectively, at touch-down of the slipping limb and
at lift-off of the contralateral trailing limb based on the COM state relative to the predicted
thresholds for backward loss of balance. Although increases in pre-slip gait stability were
affected by a feedforward anterior shift in COM position, the post–slip-onset improvements
derived from adaptive training were even greater and benefited from reductions in the
perturbation (slip) intensity (ie, a reduced displacement and peak velocity of the BOS). Such
reactive changes, characterized by an active control of slip intensity, came from a reduction
in the demand on the post–slip-onset braking impulse.

These post-slip changes were nonetheless preceded by and correlated with proactive
(feedforward) control of posture and gait pattern prior to slip onset (eg, more anteriorly
positioned COM resulting from smaller step length, flat-footed landing, and increased knee
flexion). These changes also revealed the maturing process of the adaptive control,
characterized by a shift from a reliance on feedback control for postural correction to a
distinctive feedforward control that improves pre-slip gait stability and alters slip intensity
following its onset, leading to skate-over and walkover adaptive strategies.63 In the
walkover strategy, a person could almost eliminate forward BOS displacement even in the
presence of the same low surface friction by exhibiting significantly greater knee flexion, a
more flat-footed landing, and a lower net momentum during double stance than in a
“normal” gait pattern. In contrast, subjects in the study by Bhatt et al11 were able to glide
forward on low surface friction against backward balance loss using the skate-over strategy,
effectively placing their trailing limb ahead of the slipping limb and exhibiting a flat-footed
landing, but a significantly greater momentum than was achieved using the walkover
strategy, during double stance.11 It must be noted that there could be differences in many
other movement parameters between these 2 strategies.

It has been proposed that feedforward control adaptively influences feedback control by the
formation of a “set,” which refers to the tendency of the CNS to behave or respond in a
particular way as a result of previous experience or context.48 This type of set formation by
the CNS, perhaps similar to its building of the internal representation and accurate
prediction of context, plays a crucial role in the success of the feedforward control.59,64

The importance of the post-perturbation reactive response, however, must be acknowledged.
Rapid adaptive changes in reactive responses upon repeated perturbation exposure,
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consistent with an increased ability to recover from the perturbation, have been observed in
young9,54,63 and older43,58,65 adults who are healthy. The role of feedback control in such
adaptation of reactive postural responses is evident from the attenuation of both muscle
EMG magnitudes and degree of postural sway with repeated BOS translations in earlier
research on support-surface perturbations.36,48 Attenuation of such responses often has been
attributed to habituation, reducing the gain of the neural feedback circuitry.8 Some
researchers also have suggested a role of “feedback-error–based” learning models in motor
adaptation.60

Such models could explain the findings by Nashner and colleagues8,36 that a session of
repeated “toes-up” platform rotations resulted in the attenuation of muscle responses
inappropriate to the perturbation, whereas the responses appropriate to the perturbation still
persisted. Decreased length of the recovery step,9,58 decreases in reaction time,58 reduction
in the incidence of multiple stepping,9 and increasing success of a single recovery step43
with repeated perturbations, during both quiet stance and dynamic activities, could similarly
be explained. On similar lines, our recent results revealed that adaptive changes in reaction
following a slip induced during chair-rise not only reduce the likelihood of a balance loss
but also enhance weight support to prevent vertical descent of the body, which otherwise
would result in a fall.43 Our preliminary work indicates that such adaptive enhancement in
weight support was achieved primarily by increasing the positive (concentric) mechanical
work generated by the knee extensors.

The possibility of alternative mechanisms for these adaptive changes, however, should be
considered. For instance, could all of the observed adaptive changes have resulted merely
from an increased knowledge of the perturbation and its effects? The adaptive changes
observed then might be dependent on subjects' familiarity with the specific laboratory
environment, experimental protocol, and characteristics of the potential perturbation. If this
is the case, could watching educational material on how to successfully adapt to a
perturbation achieve similar effects to direct experience? These prospects are attractive
because increasing older adults' knowledge and awareness of the environment is a safer and
easier alternative to exposure to repeated slips.

Awareness of potential slippery conditions can induce a cautious gait pattern.54,62

Nevertheless, it may not adequately prepare a person to respond to backward balance loss
and falls when a slip occurs (unpublished research). We have demonstrated that, even when
subjects were informed that a slip might occur, most experienced a backward balance loss
upon their first, novel slip during walking.11,63 Similarly, explicit awareness and the actual
experience of repeated-slip exposure clearly yield different preventive and reactive
responses to a slip, with the latter being more effective.11,66 Awareness of an upcoming
slip may result only in kinematic changes at pre-slip touch-down of the slipping limb,
whereas experiencing an actual slip results in changes in pre-slip muscle activation as well
as changes in foot-floor interaction forces upon touch-down.66 Without actual experience
and adaptive modification of movement, explicit knowledge of upcoming perturbation may
not be sufficient for humans to exhibit appropriate behavior.67 With repeated perturbations
affecting posture or gait, however, the CNS builds new, or updates existing, internal
representations to increase its feedforward control while decreasing a person's reliance on
feedback corrective mechanisms for successful recovery. It is highly likely that such motor
behavior modification can be meaningfully retained over months, if not years, as discussed
below.
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Retention of Adaptive Control
Adaptive training that improves stability and weight support would be of very limited
practical benefit if the effects were not retainable. Retention is operationally defined as
persistence of the observed behavioral or structural changes on either a shorter-term
(minutes to hours) or longer-term (days, months, years) basis. In the context of adaptive
training, longer-term retention will be the hallmark of a learned motor behavior. Retention
within the CNS usually is considered a function of long-term changes that occur within the
neural circuitry, a consequence of the process of consolidation, historically referred to as a
process reflecting increased resistance of memory with passage of time to interference from
competing or disrupting factors, resulting in stabilization of long-term memory.68,69 This
process accompanies the formation of new synapses, synthesis of new protein, and an
increase in the strength of existing synapses (ie, long-term potentiation).70

These changes usually occur in cortical and subcortical structures (basal ganglia,
cerebellum) for tasks involving voluntary movements.71 The process of building or updating
the internal representation of one's stability limits11,56 is probably associated with a shift
from reliance on long-loop reflex pathways within the spinal cord and the brain stem50,72 to
increased subcortical and cortical influence.73 Such a shift also would result in the
development of an increase in memory from the short-term labile state to a longer-lasting
stable state.74 There is considerable literature establishing that adaptation occurs within the
balance-locomotor control system,7,8,11,36,48,54,58 but little is known about the extent to
which adaptive improvements in stability and fall-resisting behavior to external
disturbances, once acquired, can be retained.

The presence of an “aftereffect” of repeated perturbations has been well established.
42,43,57,59,67,75–78 The “aftereffect” phenomenon is said to occur when the acquired
behavior after repeated perturbation is reproduced even when the perturbation is no longer
present on a subsequent trial. Similarly, the persistence of an acquired obstacle avoidance
skill from one block to another, separated by only minutes of rest, also has been
demonstrated.79 However, it is by no means clear that the above-mentioned examples can
be considered a form of “retention.” Recently, Tjernström et al80 provided evidence for
motor learning within the postural control system by showing long-term (30 days) retention
of changes in the magnitude of body sway in response to calf vibrations during stance. In
contrast, another study81 showed no retention from one day to the next, over 5 days, of an
acquired adaptation in “postural response size” (amplitude of gastrocnemius muscle EMG
activity) as the result of repeated “toes-up” platform rotations. Such differences could have
arisen from many factors, including the nature of the stimulus, the intensity (repetitions per
session) and duration (number of sessions) of the adaptive training, and the neural
mechanisms involved in the adaptation response. The differences also could have resulted
from differences in the outcome variables used to quantify the retention.

Evidence from the motor learning literature, mainly from skilled voluntary tasks, indicates
that practice schedule can considerably affect motor learning. In particular, incorporating
random practice (contextual interference)82 and “over-learning” (ie, continued practice of a
task after having reached some success criterion)83 can lead to improved retention effects.
Indeed, we found that a single acquisition session, utilizing principles such as combined
blocked and randomized alternating practice and incorporating “over-learning” (with an
alternating slip, no-slip, and re-slip paradigm), can yield significant retention of
improvements in gait stability and lead to a reduction in the incidence of balance loss.84

In that study,84 22 safety-harnessed young adults were exposed to slips during walking.
Slips were induced using a low-friction platform. After a block of 10 regular walking trials,
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subjects were exposed to a block of 8 repeated-slip trials (S1–8), a block of 3 nonslip trials
(NS1–3), another block of 8 repeated slip trials (S9–16), and then 3 more nonslip trials
(NS4–6). This was followed by a set of 15 randomly “mixed” slip and nonslip trials, of
which 8 were slip trials (S17–24). In total, from the initial slip (S1) through the final slip
(S24), subjects experienced 24 slip trials, which were mixed with 13 nonslip trials in
keeping with motor learning principles. The initial slip was unexpected and induced during
self-selected, “natural” walking. This initial training session was followed by 4 retest
sessions, conducted at 1 week, 2 weeks, 1 month, and 4 months after the initial session. Each
retest consisted of a single unannounced slip that followed a random number of 8 to 13
regular walking trials, designed to reduce the probability of predicting the occurrence of the
slip trial. Subjects were aware only that a slip might or might not occur during any trial.

The results of that study84 indicated that, by the end of the training session, subjects
substantially improved their pre– and post–slip-onset stability and weight support, with both
proactive and reactive control, leading to nearly no balance loss toward the end of the
session. Effects derived from the initial session of motor training were retained for 4 months
among these young adults. Only 40% of these 22 young adults exhibited a backward balance
loss upon their slip at 1 week, compared with 100% loss of balance upon the first slip (S1)
(Fig. 5). Although more than 15% of the young adults fell at the initial session, none of them
ever fell again at any of the retest sessions. Post-slip stability and weight support were
greater at the first retest (at 1 week) than they were for the first slip of the initial session
(S1), but lower than they were for S24 (explaining the higher incidence of balance loss at 1
week than at S24). That study revealed that the less-than-perfect retention resulted, to some
extent, from individual variability rather than across-the-board generalized behavior. It is
noteworthy that the subjects' performance did not improve during the retests. It appears that
the motor training provided a sufficiently strong initial effect, such that subjects had no
further benefit from the “add-on effect” of the single slip in each retest.

The retention of adaptive behavior may be conditioned by the penalties imposed upon an
inappropriate response by the CNS and the increased potential of injury.85,86 Based on this,
the authors postulated that a single acquisition session with a highly threatening
environment would be sufficient to induce long-term retention of the acquired motor
behavior. Alternatively, they postulated that with reduced-intensity training consisting of
only 5 repeated slips and without multiple retests in between, which could potentially
generate an “add-on” training effect, the adaptive motor skills could decay over a 12-month
period. To test this, 8 young adults were exposed to a reduced training paradigm of only 5
repeated slips during walking.63 The same subjects returned for a retest using the same
protocol only once 12 months later. The setup and the instructions were similar to those in
the previously described study,84 with the major exceptions being the number of slip
exposures and the frequency and interval of follow-ups.

The results indicated that following such reduced-intensity training, in the acquisition
session, all subjects exhibited a backward balance loss on their first slip 12 months later63

(Fig. 6). They nonetheless were able to retain the acquired pre-slip stability with
feedforward control during the follow-up session, but not the post-slip stability related to
reactive control. A training effect also was evident in that the subjects demonstrated a faster
reacquisition, with only one balance loss on the second slip of the follow-up session, as
compared with 7 balance losses upon that slip 12 months earlier. Such rapid improvements
were achieved by significantly greater improvements in post-slip stability than in pre-slip
stability, which were achieved for the most part by reducing the BOS velocity. A single low-
intensity training session could still prime87 the CNS to more rapidly adapt and update its
internal representation of gait stability in response to the same perturbation during the same
task as compared with the initial training session.63

Pai and Bhatt Page 10

Phys Ther. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bridging a Gap
This review has outlined the emergent evidence of applying perturbations mimicking real-
life situations as a form of motor training, with long-term effects on postural stability and
weight support for prevention of loss of balance and falls. With repeated-slip training,
subjects adapt and update their internal representation of stability limits to prevent the
incidence of backward balance loss under unpredictable context conditions with the CNS
learning to anticipate and adopt movement options that satisfy constraints under both slip
and nonslip contexts experienced. Furthermore, new findings charted a temporal course.
With sufficient training intensity, adaptive changes in COM state stability can be acquired
rapidly with a single intervention session, and the significant positive retention of the
acquired adaptation effects in stability leads to a significant (60%) reduction of balance loss
incidence for at least 4 months. This emerging paradigm, therefore, should be considered
highly effective (reducing the frequency, and thus the cost, of intervention needed) and
clearly beyond the existing standard of physical therapist practice and intervention for
balance training.88

Most encouragingly, our results revealed that older adults can rapidly develop adaptive skills
for fall prevention in a similar manner as young adults after their exposure to the repeated-
slip paradigm. Although direct evidence on retention in older adults has not been presented,
our preliminary findings suggest that a similar trend existed regardless of age. With a
reduced intensity (eg, slip distance and number of repetitions), the novel training paradigm
of repeated perturbation–no perturbation– perturbation also may provide a common
intervention for training a broad spectrum of individuals ranging from active individuals at
high risk for falling to frail elderly people with limited or impaired mobility. It may even
have future application in the area of individuals with sensory, motor, or cognitive deficits
or disabilities (eg, from stroke, traumatic brain injury, and so on). Development of such
protocols, resulting in long-term changes within the locomotor-posture control system,
would have a significant practical impact on health care professionals' ability to intervene
against falls, allowing a significant reduction in the financial health care costs to society.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The predicted feasible stability region (FSR) for both slip and nonslip conditions in the
center of mass (COM) state-space (ie, its position and velocity). The position of the COM in
the anteroposterior direction was expressed relative to the rear of the base of support (BOS)
(XCOM/BOS) of the most recent foot to touch-down (ie, the heel of the sliding foot for slip
onset) and normalized to foot length. The COM velocity in the anteroposterior direction was
expressed relative to the velocity of the BOS (Ẋ COM/BOS) and normalized to body height.
During regular sit-to-stands prior to their exposure to slipping, 41 older adults' COM state at
seat-off was around area 1, which was very near the boundary for backward balance loss for
a slip. Subsequently, they all experienced backward balance loss during the first, novel slip.
Following repeated exposures to slipping, their COM state at seat-off was shifted from area
1 to area 2, which was inside the stability region for slipping but near the forward balance
loss region for the nonslip condition. Nearly all of them experienced forward balance loss
when the slip stopped. After the nonslip block, they readjusted their COM state from area 2
to area 3, which is in the middle of the shaded area where stability can be maintained
regardless whether a slip occurs or does not occur.56
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Figure 2.
Onset of the unintended hip descent (thin solid vertical line) after the slipping (right) limb
touch-down (RTD) from 2 typical young subjects: (A) one who recovered and (B) one who
fell. This instant is identified as the point when the hip height (ie, the vertical distance from
the ground to the midpoint between 2 hip centers) trajectory (thick broken line) traversed
below 3 standard deviations (shaded area) from its mean trajectory (thick solid line) taken
from the subjects' regular (unperturbed) gait. This onset timing is nearly identical to the
onset of negative vertical (downward) hip velocity (thin broken vertical line). Hip height is
normalized as percentage of body height (%bh).
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Figure 3.
During preparation for chair-rise from movement initiation to losing contact with chair
(seat-off) when a slip was unexpectedly induced (∼slip onset), 22 older adults (O) did less
net concentric (positive) work, on average, than that generated by the hip extensors (2 half
circles: counterclockwise-clockwise) of 43 young adults (Y). This age-related difference
(Y>O) caused less increase in upward momentum and in potential energy required for
ascending (upward arrow and triangle) and might have predisposed a greater proportion of
older adults to falls. All of them took a step for recovery, but from seat-off to step lift-off,
fallers (F) did less concentric work generated by the hip extensors (counterclockwise-
clockwise circles) and knee extensors (clockwise-counterclockwise circles) than those who
recovered (R) (R>F). From step lift-off to touch-down, fallers' knee extensors (clockwise-
counterclockwise circles) failed to resist gravitational effect, resulting in more negative
(eccentric) work than in those who recovered (R>F), causing knee buckling. Although those
who fell and those who recovered both experienced unintended hip descent (limb collapse),
hip height for those who fell was significantly lower than that for those who recovered at the
step touch-down (downward arrow and triangle for descent, F>R). This mechanism of fall
applied to all fallers regardless of their age.41
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Figure 4.
(A) Fall incidence decreased exponentially with repeated exposure to a slip during a sit-to-
stand task and at a similar rate in young and older adults. Shown are the number of falls by
each age group in each of the 5 trials of the first slip block and the corresponding best-fit
exponential relationship identified through nonlinear regression. The parameter for initial
fall incidence (C) equaled 14.9 and 30.0 in young and old adults, respectively. The
exponential relationship explained 99.7% of the variance in the number of falls, with P<.05
for all parameters. Fall incidence among both groups decreased by the same factor of 3
following each slip exposure. (From: Pavol MJ, Runtz EF, Edwards BJ, Pai YC. Age
influences the outcome of a slipping perturbation during initial but not repeated exposures. J
Gerontol A Biol Sci Med Sci. 2002;57:M496–M503. Copyright © The Gerontological
Society of America. Reproduced by permission of the publisher.) (B) Although instability is
neither a sufficient nor a necessary condition to cause falls that result from vertical hip
descent and limb collapse, improved stability directly resulted in the reduction in fall
incidence among older adults (i=0 for balance loss and 1 for fall in the exponential
equation). The rate of incidence decline was almost twice as fast for falls as for balance loss
(exponential rate constants of −1.07/trial and −0.48/trial, respectively).

Pai and Bhatt Page 19

Phys Ther. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
(A) Changes in incidence of balance loss (percentage) and (B) in pre- and post-slip stability
(means ± SD), on the first and last slip trials of the acquisition session (S1 and S24,
respectively) and the slip trial in each of the follow-up sessions conducted at 1 week, 2
weeks, 1 month, and 4 months after the acquisition session. More positive values indicate
greater stability. N=22 for all trials except for the follow-up session at 4 months (n=17).
Significant differences with respect to the preceding trial included in the statistical analysis
are indicated (*=P<.05, **=P<.001). Data illustrated in Figure 5 are from Bhatt TS, Wang
E, Pai YC. Retention of adaptive control over varying intervals: prevention of slip-induced
backward balance loss during gait. J Neurophysiol. 2006;95: 2913–2922. Figure 5B,
modified and reprinted from the article by Bhatt et al,84 is used with permission of the
American Physiological Society.
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Figure 6.
(A) Decrease in number of balance losses from first to fourth slip trials for the acquisition
(open squares) and the 1-year follow-up (closed circles) sessions. (B) Gait stability (means ±
1 SD) at pre-slip touch-down of slipping limb (open symbols) and post-slip lift-off of
contralateral limb (closed symbols) from the acquisition (circles) and the follow-up
(squares) sessions for regular walking and first through fourth slip trials (S1 to S4).
Significant differences in gait stability (for both pre- and post-slip events) between the 2
sessions for each trial are indicated (*=P<.05). Note that there was no significant difference
in post-slip stability and slip outcome, with all subjects experiencing a backward balance
loss on the first slip induced 1 year after the acquisition session. Also note the differential
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increase from pre- to post-slip stability for the follow-up session compared with the
acquisition session on the second slip trial (S2), indicating the presence of a priming effect
induced by the first follow-up slip. Data illustrated in Figure 6 are from: Bhatt TS, Pai YC.
Long-term retention of gait stability improvements. J Neurophysiol. 2005;94:1971–1979.
Figure 6B, modified and reprinted from the article by Bhatt and Pai,63 is used with
permission of the American Physiological Society.
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