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KEYWORDS Summary In this paper, we review a physiological task that is predominant in preventing
Fall; humans from falling, but that simultaneously also challenges balance: taking a step. In partic-
Community-dwelling ular, two variants of this task are presented and compared: the voluntary step versus a step
elderly; induced by an external and unpredictable perturbation. We show that, while these contribute
Balance recovery; different information, it is interesting to compare these. Indeed, they both are relevant in a
Stepping; global balance assessment and should be included within this, at the same level as tests usu-
Anticipatory Postural ally dispensed in the clinical environment such as posturography. We choose to focus on the
adjustments (APA); community-dwelling elderly population, to discuss means of early detection of risk of falls, in

order to prescribe an appropriate prevention. An overview of posture-movement coordination
and balance recovery strategies is also provided. Finally, a working hypothesis is suggested
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on how ‘‘compensatory protective’’ steps are controlled and how their evaluation could bring
additional information to the global balance assessment of risk of fall.
© 2015 Elsevier Masson SAS. All rights reserved.

Résumé Dans cet article, nous passons en revue une tache prédominante dans la capacité des
humains a se prémunir de la chute et qui, dans le méme temps, met en jeu ’équilibre : faire
un pas. Plus particulierement, deux variantes de cette tache sont présentées et comparées :
le pas volontaire et le pas provoqué par une perturbation a la fois externe et imprévisible.
Nous montrons que si les informations qu’elles apportent sont différentes, il est intéressant
de les comparer. En effet, ces taches restent toutes les deux pertinentes au regard d’une
évaluation globale de I’équilibre et nécessitent d’en faire partie, au méme titre que des tests
plus classiques dispensés en clinique comme la posturographie. Nous avons choisi d’orienter
notre revue vers une population de personnes agées autonomes, afin de discuter d’un moyen de
détecter au plus tot le risque de chute pour étre en mesure de prescrire une prévention adaptée
aux personnes a risque. De rapides rappels sont aussi fournis sur comment se coordonnent la
posture et le mouvement ainsi que sur les différentes stratégies de rattrapage de ’équilibre.
Enfin, nous proposons une hypothese de travail sur comment les pas « protectifs compensatoires
» sont controlés et comment leur évaluation pourrait compléter les informations sur I’évaluation
globale du risque de chute.

© 2015 Elsevier Masson SAS. Tous droits réservés.

Introduction

Fall and risk of fall

Falls are a major and concerning health problem for the
elderly population, because they are responsible for body
injuries (pains, fractures or death), psychological effects
(fear of falling, depression) and sociological issues (loneli-
ness, loss of independence, costs of medical care). As normal
ageing is responsible for declines in muscular [46,47,6], sen-
sorial [1,37] and neural control [48,44,11,25] systems, 1/3 of
people aged 65 years old and more fall at least once per year
[100]. Consequently, the elderly suffer from more severe
consequences than young [93] and have been identified at
an increased risk of falls [89,26]. Fall-related injuries also
constitute an increasingly expensive public health concern
with a future cost estimated at about 240 billion in 2040
[100,85].

Defining falls is not straightforward. Particularly for
community-dwelling elderly adults, the circumstances lead-
ing to a fall must be considered. Thus, a definition could be
‘*an event, which results in a person coming to rest inadver-
tently on the ground or other level regardless of whether an
injury was sustained, and not as a result of a major intrin-
sic or overwhelming hazard’’ [89]. This definition could be
completed with ‘‘a fall involves an impact’’ [31] with the
lower level, showing ‘‘a failure in recovery responses’’ [81].
Indeed, during a fall the center of mass (CoM) is transversely
and downwardly accelerated. Recovery responses that result
in braking the CoM drop are necessary to prevent it. Accord-
ing to these clarifications, current recommendations take
into account both the inadvertent character of the fall and
the recovery responses [52].

Why do healthy community-dwelling elderly subjects fall?
As a fall comes first from an unbalance, the system (i.e. indi-
vidual’s body) has to recover from this unbalance to restore

equilibrium. Interestingly, Granacher et al. [27] distinguish
‘‘steady-state’’ balance (very stereotyped and predictable
behaviors like vertical quiet standing or normal gait) from
‘‘reactive’’ balance (recovery from the perturbation of a
steady-state involving an unpredictable reaction). This reac-
tive balance corresponds to the automatic responses that
allow deceleration of the drop of the CoM, avoiding the fall
[34,50]. So, the mechanisms to prevent falls are insepara-
ble from successful reactive recovery responses (see model
in Fig. 1). In this way, paying attention to both balance
recovery behavior and understanding its underlying mech-
anisms appear to be determinant in identifying current and
future risk of falls [33]. This is particularly true for healthy
community-dwelling elderly adults, in whom avoiding a fall
could prevent the first event of a negative spiral leading to
more complex problems.

Clinical identification of the risk of falls

The origin of falls is considered to be multifactorial. Many
different clinical tests are available in the literature to
assess different underlying balance mechanisms. While the
topic of this paper is not to review these (see Mancini
and Horak [53] for a review), we noticed that none of
these assessments involve reactive recovery tasks, rely-
ing mostly on steady-state situations that concern known
and predictable interactions with the environment. To our
knowledge, only one assessment is available to test a bal-
ance recovery situation: the BESTest [37]. Likewise, many
authors have recently emphasized that current clinical tests
are limited in identifying balance capacities or risk of fall
[53,64,94,30] and that methods identifying individuals at
risk of fall are still needed [49]. In fact, while clinical
assessments usually focus on identifying the impairment,
it should be remembered that impairments alone do not
lead to functional deficits, because subjects may be able
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Figure 1

Balance recovery and fall model. A perturbation (lightning) of a ‘‘steady-state’’ leads to an unbalanced state of the

body. Then, the subject will engage a recovery behavior to keep equilibrium with the objective to reach a new *‘steady-state’’. If
the person succeeds to recover (straight way), he/she will avoid fall but if he/she does not (downward way) he/she will fall.

to compensate with other functions [33]. As the body is
an exceptionally adaptive machine, effective assessment
and rehabilitation of balance disorders requires an under-
standing of many systems (see Fig. 2). Notably, the balance
control alone involves three objectives: maintaining pos-
ture, facilitating movement and recovering equilibrium [53].
Therefore, if balance assessment needs to be contextual
and to test different variables, clinical evaluations should
assess both steady states and reactive balance strategies
[37,52,49,61,82]. In this way, making subjects perform reac-
tive balance strategies could complement information on
the current clinical assessment procedure. This situation is
more difficult for the subject because it is closer to the fall,
but may reveal early deficits in community-dwelling sub-
jects, which could then be used to implement prevention
methods long before any fall actually occurs [16].

Aims of the review

Reactive balance recovery has been much less studied than
steady states. Particularly in the situation of reactive bal-
ance recovery, the system reacts both to the unpredictable
and involuntary characters of the fall because it cannot pre-
dict in advance the unbalancing characteristics (moment,
duration, intensity, direction, etc.) and does not wish to
impact an external object or lower level. A decision to
select the right recovery response has to be taken very
quickly by the central nervous system (CNS), considering
the current environmental context, movement possibilities
and the goal of the task. Thereby, the analysis of a balance
recovery response induced by an unpredictable perturbation
surely provides much information on the ability of the sub-
ject to prevent the fall. However, using an unpredictable
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Figure 2  Multifactorial resources required for the effective control and execution of postural stability. All of these resources are
involved in postural control and could be the source of deficits in balance maintain. They thus need to be considered in a postural

evaluation to determine current and future risk of fall.
Adapted from Horak [33].
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balance perturbation methodology to investigate this is still
risky, costly and not easy to implement. In this paper, we
will review data about how reactive recovery responses are
controlled and executed, compared to voluntary triggered
movement. Voluntary movements are simpler for the sub-
jects and may reveal sufficient information about risk of
falling. Firstly, a brief description on how posture is con-
trolled and coordinated to movement will be provided. Then
the discussion will concentrate on the results from the lit-
erature about recovery reactions, paying attention to the
context in which the subject is placed. Finally, voluntary and
compensatory actions tested in a same study are presented
and discussed. This review focuses on a particular balance
recovery strategy: taking a step. This strategy is prevalent
and offers many mechanical advantages to prevent falls. The
question is not to reach a consensus on how these two kinds
of steps are executed and controlled, but to provide infor-
mation about these two apparently similar tasks, and discuss
how they could be used for clinical applications.

Posture, postural adjustments and recovery
strategies

Posture and context characteristics that affect
balance

Horak [33] defines postural control as a complex motor skill
based on interactions of dynamic sensorimotor processes.
Indeed, since humans can be viewed as mechanically insta-
ble systems, they constantly have to keep (i.e. recover)
their equilibrium in order to not fall. So, equilibrium is a
dynamic task constantly controlled by the CNS that has to
deal with different constraints: biomechanical (e.g. height
and speed of the CoM relative to the size and position
of the base of support [BoS] [69,32]), movement strate-
gies at the subject’s disposal, time for cognitive processing
and sensorimotor capacities (see Fig. 2). In particular, the
two main posture functions are orientation and equilibrium
[34]. If orientation is the relative positioning of body seg-
ments with respect to each other and the environment,
equilibrium is the state in which all the forces acting on
the body are balanced, so that the body tends to stay
in the desired position and orientation (static equilibrium)
or to move in a controlled way (dynamic equilibrium).
Also, there are several sources of body destabilization:
external forces (gravity, interactions with surrounding envi-
ronment) and internal forces (generated by the body’s own
movement). According to the expectation of balance dis-
turbance, the CNS use two principal context-dependent
mechanisms, involving CoM and center of pressure (CoP)
displacements, to maintain equilibrium while standing:
compensatory postural adjustments (CPA) to unexpected
disturbances and anticipatory postural adjustments (APA)
accompanying voluntary movements (well described in the
literature [12,56,71,3,4,10,79,80,42]). These are executed
to offset — or at least reduce — the destabilizing effects
of the perturbation, with active muscle forces and external
indirect forces coordination, in a time-dependent manner.
As we know that the CNS is directly impacted by advancing
age, particularly in cognitive processing, postural adjust-
ments — and consequently the quality of the response — are

inevitably affected in elderly subjects even if they remain
in good physical condition.

Postural adjustments used by the system

Anticipatory postural adjustments (APA)

Paradoxically, performing a voluntary movement, such as
taking a step, produces reaction forces that affect all the
linked segments of the body and can produce a loss of
balance [34,56]. Nevertheless, the main advantage for the
system is that this movement is voluntarily decided and initi-
ated according to complete integration of the environment.
Thus the CNS, through prior experience learning and adapta-
tion, anticipates the mechanical effects of the forthcoming
unbalanced state (i.e. modification of the BoS, displacement
of the CoM). By muscular activity changes resulting in early
activation and/or inhibition, the CNS adjusts magnitude and
timing of internal forces. This action creates new mechani-
cal conditions that will reduce the induced-by-the-individual
perturbation effect on the general balance of the system
and conditions the subsequent focal action [61,3]. As antic-
ipation, these APA appear mostly prior (also simultaneously)
to a voluntary limb movement. Because the perturbation is
predictable, they are referenced as pre-planned and pre-
programmed, using a feedforward mode [12,56,3]. There
are 2 different views regarding their control mode: separate
controllers for focal and postural commands [56] versus an
unique controller with APA being an inherent part of the vol-
untary motor command [3,15]. Indeed, observations showed
that APA can also be modified by task constraints and be
programmed after the first feedback integration [14]. Con-
sequently, they can sometimes be enhanced, reduced or
totally absent [80,17,51,40]. Also, they can be scaled with
respect to the anticipated consequence of the coming action
[3]. When the perturbation is predictable, strong antici-
patory activations are observed in all the muscles before
the onset. Consequently, the motions of both the CoP and
the CoM are strongly reduced resulting in a stability that
is reached sooner and more efficiently [79,80]. To conclude,
in order to maintain postural stability during the subsequent
movement, the system is using APA in two ways:

e to maintain the individual’s equilibrium ;

o tocreate ‘'sufficient’”’ mechanical conditions [3] to move-
ment accomplishment (see [56] or [10] for a more
complete review).

Compensatory postural adjustments (CPA)

Reactive control is the only recourse in the case of unex-
pected perturbation [50]. By reactive control, the only
available information for the CNS results from a comparison
between ascending sensory inputs and internal representa-
tion. CPA are muscle activations or inhibitions that cannot
be predicted and are initiated by the ascending sensory
signals [42,70]. Their main objective is to help in stabi-
lizing the system by minimizing the perturbation effect,
when the CNS has identified in which balance state the sys-
tem currently is and — with primitive estimation — will be
[14,35]. So, the body reacts after the onset of the pertur-
bation with corrective recovery actions. CPA characteristics
depend on the predictability, direction and magnitude of the
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perturbation, the dimensions of the BoS and the given
instructions [79,80,14,35,57]. If the coming perturbation is
unknown, and particularly if the timing is short, it is the
responsibility of the CNS to re-weigh the objectives by order
of priority to react efficiently [33,72]. Indeed, it has been
shown that the CNS can reduce the magnitude of the CPA
if the perturbation is known [15] or does not use excessive
CPA muscular activity [28,29], preferring to use anticipatory
activations to prevent the further destabilization of balance
[80]. This last point may refer to the capacity of the CNS
to switch control modes from feedback (CPA) to feedfor-
ward (APA) in order to select the most suitable strategy and
increase the probability to prevent falling.

Conclusion

Several studies have highlighted the importance of APA
in the control of posture and the relationship between
anticipatory and compensatory components of postural con-
trol. Their functions are distinct: APA reduce the effect
of the forthcoming perturbations with anticipated correc-
tions while CPA help to restore the CoM position after the
perturbation has occurred. Nevertheless, they are both mus-
cular activations depending on predictability, direction and
magnitude of the perturbation and given instructions. In
the situation of body instability (i.e. not a *‘well-known’’
situation), APA can be reduced, thus maximizing use of
CPA [4,62]; and inversely in very well-known conditions
[80]. Indeed, the CNS is able to use information from both
ascending sensory inputs and descending postural pathways
to produce the best response in a minimum of time [15].
In elderly adults, APA are usually delayed and CPA larger
than in younger subjects, but postural muscle recruitment
is not affected [42]. Based on these observations, experi-
menters need to be very clear and careful on the choice
of the balance perturbation characteristics and instructions
given to the subjects. These should be clearly detailed when
results are reported as they will clearly influence the pos-
tural adjustment activations that are different in fallers
compared to non-faller subjects [78,90].

Movement strategies to recover balance

Balance function depends on strategies that individuals use
to reach a steady state [27,33]. Nevertheless, the selec-
tion of the response strategy depends on many information:
characteristics of the external perturbation, individual’s
expectations, goals and prior experience, central set (auto-
matic responses based on expectation of stimulus and task
characteristics), initial position, given instructions and the
nature of the ongoing motor task that is disturbed. The
focal responses to face the perturbation are rapid and auto-
matic movement strategies used by the CNS whenever there
is a disturbance applied to a body segment that tends
to cause disequilibrium or changes in postural orientation
[34]. Individuals have two distinct classes of strategies to
reactively recover balance: ‘‘fixed-support’’ and ‘‘change-
in-support’’ strategies (see Fig. 3). They are distinguished
by modification or not of the contact configuration with the
environment, i.e. a limb movement modifying the BoS [50].

Fixed-support strategies
When individuals are standing quietly without any additional
support, the area under and between their feet repre-
sents their BoS. The so-called *‘fixed-support’’ strategies
are performed to control the movement of the CoM with-
out changing that BoS. They are usually used for very small
and/or slow perturbations or particular context, in which
the CNS detects that the system does not need to — or can-
not — change the size of the BoS. Two main strategies have
been identified: the ankle strategy and the hip strategy [35].
A large majority of the published studies focus on these. The
ankle strategy is the most commonly response used during
quiet stance. In this situation, the human body mechani-
cally acts like an inverted pendulum (see Fig. 3), oscillating
around the ankles. It consists of creating torques that move
the CoP under the feet in order to accelerate or deceler-
ate the motion of the CoM [35,97]. Interestingly, this is the
first — and probably the least energetically costly — human
response to postural perturbations, appearing even before a
significant displacement of CoM [35] or stepping strategy ini-
tiation [40,57]. Likewise, if the CoM is for example projected
forward, the CNS will automatically respond to move the
CoP forward too, in order to reduce the CoM falling torque
and to try to reverse its direction of displacement to drive
it closer from its initial position. However, this strategy is
limited both by the size of the foot and torques developed
by muscular activation, that are reduced with age [43].
The hip strategy consists of oscillating around the hip
joints in both frontal and sagittal plane (see Fig. 3) with a
counter-rotation at the neck and ankle joints. This strategy
mechanically allows creation of a horizontal force to accel-
erate or decelerate the CoM [35]. It is usually combined with
an ankle strategy [34] and mostly seen in a particular con-
text, where producing ankle torque is difficult, such as if the
stance platform is narrow and/or the subject is instructed
to not step. Nevertheless, it is not preferred when other
strategies — like change-in-support — are available [50].

Change-in-support strategies

Change-in-support strategies allow, by definition, to modify
and mostly to extend the area of the contact configuration
(i.e. the BoS) after a balance perturbation. These reac-
tions are prevalent against instability and play an important
functional role in maintaining upright stance [50]. Indeed,
increasing the BoS gives the opportunity to develop greater
torques to break the fall of the CoM and provides a much
larger degree of stabilization than fixed-support [52]. They
also involve lower initial ankle flexors and extensor activa-
tions [15,14,29]. Thereby, the critical aspects the CNS has to
deal with are spatiotemporal characteristics of the response
preparation and execution (limb trajectory, latency and
speed). There are 2 different strategies two: stepping and
grasping. This review will focus only on the stepping strat-
egy, which is a commonly executed strategy for maintaining
standing balance in the natural environment [78]. This is
not a strategy of last resort, particularly for elderly peo-
ple [65,66,41], which is often initiated well before the body
approaches the limits of the BoS and even when instructions
are given to avoid stepping [50]. Thus, steps can be trig-
gered even when the unbalance is small and a new steady
state could have been reached without moving a limb.
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Figure 3

Fixed-support and change-in-support balance recovery strategies. On the *‘fixed-support’’ column, both ankle (left) and

hip strategies (middle) are represented in the sagittal plane. On the ‘‘change-in-support’’ column, strategies are stepping (left)

and grasping (right).
Illustration adapted from Maki and Mcllroy [50].

However, in the case of a strong perturbation, stepping is
the only recourse to recover balance [52]. Moving a foot in
the fall direction of the CoM increases the size of the BoS
and provides a better opportunity to slow the fall by sur-
passing ankle strategy limitations [58]. Take a step usually
involves APA; which help to create the mechanical con-
ditions to maintain stability during foot swing. However,
if we only consider the APA preceding the foot-off (FO),
these can be increased, reduced or absent in rapid reactive
steps [40,57,62,58]. For Mcllroy and Maki [60], APA inclusion
delays the lifting and placement of the foot, jeopardizing
stability. Therefore, investing postural adjustments in com-
pensatory steps can reveal difficulties in elderly fallers to
correctly perform APA during these reactive steps [78,90].

Choice of the strategy is context-dependent

The CNS selects from its repertoire of available solutions
the most effective strategies to counteract the balance
disturbance, taking into account different information pro-
vided by external and internal body sensors. Experimental
studies have shown that the choice of the postural strat-
egy is context-dependent. First, the postural response is
clearly modulated by the instructions to change — or not
— the BoS [15,14,57,59,21] and by the environment that
can constrain the step trajectory [101,102]. Secondly the
perturbation applied (voluntarily or externally induced) is
just as important. As discussed before, a greater degree
of induced perturbation will more often involve change-
in-support strategies than very small ones [50], triggering
earlier and shorter APA [14]. In addition, previous studies
have established thresholds for triggering recovery steps
where the subject is away from any surrounding object
[65,68,39,5]. In that context, the CNS automatically reduces
its possibilities to stepping, avoiding grasping. Moreover,
the predictability of the perturbation [79,80,14,40,78,74]
and the timing in which the body can develop the response
are reported to be very important [11,92]. When the
forthcoming perturbation is predictable, APA and muscular
co-activations minimize the perturbation effects with short
step initiation timings [79,80,40,78,58]. On the other hand,
in uncertain conditions, APA are shortened with steps trig-
gered even earlier [15,51,78] or elongated with some errors

[40]. This may be because the plan could not have been fully
prepared [62] or because the body over-responds [36]. Thus,
the change in postural orientation due to the external dis-
turbance changes the internal model of body dynamics in the
central set [34]. Finally, the subject’s ongoing physical and
cognitive activity, age, and detection of the perturbation
will play a role in the success of the recovery actions.

Conclusion

If the fixed-support strategies seem to be the earliest and
the least costly that the CNS can use to reduce unbal-
ance effects, change-in-support strategies offer many more
mechanical advantages and are privileged even if they are
more costly and present more of a challenge to balance.
An interesting theory suggests a parallel, rather than a
sequential, control of the two types of reactions [52,50].
The early ankle strategy activation persists, but change-in-
support strategies remain predominant, after external and
unpredictable balance perturbations. Two main reasons are
suggested: the first step can be initiated well before the
completion of the early fixed-support reaction and the ankle
strategy may be ineffective in a situation where the CNS
decides to step. This contradicts earlier theories advocat-
ing that a change-in-support strategy is triggered only after
the CNS has identified the fixed-support strategies failure
[35,19].

Also, if recovering from an unbalanced state strongly
depends on physiological capacities of the subject, it should
be kept in mind that the external context is just as impor-
tant. In fact, many indicators integrated by the CNS such as
planned and current postural orientation, available atten-
tion, muscular capacities, constraints on limb movement
imposed by environment, the perturbation characteristics
and the specific given instructions (if any) clearly impact
both the choice of the strategy to use and the control mode.
As the ecological situation of the fall is unexpected, a falls
assessment must take place within a context that is as unex-
pected as possible [50], providing enough challenge to the
balance in order to exhibit reactive recovery strategies [49].
To conclude, the context in which the subjects are placed,
as the perturbation applied, have to be carefully chosen and
should be reported with detail in balance studies.
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Stepping: a particular strategy that challenges
balance

We can differentiate two kinds of stepping actions, depend-
ing on the context in which the subjects are placed:
voluntary steps and compensatory/reactive steps. The pur-
pose of this section is to use knowledge about voluntary
stepping, which has been well documented, to analyze the
compensatory step and discuss whether these are compara-
ble.

Voluntarily initiated stepping: a reference
situation to study recovery stepping strategy

We are interested in examining how sufficient disturbance
of posture can help to identify the risk of falling, using a
balance recovery task induced by an unpredictable pertur-
bation. However, using voluntary tasks as reference values
could help to make a comparison, report similarities and/or
differences and understand the underlying mechanisms.
Actually, in the case of unperturbed stance, the subject
can initiate a voluntary step in order to move a leg, for
example to initiate gait or reach a target. Obviously, APA
preceding this movement, being part of the central motor
program, are always present [48,56,3,14,20]. In addition,
this is a task where maximal active ankle torques can cre-
ate the mechanical necessary conditions to raise a foot
[71,29]. For example, a forward voluntary step is charac-
terized by a forward and lateral displacement of the CoM
toward the stance limb, caused by an initial backward and
lateral displacement of the CoP [12,71,57,87]. This mech-
anism generates the propulsive force to move the whole
body CoM forward and over the stance limb, anticipating
the forthcoming modification of the BoS. Three main tim-
ing phases can be distinguished (see Fig. 4). Two phases
concerning the initial stance phase are reported as prepara-
tion of the step: the reaction time ([RT] — only information
processing duration with no measurable change in muscular
activation) and the step preparation time (SPT) correspond-
ing to APA before foot-off (FO). The SPT has occasionally
been separated into two phases (loading then unloading)
[71,78,87]. The third phase corresponds to the focal move-
ment: the swing phase. Most of the studies focused only on
the preparation phases and the ability to correctly load then
unload the initial stepping leg, which will condition the abil-
ity to correctly swing the foot [54]. However, this correlation
between APA and foot movement is seen when the veloc-
ity is slow and decreases when the movement needs to be
performed rapidly [42]. Studies on elderly that have inves-
tigated voluntarily initiated movements usually showed a
delay in the onset of the movement as well as smaller accel-
eration peaks and slower movement time [48,11,42,76,99].

Induced-by-perturbation step

Semantic suggestion: a ‘‘compensatory protective’’
step?

Four main terms are usually employed in the literature to
qualify steps induced by an unpredictable balance pertur-
bation: ‘‘recovery steps’’ or ‘‘steps to recover balance’’

[29,88,24,38,98,86], ‘‘protective steps’’ [49,78,66,41,
73,45], ‘‘reactive steps’’ [27,16,7] and ‘‘compensatory
steps’’ [11,50,57,13,55]. We suggest a term composed of
two of these: ‘‘compensatory protective step’’ to describe
steps induced by an external and unpredictable pertur-
bation of the body. The term ‘‘compensatory’’ refers to
the control mode (compensating the detected differences
between how the system currently is and how it should be)
while ‘‘protective’’ is better suited to the finality of the
response (protecting the physical integrity of the subject
by not falling).

Literature data on compensatory protective steps
In the case of an unpredictable and sufficiently strong per-
turbation, compensatory protective steps will be triggered.
In contrast to voluntary steps, they involve both CPA and
APA (usually reduced). Similar to voluntary steps, they have
two main phases: preparation and swing (see Fig. 5). In
particular, the preparation phase involves timing, when the
decision to step — or not — is taken. Since many different
paradigms have been designed to disturb balance, we will
focus this review on results from the two most commonly
used situations that disturb a quiet stance steady-state:
platform movement and waist-pull. Despite providing rele-
vant data, the tether-release paradigm [39,24,22] has been
removed from this analysis. Indeed, in this paradigm, the
only external mechanical action that disturbs the balance is
the acceleration of the gravity, which is a well-known rather
than an uncertain perturbation.
Mechanical description of the two paradigms. Platform
movement involves that the subject stands on a moving
platform that can translate or rotate in one or several
directions. Mechanically, the subject is accelerated at the
level of his/her BoS that drives the vertical CoM projection
away from it. This paradigm has been used often, notably
by authors that first reported the main balance recovery
strategies [35,57]. It presents the advantage of being close
to the type of balance disturbance occurring on everyday
situations, such as in public transportation. However, the
big inconvenience is that this is very costly, requiring a
dedicated room. In addition, perturbation profiles are trape-
zoidal, with acceleration, plateau and braking varying in
duration and jerk. Unfortunately, it is difficult to distin-
guish how accelerating and braking of the platform affect
the balance recovery actions of the subject and particularly
the braking part which is usually not completely reported in
studies [9].

In waist-pull destabilizations the subject stands with
a cable attached to the waist, where on the other side a
weight can be dropped [49] or a motor can wind in the cable
[73]. Mechanically, the force applied at the — more or less —
CoM level of the subject tends to put the CoM into motion.
This paradigm is not very ecological but is less costly than a
motorized platform. Also, it presents the advantage of pre-
cisely measuring the perturbation applied to the subject.
Indeed, it allows testing a multitude of perturbation dura-
tions that do not involve any re-stabilization phase related
to a deceleration (compared to platform movement).
Results on observation of the step phases. All of the stud-
ies on compensatory protective steps reported an early
modifiable ‘‘automatic’’ response [57,29,78] that follows
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Figure 4 Illustration of the step timing phases in voluntary step. Figure shows the vertical ground reaction forces under the
**swing’’ (dark grey) and ‘‘stance’’ (light grey) legs where, after a normal reaction time (RT — information processing and decision),
a weight transfer time (SPT) starts from the first deviation. The swing leg is first loaded (increase in Fz vertical force that moves
the CoP under) and then unloaded (decrease in vertical force) in order to raise it (when force reaches zero is the foot off [FO]).
Vertical force under the stance leg is symmetrically opposed during the SPT phase. Finally, the stance leg supports almost all the
weight during swing phase. TO is the onset of the stimulation, while RT corresponds to the APA latency. FL is the foot landing, when
force under swing leg starts to increase from zero.
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Figure 5 Illustration of step timing phases during a compensatory protective step induced by a forward square profiled waist-pull
perturbation (force = 30% of the subject’s body weight, duration =200 ms). Figure shows the vertical ground reaction force under the
“*swing’’ (dark grey) and ‘‘stance’’ (light grey) legs. First, we see a passive mechanical loading-unloading under both feet during
the reaction time (RT) when the CoM passively falls. Then, an ankle strategy identified as a compensatory postural adjustment (CPA)
is automatically performed by both legs. Still during the SPT, the subject initiates a weight transfer action like in the voluntary step
task, visible by the divergence of the two leg curves. Unfortunately, the time constraint is high, so coordination is not symmetrical
and amplitude is lower than in voluntary step. Finally, the stance leg supports only half of the total weight during swing phase,
resulting in a fall on the swing leg side during swing phase and a strong impact when landing.
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the initial destabilization of the whole body. This helped to
identify two phases before APA. First, a mechanical effect
on the body resulting in a passive fall is seen. Then, this
automatic response appears activating ankle muscles as the
body sways in a direction, i.e. a CPA corresponding to an
ankle strategy. Taking a look at the CoP displacement shows
that its first move from initial position is in the direction of
the perturbation, to follow the movement of the CoM [8].
This is seen when a step is taken [14,40,78,66,86,8] or not
[35]. Then, when taking a step has been decided by the CNS,
APA can be engaged or not [62,78,58,8] and, if they are, with
very variable amplitude and duration [40]. Studies showed
that the most important constraint is the timing remaining
before the moment when the velocity reached by the CoM
would be too high to be slowed and the its position too far
from the BoS to be driven back. Consequently, the CNS is
able — and will — reduce the preparation phase to quickly
raise a foot to increase the BoS [15,62]. The CNS can disrupt
this execution because the perturbation mechanically plays
the role of the APA. Thereby, the system determines the pri-
ority of the actions according to the objective of the task,
which is to stop the fall of the CoM. For that, it changes infor-
mation priority during the task with a sensorial re-weighting
[33,72]. Indeed, sensorial inputs influence the preparation
phase prior to the stepping reaction [61,14,40] that may pro-
voke a conflict between voluntary planned APA and actual
state of the body that is changing [57].

Not many results are given about how the swing phase is

specifically performed. However, we know that the duration
is short [62] (about 140 ms compared to 200 ms for volun-
tary in young adults [8]) with limbs moving very fast [45]
(mean peak of the swing foot velocity superior to 2,6 m.s™"
[8]). Also, we noticed that subjects can ‘‘fall’’ on the side
of the swing foot (Fig. 5). Moreover, data about the kine-
matics of the whole body could be interesting, like the body
configuration at first step Foot Landing (FL), because this
predicts the future success of the recovery [38,95]. These
data could be a marker of the effectiveness of the recovery
actions deployed by the CNS.
Community-dwelling age effects depends on the pertur-
bation. Interestingly, only relatively small age effects on
characteristics of the first recovery step (with no particu-
lar instruction on recovery behavior) have been reported
on the response from platform movement. For example,
elderly and young subjects have a similar RT [45] and the
only strong difference between them is the probability of
taking an additional step that is twice as high and more later-
ally directed in elderly subjects [61]. Thereby, the reduction
in musculoskeletal capacity does not interfere in generating
movement fast enough to recover balance [28,29]. Notably,
Gu et al. [28] showed very small differences between young
and elderly subjects, concluding that first ankle strategy
responses used in reactive balance are submaximal and mag-
nitude of joint torque are perturbation-specific.

On the contrary, in waist-pull, some elderly subjects
are able to trigger the step even before young adults,
probably because they pre-selected their recovering strat-
egy independently of the actual body state [78]. Elderly
also use multiple-steps strategy more often than young,
to respond to external disturbance, initiating the stepping
strategy at lower levels of instability [65]. These observa-
tions are probably due to reduced APA to trigger the first

step and considered as a marker of a greater fall risk [67]. In
medio-lateral destabilizations, elderly showed longer reac-
tions with a greater proportion using crossed steps than
loaded-leg-side steps but with many collisions [66,67]. In
forward destabilizations, elderly fallers showed a longer SPT
than non-fallers, regardless of the perturbation impulse and
duration [90]. On the other hand, authors reported elderly
subjects being as fast as young ones in taking protective
steps [49] with similar SPT between elderly non-fallers and
fallers [86].

If there is no consensus on the SPT phase being modifi-
able or not (probably because of the differences in context
in which subjects were put), it is in this phase that we can
see changes with regards to voluntary step. The presence
— or not — of APA could indicate when the first actions
coming from a choice to switch control mode are initiated.
Indeed, by testing the uncertainty of balance context Rogers
et al. [78] demonstrated that taking a step comes from a
voluntary decision, because subjects are able to delay its
triggering. They conclude that steps taken to compensate
an unpredictable external perturbation are not a strategy of
last resort. Testing compensatory protective steps in a waist-
pull protocol implies adequate manipulation of the certainty
of the perturbation. The ageing effect is more noted in the
waist-pull than the platform movement paradigm, probably
because platform perturbations are usually short in dura-
tion.

Conclusions about compensatory protective steps
mechanisms
As a synthesis, the control of compensatory protective steps
involves the same timing phases as voluntary steps but the
big difference in term of behavior is during the SPT phase
(see Figs. 4—6). First, the balance is externally disturbed so
the body passively and mechanically falls, because of the
time that the CNS needs both to get and to process sen-
sory inputs indicating that balance is compromised. Then,
an early automatic postural response, being very important
in the maintenance of stability, is seen with activation of
the ankle flexors and extensors [33]. This phase is typically
a CPA, moving the CoP in the BoS to firstly reduce the fall of
the CoM, which is — in this case — probably controlled by
subcortical networks [14,45]. Indeed, a perturbation causing
forward sway of the CoM will evoke early activations serv-
ing to arrest the forward progression of the CoM, but their
latencies are too long to be reflexive and too short to be
purely voluntary [14,58,23]. On the following, if the body
still falls, the decision to take a step will be taken [78]. If
the subject is in a totally unexpected situation, he/she will
probably not develop APA and will step very quickly [57,62]
or will try to use APA with more or less success [40,78,58].
These APA induce a weight shift (as in voluntary steps) but
appear with considerable quicker latencies and both short-
ened duration and magnitude. This weight shift has been
reported as one of the most frequent cause of falling if it is
not correct [75]. These early postural components are mod-
ified because they are influenced by afferent information
that can conflict within the planned strategy [14,58] (see
Fig. 6).

Finally, the swing leg is raised and rapidly moves the
foot in the direction of perturbation, to enlarge the BoS
and provide greater braking torques. According to platform
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movement and waist-pull literature, the SPT phase is clearly
the one that is modified in compensatory protective steps,
comparing to voluntary. Taking interest in this phase should
help to identify elderly fallers, probably because it is dur-
ing this phase that first reactions coming from a voluntary
decision could modify the response.

Comparison between voluntary and recovery steps

This synthesis shows that compensatory protective steps and
voluntary steps are similar in appearance: move a foot in a
direction during the swing phase. Nevertheless, during vol-
untary steps the rate of progression of the CoM as well as
the duration of the swing can be planned prior to movement
onset at cortical level, with coordination between medio-
lateral and anteroposterior elements of stepping. Also, the
current objective of the CNS is to use forces to accelerate
the whole-body CoM and place it over the new forthcom-
ing BoS. Thus, in voluntary stepping everything is known
and under the control of the CNS. On the other hand, when
the CoM movement is not predictable, this coordination is
no longer possible. So, it is about evidence that the ques-
tion of comparing them can be asked. Are those tasks really
comparable? Can we consider that voluntary stepping is a
good candidate, considering its facility for comparison with
compensatory protective stepping, despite its potential lim-
itations? To our knowledge, only four studies [49,61,45,8]
investigated both tasks (voluntary and compensatory steps)
with an objective to compare them. Other studies that used
these two tasks were mostly concerned about how induced
steps are planned and triggered. Their results are summa-
rized in Table 1.

Review of the studies that compared both tasks

Every study reporting a comparison between voluntary
and compensatory induced steps showed that compen-
satory reactions are much more rapid than volitional limb
movement. This concerns every step timing phase, leading
researchers to interpret its triggering as being mostly sub-
cortical [15,45,8], with a predominance of the automatic
early responses. APA are usually observed in compensatory
protective stepping. However, their amplitude and dura-
tion are systematically strongly reduced [50,62] leading,
in some situations, to the total disappearance of the APA.
For comparable swing phase characteristics, shortening the
preparation phase directly reduce the total step duration,
i.e. the mechanical advantage of taking a step arises ear-
lier [57]. Nevertheless, it is interesting to note that APA
are always present when the instructions specifically ask
the subject to step [61]. So, it can be considered that the
presence of APA is mostly necessary to place the foot in
a particular place instead of rapidly recovering the bal-
ance. Also, step execution could be preceded by a variable
APA [61,15,14] revealing that the motor program and the
afferent information dynamically interact to accommodate
passive CoM velocity constraints. The swing phase remains
shorter in compensatory protective steps, with similar but
stronger kinematic patterns [45,8] and reduced muscular
activations [15,29].

While the CoM displacement is similar [40], i.e. moved
in the direction of the perturbation or the target, it is usu-
ally longer in compensatory protective steps, with the CoP
acting differently between the two tasks. In voluntary step-
ping, its first move is always opposed to direction of the
future displacement of the CoM [15,87] while in compen-
satory stepping it is in the direction of the perturbation



Table 1 Summarize of the studies comparing both voluntary initiated and compensatory protective step tasks. Abbreviation for voluntary steps (VOL), compensatory protective
steps (PRO), older adults (OA) and young adults (YA) are used. Table has been organized to present results from study with young subjects only and then studies showing results
for both young and elderly.

Comparison between strict voluntary initiated steps and induced compensatory protective steps

Authors Population Stimuli used Results of the observations (in PRO compared to VOL)
Reaction Step preparation Swing phase CoM and/or Complements
Time time CoP
Burleigh et al., Young PRO: platform Shorter Shorter APA CoP CoP first —
1994 VOL: platform duration amplitude displacement moving forward
and swing leg in PRO while
muscle backward in
activations VoL
reduced
Mcllroy and Young PRO: platform — APA shorter and Shorter — Temporal
Maki 1996 VOL: visual always present duration patterns
when stepping is stereotyped
previously asked
Mcllroy and Young PRO: platform — APA shorter and Shorter CoM falls more —
Maki 1999 VOL: visual reduced or absent duration laterally and is
not influenced
by APA
Jacobs and Young PRO: platform Shorter Shorter duration — CoM more Errors on
Horak 2007 VOL: visual duration with presence of moved forward foot to
multiple APA swing with
Berthollet Young PRO: waist-pull Shorter Shorter duration Shorter — Task finality
et al., 2014 VOL: visual duration duration different
Similar but
stronger
kinematic
patterns
Luchies et al., Young PRO: waist-pull VOL: OA PRO: OA equal to — — Tasks are
1999 Elderly VOL: waist-pull slower than YA too
YA different
Rogers et al., Young PRO: waist-pull — Unloading longer — — PRO steps
2003 Elderly VOL: visual APA reduced or come from a
absent decision
APA shorter in OA
Lee et al. Young PRO: platform No age Shorter duration Swing leg — Subcortical
2014 Elderly VOL: cutaneous effect Longer in OA moving faster regions
vibration involved
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[15,40,8]. Also, it has been shown that the CoM tends to fall
more laterally in compensatory protective steps and that
APA are ineffective in reduce falling, producing a greater
risk for the person [62].

Few studies have compared the postural responses in
both tasks in healthy elderly. Only Rogers et al. [78] showed
that aging changes the initiation triggering of both volun-
tary (with longer latency) and perturbation-induced (with
shorter latency) steps associated with falls. Paradoxically to
what it is usually observed in voluntary steps, shorter prepa-
ration timing is noticed in elderly subjects in compensatory
protective steps compared to younger subjects [78,66,67].
Notably when the context is uncertain, elderly fallers prob-
ably pre-select a strategy and do not trust their—or have
impaired—sensory inputs. Since much information about the
control mechanisms have been extracted from experiments
on young subjects, there is still a need about information on
how ‘‘normal’’ ageing effects could impact upon balance
recovery mechanisms, particularly for community-dwelling
elderly fallers. An explanation of the low number of studies
is the complexity of investigating compensatory steps (com-
plex and costing assemblies, greater risk of injury for frail
people, etc.).

Conclusions

To the question ‘‘are voluntary and compensatory steps
comparable?’’ the response is no. The only visible similar-
ity concerns the foot kinematics profile shapes during the
swing phase, although the swing foot always moved faster in
compensatory steps (larger velocity, acceleration and decel-
eration peaks) [8]. These tasks are different, firstly because
of the shortening of each timing phase in compensatory
protective steps [52,15,8]. The body reacts to a different
context, as soon as it can, soliciting different control areas —
cortical and probably subcortical [14,45] — in order to break
the CoM acceleration due to the external perturbation. So,
as a second point, the tasks are differently controlled using
different initial information. Thirdly, the mechanics of these
two tasks are different: in voluntary stepping, the subject
has to accelerate his/her CoM whereas in compensatory
stepping the subject has to break it [61,15,8].

Thus, Luchies et al. [49] reported no significant differ-
ences between young and elderly subjects in a compensatory
protective step, concluding that investigating voluntary
stepping, even if performed ‘‘as soon and as quickly as
possible’’, does not reflect the ability to perform a com-
pensatory step. A possible explanation could concern the
ankle torques produced, which are high in voluntary [71],
much more higher than in compensatory protective steps
[29]. Data from the literature thus provide strong evidence
that these two tasks are too different to draw conclusions on
the ability to perform one from the assessment of the other
[52,49]. However, they can both contribute interesting data
to assess fall risk. Voluntary steps could inform on the ability
of the individual to correctly choose and program an adapted
response, notably the ability to organize APA. Compensatory
protective steps would rather inquire about automatic sub-
cortical control and the ability to compose a motor response
in a very constraining context (i.e. a short time). If these
two tasks are different, they have to be both investigated
in clinical balance assessments for complete detection and
prevention in community-dwelling elderly fallers.

Clinical utility of voluntary versus compensatory steps

It has been recently demonstrated that investigation of
recovery actions in compensatory protective steps does pro-
vide predictive information on the risk of falls in the elderly
population [16]. Nevertheless, from older studies, voluntary
steps assessment also revealed differences between elderly
fallers and non-fallers. As an argument, inducing compen-
satory protective steps remain expensive if researchers or
clinicians want to properly control the perturbation. Volun-
tary steps could be a much simpler task for elderly and a
marker to detect fallers in a clinical environment. Does this
detect and/or predict the risk of fall? Self-initiated steps
have been studied to evaluate the effect of age on cogni-
tive capacities [48,63] or the type of stimulus used to trigger
it [77]. Interesting studies revealed that errors in the initial
weight transfer (i.e. during the SPT) lead to slow choice step
execution [87,18,91,83] that could be constraining in bal-
ance recovery task. They all took as reference the ‘‘Choice
Stepping Reaction Time Test’’ [48] where it is reported that
an increase in the preparation phase duration (RT +SPT) to
perform a voluntary step is strongly correlated with the risk
of fall. This is correlated to normal ageing in cognitive pro-
cessing and the future risk of fall [64,71,84]. Studies also
investigated only lateral steps with similar results [83,96].
The reason evoked is the presence of deficits in response
inhibition [18,83]. The test of Lord and Fitzpatrick involves
taking the right decision, because the context offers the
subject to step with right or left leg, on a forward or lat-
eral target. So if the pre-programmed APA can be released
with no difficulty, they have to be planned after correct
identification of the stimulus to allow the displacement
of the corresponding foot in the associated direction. This
identification is probably also done during the SPT [87].
Contextually, this step is getting close to a compensatory
protective step task where the subject also has to correctly
identify the unknown direction of the perturbation and then
plan his/her appropriate answer. The differences are in the
timing allowed by the unbalance and the uncertainty to
have to take a step or not, identified during the prepara-
tion phase. Concerning the swing phase, no markers of fall
risk were identified on voluntary steps. Researchers have
only detected decrease due to age in swing leg velocity [96]
and force peak [71]. So the deficits in elderly fallers should
probably come from preparation phase [18,91]. In conclu-
sion, the voluntary step is a simple task that can distinguish
elderly fallers from non-fallers [48,64] and provide indica-
tions on the ability of the evaluated subject to take a right
decision about a motor programmed action [18]. However,
it does not allow understanding of the possibly deficient
underlying mechanisms involved in postural responses from
an unpredictable perturbation, notably because the timing
constraint is fixed by the subject himself and not by the
environmental context.

Interpretation of differences observed between
voluntary step and compensatory protective step:
a working hypothesis

In the previous section, we showed that the principal differ-
ence between compensatory and voluntary steps is observed
during the SPT and concerns the use of APA. It has been



Comparing externally induced and voluntary steps in elderly

281

reported that both young and elderly probably pre-select the
response to unbalance [40,78]. If healthy elderly pre-select
to step, do they use the voluntary step schema to prepare
their response? This schema involves the use of APA that will
delay the FO, and thus reach the final objective: slowing
the CoM course. However, the most important constraint of
balance recovery against unpredictable perturbation is not
the ankle torque production capacity [28,29] but the timing
[64,84], becoming shorter and shorter as the magnitude of
the perturbation increases [14]. So APA cannot be performed
well and are shortened, incomplete and/or ineffective. This
is the illustration that the CNS is changing strategy, con-
trol mode and priority of the information to elaborate the
quickest and the most appropriate — but not the most per-
fect — response. Since it is possible to perform an effective
(very quick and sufficiently long) compensatory protective
step without APA [62,58], we can hypothesize that an elderly
faller will be more likely to select the longest strategy (with
APA that makes him/her fall for a longer time) and then have
difficulties to inhibit these ‘‘pre-selected’’ APA (regarding
prior experience, personal confidence in his/her own capaci-
ties and environmental context) before stepping. It could be
caused by a stronger fear of falling that will prevent them
to ‘‘let go’’ and ‘‘use the perturbation’’. Letting go will
paradoxically help them to earn time in reaching the final
goal of the compensatory protective response by creating
**facilitating’’ mechanical situation. Indeed, moving a foot
to increase the BoS in order to break the fall of the CoM
also implicates to move the CoM in the direction of the per-
turbation. However, the perturbation is already playing this
role.

Since it has been shown that APA magnitude and duration
are increased in voluntary step or gait initiation to per-
form quicker steps [12,71], compensatory steps are strongly
faster and effective with reduced APA. How can that be
possible? Studies that have considered both tasks helped us
to understand that both movements are distinguishable by
their objectives: accelerate the whole body CoM (voluntary)
versus break it (compensatory) [8]. Indeed, the duration of
preparation phase does not influence step length [14]. It is
also ineffective to slow the mediolateral fall of the CoM [62]
and will delay the rapid increasing of the BoS [57], a neces-
sary condition to break the fall of the CoM. In compensatory
protective situations, the CoM is accelerated by the pertur-
bation itself. So, most of the ‘‘APA job’’ is already done
by the mechanical effect of the perturbation, the body has
“‘only’’ to recover equilibrium from its actual state.

Conclusion

Understanding the mechanisms by which the CNS is able to
rapidly transform the sensed instability into limb movements
that are appropriately patterned and timed, is a priority in
determining the effects of ageing [50]. Notably, investigat-
ing the reactive stepping strategy remains one of the most
relevant fields to study fall prevention. However, volitional
and compensatory limb movements are too differently con-
trolled and give contradictory information [52,50,49]. We
therefore recommend the development of tests with the
application of postural perturbations during clinical assess-
ment that involve change-in-support reactions, in keeping

with many other authors [50,33,53,82,55,2]. Particularly,
workers should select a perturbation that is as unpredictable
as possible, in order to correctly simulate the nature of the
events preceding an unbalance and to be predictive of the
risk of falls in the elderly [61]. This aspect will play a strong
role on the timing the subject has left to recover balance.
Nonetheless, studying volitional movement can reveal dif-
ferent but relevant information about balance control and
ability to keep equilibrium. They remain simpler and less
risky than investigating compensatory protective steps. In
the same way, it has been reported that enhancing balance
control by improving the APA responses during external per-
turbations is a valuable modality in the rehabilitation of
individuals with balance impairment who are at risk of falls
[80]. Interestingly, investigating step timings — and partic-
ularly APA — is possible with only one force platform (see
Figs. 4 and 5). Since one platform is usually used in clinical
environment to assess posturography, manufacturers could
develop these, to allow investigation of both voluntary and
induced-by-perturbation balance mechanisms.

With a contextual-dependent (including body’s own
adaptations to impairments due to advanced age) risk of fall
[33], we strongly recommend researchers and clinicians to
investigate risk of falls with multi-disciplinary assessments
(psychological, physiological, biomechanical and cognitive)
referring to several control modes (voluntary and auto-
matic). In particular a complete assessment has to contain
a test inducing external, unpredictable perturbation of bal-
ance that involves compensatory protective reactions, such
as steps. Such an assessment protocol has not yet been
developed in the clinical environment. This may be the
best way to detect early deficits in healthy community-
dwelling elderly adults, who have ‘‘only’’ normal ageing
effects, before they actually fall. The BESTest suggested
by Horak et al. [37] is a relevant lead. Training programs
could also help subjects becoming familiar with the aspect
of ‘‘letting go’’ with the unbalance and being aware of
the most effective recovery actions, which are the change-
in-support strategies [50]. Further research should orient
towards developing a complete assessment for the risk of
falls, which is drivable by clinicians in order to better
prevent falls and to better understand the underlying mech-
anisms of reactive recovery responses.
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