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Summary This paper reviews the literature on balance and cognitive function in normal aging.
The first part provides a general background of dual tasking (postural performance under a con-
current cognitive activity) and summarizes the main relevant models capable of explaining the
poorer postural performance of older-healthy adults compared to younger-healthy adults: the
cross-domain competition model, the nonlinear interaction model, and the task-prioritization
model. In the second part, we discuss the main limitations of the traditional-posturographic
analyses used in most of the dual-task investigations and explain how these can account for
some discrepancies found in the literature. New methods based on the stabilogram-diffusion
analysis and the wavelet transform are proposed as better approaches to understand posture
control. The advantages of these new methods are illustrated in young adults and elderly people
performing a simple postural task (quiet standing) simultaneously with a mental or a spatial task.
© 2008 Elsevier Masson SAS. All rights reserved.

MOTS CLÉS
Vieillissement ;

Résumé Cet article de synthèse est centré sur le contrôle postural et les processus atten-
tionnels au cours du vieillissement. La première partie est une revue générale de la littérature
portant sur les données recueillies chez des jeunes adultes et des adultes âgés en utilisant le
paradigme expérimental de double tâche. Les principaux modèles, expliquant les modifications
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du contrôle postural avec l’âge lorsqu’une tâche cognitive doit être réalisée simultanément,
sont présentés : le modèle de compétition ou de partage de la charge attentionnelle, celui de
processus interactifs non linéaires entre tâches et celui de la priorité donnée à l’une des tâches
(le contrôle de la posture avec l’âge). Dans une seconde partie, sont exposées les principales
limitations des techniques et outils traditionnels d’analyse du contrôle de la posture utilisés dans
les études en double tâche, qui pourraient rendre compte de résultats en apparence contra-
dictoires rencontrés dans la littérature. De nouvelles approches mathématiques d’investigation
de la posture sont présentées ; elles sont basées sur l’analyse de diffusion et la méthode des
ondelettes appliquées aux signaux stabilométriques. Les avantages de ces nouveaux outils dans
des investigations en double tâche sont illustrés chez de jeunes adultes et des personnes âgées,
réalisant simultanément une tâche posturale simple (se tenir debout immobile) et une tâche
cognitive de calcul mental ou de représentation spatiale.
© 2008 Elsevier Masson SAS. All rights reserved.

Background and models

Postural control and cognitive demand

The posture-control system regulates the body’s position
in space for the purpose of orientation and balance. It
is based on the central integration of vestibular, visual,
proprioceptive, and tactile information and on an internal
representation of the body’s orientation in space. The inter-
nal model of the body’s position is continuously updated
on the basis of this multisensory feedback and this internal
representation is used to forward motor commands control-
ling the body’s position in space that take into account the
environmental constraints [41,46].

Quiet standing is a motor-balance skill of everyday life
that is automatically regulated by subcortical nervous struc-
tures and spinal-motoneuronal pools [30]. Although this is a
rather simple postural task, it is now well established that
quiet standing requires cognitive resources [31]. Minimal-
attentional resources are needed in younger adults in an
undisturbed upright stance, but in more challenging balance
conditions (standing on a narrow support, balancing on one
foot, walking on a difficult terrain), postural tasks are more
cognitively demanding. An increased contribution of cortical
structures, involved in motor attention (premotor cortex:
[59]) and in the body’s internal 3D representation (parietal
lobe: [47,54,59,69]), is required when the postural tasks are
complex or difficult and/or when the balance abilities of
subjects are limited due to normal or pathological ageing.

Other postural behaviours encountered in everyday sit-
uations, however, are generally paired with cognitive
performances. Indeed, it is the rule, rather than the excep-
tion, that individuals perform static- (standing) or dynamic-
(walking) postural tasks simultaneously with cognitive tasks.
Common real-word observations of people conversing while
walking or listening to music while running illustrate this
statement. In those situations, the attentional resources
must be divided to properly perform both tasks. The ques-
tion arises, therefore, as to whether dual-task conditions
affect postural performance level. One way to answer
this question is to compare the baseline-performance level
recorded under a single-postural task condition without a
concurrent cognitive task to postural performance under
dual tasking. Dual-task costs have been reported [33] to

result in a general decrease from single-task performance
levels presumably because of competition for central pro-
cessing resources. It has been clearly showed, however, that
many variables can affect the performance level observed
using the dual-task paradigm. Extrinsic factors depending on
the nature of the primary task (such as static- or dynamic-
postural tasks) or on the environmental context in which the
task is performed (such as postural threat or not) as well
as on the real nature of the secondary task (mental arith-
metic, visual or spatial tasks) reportedly play a significant
role [81]. Intrinsic factors depending on the subjects them-
selves — such as participants’ sensorimotor expertise — have
also been shown to affect the dual-task performance level
[75]. Furthermore, the interpretation of dual-task data is
rendered more difficult when taking into account empirical
evidence that both sensorimotor [22,26,40] and cognitive
[12,43] functions decline with life span. Undoubtedly, aging
must modify the cross-talk between postural and cognitive
tasks.

Dual-task performance with aging

Falls in the old age constitute a serious public health prob-
lem because of their frequency (one third of adults, 65 years
and over, falls at least one time per year: [60]) and of their
dramatic consequences (femoral neck fracture: [70,71]).
Post-fall syndrome also results in a combination of anxiety,
fear of falling, and decreased mobility in the absence of
training or physical activity [49].

Aging of the sensorimotor systems involved in posture
control was believed to be the main cause of deteriora-
tion in balance abilities and of falls in the elderly [23,79].
A progressive decrease in visual acuity, contrast sensitivity
and accommodation found in older adults is associated with
increased-body sways during quiet standing [7]. A reduc-
tion of both vestibular and joint detection of body motion,
reduced sensitivity of the plantar sole, and a diminished con-
tribution of the proprioceptive muscular afferents to spinal
reflexivity were reported in many clinical studies aimed
at determining the effects of aging on the posture control
system. Balance deterioration in old age is further accentu-
ated by a lower muscle force in the antigravitary-extensor
muscles [26], but a greater muscle activity during quiet
standing [32], and by a diminution in the capacity of brain-
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stem centres controlling posture and gait to integrate the
multisensory cues and to select appropriately the sensory
information [80]. Moreover, age-related morphological and
biochemical changes were shown in high-level integrative
nervous structures, such as the parietal [72] and prefrontal
[27] cortices, known for their contribution to the internal
representation of the body in space and to attentional pro-
cesses, respectively. Li and Lindenberger [34] suggested,
therefore, that a greater cognitive demand could result
after impairment of cortical areas responsible for sensori-
motor processing of posture in older adults.

Balance control impairment and body instability in older
adults resulting from deficits in the allocation of atten-
tion have been considered only recently [76,81]. Given
the importance of dual-task performance for independent
living in old age, this emerging-research area, relating
attention and postural control, has recently come under
intensive investigation. Consequently, there is no doubt
today that older adults require greater cognitive resources
than younger adults when performing the same postu-
ral tasks. Cognitively demanding tasks during walking, for
instance, have a destabilizing effect on gait and may
place older people at a greater risk of falling. Studies
of the effects of divided attention on balance control
consisted of comparing postural behaviours in subjects
performing a concurrent cognitive task and differences
with respect to the single postural-task baseline level
were found with mental-arithmetic tasks [8,24], mem-
ory tasks [35,37], verbal tasks [28,42], reaction-time tasks
[24,56,67] and spatial tasks [24,42-43]. In such divided
attention situations, dual-task costs were greater in older
adults than in younger adults, with only a few exceptions
[33].

Dual-task performance models

Model 1: the cross-domain competition model
This model postulates that posture control and cognitive
activity compete for attentional resources so that postural
performance in dual-task conditions should be altered com-
pared to the single postural-task performance. Because of
attentional resource sharing, balance performance should
be less efficient in dual-task conditions. Supporting this
model is the observation of age differences in postu-
ral stability, increased by additional cognitive demands
under quiet-standing conditions [42], and of postural stabil-
ity decrement under more challenging postural conditions
(standing on a sway-referenced platform) when perform-
ing a concurrent-visuospatial task [2]. More recent studies
have confirmed this view. The negative effects on posture
of this attentional resource competition are greater in older
adults compared to younger adults as a result of dimin-
ished cognitive and attentional capacities in the elderly
[48,53,62].

Other investigations, however, reported no change
[61,83] or even an improvement [1,2,14,55,65,74] in pos-
tural control with the dual-task paradigm. These apparent
discrepancies can be attributed to the difficulty of the
postural task itself (undisturbed-quiet standing versus
dynamic-postural perturbations) and/or to the type and
complexity of the secondary task [81]. Taken together, these

data point to serious limitations of this first model, in that
it fails to account for all the data recorded in dual-tasking.

Model 2: the U-shaped nonlinear interaction model
A more complex interaction between age and task char-
acteristics has emerged recently from dual-task literature,
which postulates a U-shaped relationship between posture
control and cognitive demand. This conception means that
body balance can be either improved or diminished depend-
ing on whether the cognitive demand of the secondary task
is low or high.

Young subjects, standing quietly on a force platform,
showed a decrease in postural sway when performing simul-
taneous reaction-time tasks consisting of verbal responses
to visual or auditory stimuli [74]. Quality of postural control
was also improved in older adults tested in similar postural
conditions with cognitive load increased through rotatory-
auditory stimulation [16]. The results suggest that balance
improvement in dual-task conditions can be observed inde-
pendently of age with low-demanding secondary-cognitive
tasks. This may be due to a shift of the focus of atten-
tion away from posture control, increasing the automatic
processing of posture [44,57,82]. In line with this is the
observation that instructing participants explicitly to focus
their attention on the postural control task itself leads to
body-sway increase [73], due to the interference of the
instructions on a highly automatic-control process [24]. The
type of cognitive task (spatial versus nonspatial) as well as
the cognitive processing required (encoding versus main-
tenance) can also differentially affect postural balance in
dual-task conditions [43].

Using three different verbal-cognitive tasks, differing
with regard to their levels of cognitive demand (choice-
reaction time, digit, and spatial-working memory tasks),
Huxhold et al. [24] showed that body sway increased in older
adults under the more demanding cognitive tasks, whereas
it was unchanged in younger adults. These results corrobo-
rated previous work [16,57,75] and support the hypothesis of
a U-shaped relation between postural control and cognitive
demand. With no correlation having been found between
body-sway amplitude and level of arousal induced by the
cognitive tasks, an arousal-based explanation for this non-
linear dual-task interaction was rejected [39]. The most
relevant conclusion drawn from the work supporting this U-
shaped dual-task interaction is that the level of cognitive
demand, inducing a detrimental effect on posture control,
was shifted to the low range in the older adults compared to
the younger adults. In other words, the beneficial range of
the cognitive task was reduced with aging, while the detri-
mental range was increased due to cross-domain resource
competition (cf Model 1) and reduced attentional capacities
in older adults.

In considering this model, however, one critical point
must be emphasized: the aforementioned studies did not
evaluate postural performance with similar parameters.
While some investigators used the total-length path or sur-
face of the stabilogram in subjects standing on a force
platform, others examined body-sway velocity or the vari-
ance of their centre of foot pressure. Although all these
traditional-postural parameters may quantify the postural
performance, their functional relevance remains unevalu-
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ated and their limitations must be considered when com-
paring dual-task performances in younger and older adults
(see Section ‘‘Toward more functional describers of posture
control for aging and dual-task investigations’’ below).

Model 3: the task prioritization model
It has been shown that the dynamics of balance control
could be achieved differently among subjects, that is to
say, by using different sensorimotor strategies. A good illus-
tration is the description by Nashner [50] and Nashner
and McCollum [51] of distinct ankle and hip strategies in
humans standing on a force platform suddenly moved for-
ward or backward. These strategies are underpinned by
different spatiotemporal patterns of muscular activation,
with the ankle strategy inducing a bottom-up activation pat-
tern involving the gastrocnemius, hamstrings and paraspinal
muscles, and the hip strategy showing a top-down pattern
involving the abdominal and quadriceps femoris muscles.
Interestingly, individuals are capable of shifting from one
pattern to the other depending on the environmental con-
text (wide-support surface versus narrow-support surface)
or on their mental representation of the task difficulty
(keeping balance on a wide-support surface placed on the
ground versus above ground).

The hip strategy was reported to be predominantly used
by the older adults. This suggests that the central represen-
tation of the postural task leads the brain to select the safer
strategy to avoid falls. The hip strategy, which keeps the
centre of gravity within the support surface, seems more
highly prioritized with aging. In fact, whereas the ankle
strategy is of low-energy cost and remains within the toler-
ance margins of the posture-control system for young adults,
the hip strategy is more energetically demanding, but safer,
for older adults. Patients with vestibular loss also exhibited
the hip strategy, very likely for similar reasons.

The empirical observation that elderly people stop
walking when they start a conversation with a walk-
ing companion is another illustration of this concept of
aging-induced strategies to avoid fall. Because decreased-
cognitive resources correspond to decreased dual-task
performance, doing two things at once becomes more dif-
ficult and in some cases, the elderly stop walking when
talking. This simple observation has been proposed as a
clinical test for prediction of fall in elderly people [38].
Compared to younger adults, older adults prioritize pos-
tural control in divided attention situations, particularly
in the case of frail-elderly individuals with balance prob-
lems for whom avoiding fall is of critical-survival value.
Additionally, a greater number of older than younger adults
prioritize postural control over cognitive-task performance
under conditions of increased-postural threat [9].

Within this same conceptual frame of task prioritization
is the ‘‘posture first’’ principle, which has been proposed
as an explanation for cognitive-task deterioration as a con-
sequence of balance prioritization in dual-task conditions
where age is a prominent factor [61] and environmental
context is a modulating factor in older adults [9]. Along
this same line is the ecological approach to multitasking
[34—36], a concept inspired by the Baltes’ model of selec-
tion, optimization, and compensation (SOC: [3]). The SOC
model [33] is based on:

• the selection of the goals that are crucial for the individ-
ual;

• the optimization of the performance level of the selected
goal by all relevant means;

• the compensation principle, that is, the use of alternative
strategies for maintaining the performance level.

This model takes into account the adaptive responses to
age-related declines that lead to compensatory behaviours
or strategies like task prioritization. Its main prediction
is that older adults prioritize postural stability and bal-
ance at the expense of the cognitive performance in dual
tasking. Indeed, most dual-tasking investigations show that
older adults allocate resources to posture control at a cost
to cognitive performance, that is, they select the domain
they consider more important to them, particularly when
postural-task complexity is increased [9,31,35,37,66,68].
Some reports in the literature, however, contradict this
prediction, with some age-related increases of cognitive
involvement in posture control reported [43,61]. Such dis-
crepancies may also be attributable to the environmental
context or to the type and complexity of the postural and
cognitive tasks.

Prioritization of posture control in older adults can
be seen as a compensatory reallocation of attention [33]
and fit into the conceptual frame of brain plasticity as a
behavioural plasticity mechanism rather than as a decline in
cognitive capacities. Similar adaptive processes have been
described for both age-related declines in the elderly and
lesion-induced deficits of the sensory and motor systems in
vestibular-defective patients [29].

Toward more functional describers of posture
control for aging and dual-task investigations

How to go about investigating posture control is not a triv-
ial question: the evaluation of shared attentional resources
on postural stability with aging is strongly dependent on the
describers of posture control. Balance performance can be
measured using kinematic or dynamic approaches for the
purpose of motion analysis or force quantification, respec-
tively. The dynamic approach, using a stable force platform,
has predominantly been used in clinical investigations,
since it is a relatively simple and low-cost technique, well
adapted for testing pathological as well as elderly subjects
in a relatively short-time period. The electromyography
method, as well as techniques based on motion analysis
or accelerometer recordings, on the other hand, are bet-
ter suited to laboratory conditions than to routine-clinical
investigations.

With a subject standing quietly on a stable support, one
substantial challenge is to record signals that are effective
in describing static-balance control and to interpret these
signals in terms of postural performance or strategy. A sim-
ilar challenge arises in the investigation of posture control
under dynamic-postural conditions [77]. In both cases, the
posturography method quantifies the reaction forces of the
support: the force platform provides the vertical bottom-
up forces counteracting the top-down forces, resulting from
the gravity vector and the reaction-muscular forces.
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Limitations of the traditional describers of posture
control

In a rather simple postural task (quiet standing), the orga-
nization of human posture can be referred to the inverted
pendulum model and balance control is considered to be
achieved properly when the projection of the centre of
mass remains within the support surface [41,64]. This sim-
plified view does not necessarily fit real-postural behaviour,
though, since the postural system is composed of the super-
position of different jointed modules from feet to head,
each of which can be controlled independently [21]. For
instance, Nashner [50] described two strategies of head sta-
bilization: the ‘‘strap-down’’ strategy that stabilizes head
on trunk and the ‘‘stable-platform’’ strategy that stabilizes
head on space. Multi-jointed posture-control strategies in
the sagittal plane have also been described with altered
support-surface configurations [50,51]. According to the
inverted pendulum model, the ankle strategy induces AP
displacements of the centre of mass, which result in signifi-
cant AP displacements of its vertical projection: the centre
of foot pressure (CoP). By contrast, the hip strategy asso-
ciates ankle plantar flexion and hip flexion (or ankle-dorsal
flexion and hip extension) that tend to minimize the CoP
displacements.

Consequently, the assumption that CoP displacement is
a good proxy for the postural performance can lead to
misevaluations of the quality of the balance-control sys-
tem tested under static or dynamic conditions. Increased
or decreased CoP displacements, recorded in subjects per-
forming postural tasks, can reveal age-related strategies or
context-dependent behaviours rather than worse or better
postural performances, respectively. In most dual-task stud-
ies, however, balance performance of younger versus older
adults was assessed by quantifying the CoP displacements
in subjects standing on a stable force platform. Brown et
al. [9] quantified postural performance using this parameter
and showed improvement of postural stability in their older
participants because their CoP area decreased as postural
threat increased, whereas no changes were reported for
younger adults. Decrease in CoP area can result from a bet-
ter integration of the multisensory inputs controlling posture
and underpin the improvement of posture control. But simi-
lar CoP changes can result from an increased-body stiffness
associated with fear of falling. Brown et al. demonstrated
a prioritization of posture control over cognitive perfor-
mance or, rather, a strategy, primarily, to avoid fall. This
example, then, demonstrates the limitations of traditional-
posturography method and the need for other mathematical
and statistical tools to describe postural performance.

New describers of posture control

The stabilogram-diffusion analysis
The stabilogram-diffusion analysis elaborated by Collins
and De Luca [10] is based on fundamental concepts and
principles from statistical-mechanics. Einstein [19] studied
Brownian motion (an example of a statistical mechanics phe-
nomenon) and demonstrated that the mean-square displace-
ment of a one-dimensional random walk of a single particle is
linearly related to the time interval. In stabilogram-diffusion

analysis, the displacement analysis of CoP trajectories is
carried out according to fractional Brownian-motion anal-
ysis (a Gaussian stochastic process) and the mean square
CoP planar displacement (�r2) is plotted as a function of
time interval (�t: a moving time window) for a CoP trajec-
tory made of N data points. The stabilogram-diffusion plot
exhibits two regions (the short-term and long-term regions),
distinguishable on the basis of the coordinates of the criti-
cal point defined by the intersection of the regression lines
fitted to these two regions. This method is interesting for
its capacity to extract CoP parameters that can be directly
related to the steady-state behaviour and functional inter-
action of the neuromuscular mechanisms underlying the
maintenance of upright stance. Collins and De Luca [10]
suggest, from a physiological point of view, that the criti-
cal point coordinates approximate the temporal and spatial
characteristics of the region over which the posture control
switches from open-loop to closed-loop control mechanisms.
This hypothesis is particularly relevant for studies investigat-
ing posture control, aging and dual tasking. Other methods,
based on the modelling of CoP trajectories by fractional-
Brownian motion, have followed these earlier ones [58].

Collins et al. [11] detected no age-related effects
on posture control during quiet standing with the more
traditional-posturographic analyses, but these methods
were not sensitive enough to differentiate between young
(aged 19—30 years) and older (aged 71—80 years) adults,
free of gait and postural deficits. Interestingly, they
described age-related changes in the open-loop and closed-
loop postural-control mechanisms, that is, changes with
aging in the dynamics of the posture control system. The
stabilogram-diffusion plots, recorded in elderly partici-
pants, showed significant increases in their critical-mean
square displacement and critical time interval (Fig. 1).
These data strongly suggest that older adults utilize open-
loop control mechanisms for longer time intervals and call
into play closed-loop feedback mechanisms with a greater
delay compared to younger adults. Such changes in the
temporal interaction of open-loop and closed-loop control
mechanisms are supported by observations of increased
reflex time [25], reduced proprioception [63] and weaker
muscle strength [26], reported as common consequences of
the aging process. Aging-induced increases in time to initi-
ate corrective processes have also been demonstrated in the
mediolateral axis in seniors compared to younger adults [5].
Changes in the spatial characteristics of open-loop postural-
control mechanisms are also consistent with the postural
strategy adopted by elderly individuals, which consists of
increasing muscular stiffness caused by a coactivation of the
lower-limb muscles. Stiffness control of balance during quiet
standing can be due to increased frequency and decreased
amplitude of sway if the body is modelled as an inverted pen-
dulum [58,78]. It is, furthermore, noteworthy that increased
stiffness has been reported in both young-healthy adults [15]
and older adults [45] in dual-task paradigms, for instance
when a concurrent attention task was performed simulta-
neously with a postural task. As reported by Benjuya et al.
[4], using static posturography and EMG recordings, elderly
individuals seem to have developed a strategy of stiffen-
ing and freezing their lower legs during upright standing.
According to the SOC model, this could be an aging-induced
compensatory strategy that shifts posture control from a
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Figure 1 A—B. Stabilogram-diffusion analysis. A. Linear—linear plots of mean-square CoP displacement versus time interval.
Planar stabilogram-diffusion plots and fitted regression lines are illustrated for two representative healthy subjects, one young
adult (20 years) and one older adult (71 years). The critical point is shown for each subject as the intersection of the two regression
lines performed on the raw CoP displacement data. It provides the critical-time interval (in seconds: on the abscissae) and the
critical-mean square displacement (in square millimetres: on the ordinates) that are both increased in the older adult compared to
the younger. The short-term and long-term diffusion coefficients can be calculated from the slope of the fitted regression lines for
the mediolateral (ML), anteroposterior (AP) or coplanar CoP displacements. B. Comparison of the traditional-postural parameters
with the stabilogram-diffusion analysis. The AP sway does not differentiate the two groups of healthy young and older subjects
(neither the total-sway path nor the sway area, ML path or radial area). By contrast, the critical-time interval (�ty) and mean-square
displacement (�y2) in the AP direction (as well as in the ML direction and for planar CoP displacements) show significant differences
(*: p < 0.001) between the two groups. Modified from [10].

reliance on sensory inputs to coactivation of antagonis-
tic muscles. Such a strategy is consistent with temporal
changes in the open-loop control mechanism observed in
older adults, since this mechanism operates without sen-
sory feedback and corresponds to descending commands
[32].

Wavelet analysis
The stabilogram-diffusion analysis and fractional-Brownian
modelling are significant attempts at improving our under-
standing of posture control. The wavelet transform is
another method that can be used to extract more useful
information from the raw data provided by the CoP displace-
ments.

One widely accepted idea in the field is that frequency
contain of body sway can give some hints about the phys-
iological processes underlying the maintenance of upright
stance. Historically, one of the earliest attempts applied a
Fourier transform to the recordings and, thus, gave insight
about the main frequency components involved in the
process of upright body stabilization. The fast-Fourier trans-
form (FFT) provides the spectral power of body stabilization
as information supplementary to the basic 2D coordinates
of the CoP displacements, but the FFT has some major lim-
itations: the spectral power precision in the low-frequency
range is constrained by the duration of the recording and in
the high-frequency range by the recordings’ sampling fre-
quency. In addition, due to body inertia, FFT-spectral power
is shifted toward the low-frequency range, where very large
body oscillations are found compared to the high-frequency
range, where only small oscillations are present. And finally,
the FFT lacks time resolution and may provide a false image
of body sway-frequency content (Fig. 2).

A new conceptual framework we have developed
[6,17—18], consists of describing body-sway frequencies as a

function of time by applying the wavelet-transform method
[13] to CoP displacements. In contrast to the Fourier trans-
form, the wavelet transform considers the input signal to
be composed of summed-elementary wavelets, which are in
fact time-limited waveforms, that is, waves whose ampli-
tude tends to zero at defined limits. The wavelets are also
scalable, which is to say the amplitude and time window
may be adjusted to best fit the original signal. Various wave-
forms (mother wavelets) have been used in a wide range of
research domains, from oil-field localisation to prevention of
heart attacks with electrocardiography-signal analysis. This
method was also applied for the processing of electroen-
cephalographic data and it succeeded in demonstrating the
synchronous activation of brain-neuronal networks. Applied
to CoP displacements, the wavelet transform elaborates a
time-frequency chart of body sway and provides the first
3D representation of body sway available for investigating
balance control under static or dynamic conditions. These
wavelet plots show the frequencies of CoP displacement
in the mediolateral or anteroposterior planes (on the ordi-
nates) as a function of time (on the abscissae). The third
dimension is provided by the colour code: cold colours
are indicative of low amplitude-spectral powers, whereas
hot colours point to high amplitude-spectral powers. Fig. 2
illustrates the advantage of this method compared to
the FFT.

Assuming that a low frequency-optokinetic stimulation
(0.1 Hz) has a destabilizing effect on posture [52], one can
quantify the spectral-power density of body sway at this par-
ticular 0.1 Hz frequency or in the whole frequency range
(0—0.5 Hz) corresponding to the visual contribution of vision
to posture control. The spectral power can be also evaluated
in the different frequency bands, characterizing the pre-
dominant functional domains of the various sensory inputs
controlling posture (vision, muscular and vestibular propri-
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Figure 2 A—C. Wavelet transform. Illustration of the wavelet analysis applied to the stabilogram of subjects standing quietly
on a force platform without concurrent cognitive task. A. The wavelet transform, here applied on the CoP displacements in the
mediolateral direction (Stx, lower panel) provides a 3D chart of lateral-body sway (middle panel) with time on the abscissae (in
seconds), the frequency content of the stabilogram on the ordinates (in hertz), and the spectral power shown with a colour code for
the third dimension. Result of the fast-Fourier transform (FFT: upper graph) is given for comparison. The FFT shows a fundamental
peak at 0.23 Hz, while the wavelet transform shows a powerful body sway at this frequency occurring only around 15 s after the
beginning of the recording and lasting only a few seconds. Considering the posture-control mechanisms, this peak has no physiological
meaning since it corresponds to a brief voluntary change of lateral-body position [18]. B. 3D chart of the anteroposterior sway of
a healthy-elderly adult tested in the eyes open condition. Note the predominance of cold colours in the low- (0.05 Hz—0.5 Hz) and
middle- (0.5 Hz-1.5 Hz) frequency ranges and the quasi-absence of high frequencies, suggesting a very good posture control. C. 3D
chart of the anteroposterior sway of a patient with a central pathology (multiple sclerosis) tested with his eyes open. Note the
hot colours in both the low- and middle-frequency ranges, indicative of a poor-postural performance and the presence of very high
frequencies (up to 6 Hz) neither encountered in normal subjects [17].

oception). The 3D charts are capable to show artifact-like
events occurring during the recording session (Fig. 2A), pos-
tural strategies (increased high frequency-spectral power
in subjects stiffening their ankle joint) and spectral-power
densities typical of postural pathologies. Fig. 2B illustrates
the 3D chart of a subject with a good postural stability.
It was recorded in a healthy elderly, well trained physi-
cally and intellectually. Fig. 2C shows the 3D chart of a
patient with a multiple sclerosis. One can see high fre-
quencies (up to 6 Hz), never observed in normal subjects
and not found with the FFT, and spectral powers of very
high amplitude in the low-frequency range (hot colours),
characterizing a very bad postural stability. Comparison
of the frequency-power distribution in different groups or
conditions can therefore be useful for testing age effects,
pathologic states or environmental variations. Other param-
eters can be extracted with the wavelet transform as well,
such as a postural-instability index quantifying the postural
performance [6,17—18].

Taken together, the stabilogram-diffusion analysis and
the wavelet analysis should provide more relevant informa-
tion on posture control than the more traditional methods.
These two methods have been incorporated in software we
have developed (PosturoPro; Framiral, Cannes, France). Fol-
lowing is a comparison between the results obtained using
traditional-postural parameters and those obtained with
these new methods, in young versus older adults under dual-
task conditions.

Advantages of more functional describers of
posture control over traditional posturography:
illustration with the dual-task paradigm

Our dual-task paradigm used a crossed design, including both
a static- (quiet standing) and a more challenging dynamic-
(keeping balance on a translational platform) postural task
and cognitive tasks with low- (silent-mental arithmetic)
and with higher- (spatial-memory task) attentional loads
[6]. One group of healthy-younger adults (23.4 years) and
one group of healthy-older adults (75.6 years) matched with
respect to their educational level, physical and intellectual
activities were examined.

Fig. 3 illustrates the main results, recorded in groups
of younger and older adults under the less challenging-
postural task (quiet standing) in the reference condition
(without cognitive task) and in the dual-task condition with
the mental-arithmetic task or the spatial-memory task. In
the reference condition, data processing with traditional-
postural parameters (CoP length or area, CoP displacement
in the ML or AP directions, body-sway velocity) remained
unable to differentiate the two populations (Fig. 3A). Similar
findings were observed with the stabilogram-diffusion anal-
ysis as no significant differences were found between the
younger adults and the older adults with the short-term dif-
fusion coefficient (Fig. 3B). The critical-time interval as well
as the critical-mean square again showed no significant dif-
ferences. Furthermore, the wavelet transform did not point
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Figure 3 A—D. Advantages of the stabilogram-diffusion and wavelet-transform analyses over the traditional-posturographic
method. Mean results recorded in two populations of young- and older-healthy subjects standing quietly on a force platform
without concurrent cognitive task (REF) and in dual tasking with a mental-arithmetic task (MT) or a spatial-memory task (ST).
A. Group mean for the younger (open histograms) and the older (filled histograms) adults for the CoP area parameter (confident
ellipse containing 90% of the sampling points: in square millimetres). B. Group means for the short-term diffusion coefficient provided
by the stabilogram-diffusion analysis. (C—D). Group means for two parameters elaborated from the wavelet transform — the postural-
instability index (C) and the spectral power calculated in the 0.5—1.5 Hz-frequency range (D: expressed in arbitrary units × 107).
Note the absence of effects of dual tasking on posture control in the older group with the traditional-posturographic analysis, not
sensitive enough to detect attentional load-induced effects, whereas the stabilogram-diffusion and the wavelet-transform methods
show significant differences. * and ** indicate significant differences (p < 0.01) between the postural performance under dual-task
situation and the reference for the younger adults and the older adults, respectively. The solid and dashed arrows illustrate the
changes in the postural performance examined in the REF, MT and ST conditions in the younger and older groups, respectively.
Modified from [6].

to statistical differences between the two groups (Fig. 3C
and D). Taken together, these results show that the postu-
ral performance during quiet standing is similar in younger
and older adults, a result that could be predicted on the
basis of the selection criteria for cognitively and physically
healthy-elderly subjects.

The addition of a concurrent cognitive task was
particularly interesting in this static situation where
posture-control mechanisms appeared unmodified in the
elderly group compared to the younger group. The older
adults showed no significant change of their posture per-
formance, either with the arithmetic or the spatial task
when measured by CoP area or other traditional parame-
ters (Fig. 3A). In contrast, significant changes were observed
with the new methods in the elderly group during dual
tasking. The short-term diffusion coefficient (stabilogram-
diffusion analysis: Fig. 3B), the postural-instability index
and the spectral power (wavelet transform: Fig. 3C and D,
respectively) were each strongly increased compared to the
reference condition. Additionally, the higher the cognitive
demand (spatial task versus arithmetic task), the greater
the increase in these parameters. Interestingly, a com-
pletely opposite pattern was observed in younger adults,
with sharply-decreased values when a concurrent cognitive
task was performed simultaneously. The higher the cognitive
load, the greater the decrease.

Concluding remarks

The results reported in this multidimensional approach of
posture control clearly show that:

• normal aging does not lead ineluctably to changes in
posture control. Selected healthy-elderly subjects under-
going a daily physical-activity routine show a postural
performance similar to that of younger adults — not only
is their postural stability as judged by their CoP displace-
ments not altered, but they seem to be controlling their
posture using similar mechanisms and strategies. Indeed,
the dynamics of their open-loop and closed-loop postural-
control mechanisms as well as the whole spectral content
of their body sway are not distinguishable from those of
younger adults. The benefits of regular physical and cog-
nitive activities in helping to promote independent living
and to avoid fall in old age is clearly evidenced here;

• traditional-posturographic analyses are not sensitive
enough to detect age-related differences under dual-task
conditions, a conclusion already drawn by others [11,20].
In contrast, the stabilogram-diffusion analysis and the
wavelet transform provide congruent and more functional
insight into the effects of dual tasking, even in the case
of a very simple postural task (quiet standing);
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• dual tasking leads to postural performance improvement
in younger adults where performance decreases are seen
in older adults. Balance improvement in younger sub-
jects very likely reflects a shift in attention away from
posture control that automates the processing of pos-
ture [24,44,57,73,82]. The strongest effect between the
spatial memory task and the arithmetic task can be
seen as the result of higher cognitive demand, lead-
ing to greater automation of processing [43]. Balance
alteration in the older adults could be explained by the
cross-domain competition model if one considers only
the dual-task paradigm performed with the simple quiet
standing-postural task reported herein. Our protocol was
not aimed at testing the U-shaped interaction model
since it included only two different cognitive tasks, but
it was well adapted to evaluate the task prioritization
model because postural tasks of increased difficulty were
used. The results (not reported here: see [6]) support this
conclusion and show that the ‘‘posture first’’ principle,
described in elderly people during dual tasking [61], is
very likely achieved in our healthy-older adults by a com-
pensatory attention reallocation and a stiffening strategy
in accordance with previous findings [4] and the SOC
model [32].
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