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Abstract

Postural control in everyday life is generally accompanied by posture-unrelated cognitive activity. Thus, mild forms of dual-tasking postural
control are the norm rather than the exception. Based on this consideration and available evidence, we propose and empirically examined, in
young and old adults, a non-monotonic, U-shaped relation between the efficacy of postural control and concurrent cognitive demands that reflect
opposing trends of the effects of attention focus and attentional resource competition. When instructed to perform an easy cognitive task that
presumably shifted the focus of attention away from posture control, the center of body pressure (COP) excursions decreased both in young
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nd older adults relative to a single-task baseline where the focus of attention was explicitly directed towards the postural control task itself.
owever, when performing more demanding cognitive tasks, older adults showed increased COP displacements, in line with the predicted U-

hape function, whereas young adults did not. We outline mechanisms linking postural control to cognitive demand and suggest routes for future
nvestigation.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Postural control, a ubiquitous task that humans perform daily,
nvolves complex processes that require dynamic integration
f visual, proprioceptive, and vestibular sensory information
see [31,37], for review). A well-established view suggests
hat the brain utilizes internal representations of forward motor
ommands and multi-sensory feedbacks to monitor, update,
alibrate, and maintain the body’s position (e.g., [37,72,74]).
indings derived from spatial-neglect patients who suffer from
ostural instability suggest in particular the involvement of pari-
tal cortical functions in postural control probably implicating
nternal body representations [27,38,44,65,66,73,75]. In addi-
ion to maintaining the internal body representation in 3D space,
arietal lobe functions may also underlie covert preparatory
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motor attention [55,56], somewhat analogous to their roles in
covert orienting of visual attention [46].

Keeping balance of the upright stance is a highly practiced
daily task for healthy adults and is effectively performed without
overt (e.g., conscious) attentional control in most circumstances.
Moreover, postural control in daily situations routinely takes
place while at least one other concurrent task is being performed:
for instance, standing while thinking or standing while talking.
Thus, “dual-tasking postural control” – the regulation of pos-
tural stability while performing some other concurrent task – is
the rule rather than the exception for the postural control system.
Nevertheless, empirical evidence shows that attention might be
needed in postural control to some degree for sensory integra-
tion and selection between conflicting sensory information (e.g.,
[50,59,64]) or to compensate for perturbations to the postural
control system (see [71], for review). Therefore, maintaining an
upright stance may tax cognitive factors, such as attentional pro-
cesses, when the standing conditions are challenging or when
attentional interference between postural control and cognitive
processes is high [71]. This is consistent with related cogni-
tive and neurocognitive evidence on attentional limitations in
361-9230/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
oi:10.1016/j.brainresbull.2006.01.002
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performing multiple tasks at the same time that has been gath-
ered in fields other than human movement science [42,45].

1.1. Dual-task attentional sharing between postural control
and cognition

The attentional demand for regulating postural sway is typ-
ically examined with the dual-task paradigm, which presumes
that cognitive functions and postural control (as well as other
sensorimotor functions, such as walking) compete for limited
attentional capacity (see [22,71], for reviews). Thus, when one
needs to maintain the balance of upright stance while perform-
ing a concurrent cognitive task, attention is divided between
the sensorimotor and cognitive tasks. The efficacy of postural
control under the dual-task condition may decrease in compar-
ison to single-task performance to varying degrees according
to the processing demands of concurrent cognitive processing,
as the sharing of attentional resources between two domains of
functioning reduces the amount of attention that is available for
postural control.

Given the seemingly convincing and straightforward notion
of competition for attentional resources between postural con-
trol and cognition, it may come as a surprise that the empir-
ical evidence is far from being unequivocal. Some research
suggests that dual-tasking postural control compromises bal-
ance performance [2,7,32,36,39,40,43,59,60,68], as the resource
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1.2. Potential factors affecting resource sharing between
postural control and cognition

A review of the literature suggests that the interactions
between mental processes and postural control can be modu-
lated by factors such as stimulus and response modalities (e.g.,
[10,61,62,80]), difficulty of the concurrent secondary task (see
[72], for review), postural constraints affecting the difficulty
of the postural task (e.g., [9,19,50,68,79], individual differ-
ences in sensorimotor expertise (e.g., [68]), and aging (e.g.,
[11,14,22,25,28,32,36,63]). A number of studies considered the
influence of experimental procedural factors of the concurrent
task (e.g., stimulus presentation and response modes) on posture
control. It has been shown that oral responses to cognitive tasks
performed while standing worsens postural control performance
[10,80]. In contrast, the need to fixate a visually presented stim-
ulus appears to improve postural control [61,62]. Differences in
such procedural factors of the concurrent secondary task alone,
however, cannot give a full account of the inconsistency between
findings regarding the effect of cognitive demands on postural
control. Even among studies that controlled for the influences
of such procedural factors, some reported impaired (e.g., [7]),
whereas others found improved (e.g., [51]) postural control per-
formance while dual-tasking.

Given this seemingly paradoxical pattern of findings, the
motivation for this study is to better understand how concurrent
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iew would predict. For instance, in support of the attention
esource competition view, Andersson et al. [2] found that per-
orming a concurrent visuospatial search task decreased bal-
nce performance in middle-aged adults (Mage = 40.4 years)
nder a challenging condition with attenuated proprioceptive
ensory inputs (i.e., standing on a sway-referenced platforms).
owever, other studies found that performing a concurrent

ognitive task while standing actually enhanced postural con-
rol [1,4,8–11,14,51,52,63,70,76]. For example, examining the
ffects of a variety of working memory tasks including a visu-
spatial task, Dault et al. [8] found reduced center of body
ressure (COP) displacements in young adults (Mage = 23.0)
nder dual-task situations compared to the single-task con-
ition regardless of the difficulty of the postural control
ask.

Thus, taken together, the inconsistency in current empiri-
al literature on dual-tasking postural control suggests that the
elation between postural control and mental processing mer-
ts further scrutiny [51]. In this regard, a number of researchers
ave postulated that the relationship between postural control
nd cognitive demand in dual-task situations could be U-shaped
e.g., [11,51,68,69]). According to this view, postural control
erformance is either improved or attenuated depending on
hether the cognitive demand of the secondary task is low or
igh, respectively. Examining this hypothesis across studies by
ystematic comparisons of published evidence is problematic
ecause most of the relevant studies differ widely in critical
esign features. Also, factors that affect the relation between
ostural control and cognition in addition to cognitive demand,
uch as age or expertise, are rarely varied within the same
tudy.
ognitive processing can affect postural control in both posi-
ive and negative directions. In order to directly test the notion
f a U-shaped relation between postural control and cognitive
emands as well as factors that may modulate this relation, we
ointly considered adult age differences in attentional capacity,
ocus of attentional focus, and the extent of cognitive demand
hile holding stimulus presentation and response modes of the

oncurrent tasks as constant as possible.

.2.1. Adult age differences in attentional capacity
It is conceivable that dual-tasking effects are modulated by

ndividual differences in attentional capacity and associated neu-
al substrates. If the cognitive demand of a given concurrent
econdary task does not sufficiently tax the individual’s atten-
ional capacity, its effect on postural control is very unlikely
o be observed. In other words, at a given level of cognitive
emand, negative effects of the concurrent secondary cognitive
ask on postural control may only be observed in individuals
hose attentional capacity is more limited. Aging reduces the

fficacy of sensory and muscular systems involved in postu-
al control and attenuates their harmonious interplay [26,71].
n addition to aging-related declines in peripheral sensory and
uscular systems, aging-related declines in the parietal cortex,

he cortical region underlying the internal body representation
n space are evident at neurochemical [13,16], neuroanatomical
67], and functional levels (e.g., [18]). It has been hypothe-
ized that losses at these various levels lead to a higher need
or cognitive involvement in sensorimotor processing among
lder adults compared to young adults (see [22], for review). At
he same time, impaired cognitive capacities and the associated
osses in prefrontal working memory and attention functions



296 O. Huxhold et al. / Brain Research Bulletin 69 (2006) 294–305

commonly found in older adults (e.g., [15,49,57]) may, in turn,
impair the successful employment of attentional resources for
effective postural control [25,30]. Such reciprocal influences
between attenuated sensory integration, sensorimotor functions’
greater reliance on cognitive processes, and more limited cogni-
tive capacity in later adulthood probably contribute to increased
couplings between cognitive and sensorimotor processes (e.g.,
[3,20,24,25]). In summary, parallel declines in various levels of
brain mechanisms as well as cognitive and sensorimotor pro-
cesses during aging has motivated researchers to investigate
the relations between neurocognitive mechanisms underlying
attention and postural control (see [21], for review). Thus, quasi-
experimental manipulation of adult age differences in attentional
capacity may help explaining why dual-task costs in postural
control were found in some cases but not in others.

1.2.2. Locus of attentional focus
To understand dual-tasking benefits on postural control, we

consider the role of the secondary task in directing the indi-
vidual’s overt attentional focus away from the highly practiced,
automatized postural control process. It is a common practice
in research on postural control that participants are instructed
to stand as still as possible. Most likely, this instruction directs
participants’ attention internally towards the actual execution
of relatively automatized postural control processes. A number
of studies have consistently found that postural control per-
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have found, however, no differences between verbal and spatial
dual-task conditions [8,12,79] or less COP displacements in spa-
tial than in verbal processing conditions [14,60]. Again, it is of
particular importance to equate the general cognitive demands,
or difficulty, of verbal and spatial tasks used in dual-task stud-
ies in order to compare the “pure” difference in the effects of
concurrent verbal and spatial processing. The current empirical
ambiguity regarding the spatial–verbal dissociation may, in part,
be due to differences in task difficulty unrelated to their verbal
or spatial nature.

1.3. Key hypotheses

Given evidence of aging-related decline in sensorimotor and
cognitive function, we expect older adults will perform below
the level of young adults in postural control and cognitive tasks.
Confirmation of this hypothesis will serve as a manipulation
check to show that average performance levels of the present
samples of young and older adults are typical of their age
groups. Of specific interest, however, is the interaction between
the quasi-experimental, between-subjects factor of attentional
capacity differences, indexed by the two age groups, and the
experimental, within-subjects factor of dual-task performance.

Dual-task effects can manifest themselves either in postural
control or cognitive performance. In order to obtain an unequiv-
ocal interpretation of age differences in the relation between
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ormance was worse when participants’ attention was directed
o postural control performance in internal-focus conditions
s opposed to external-focus conditions where attention was
iverted to a supra-postural task [34,35,53,77,78]. A possible
onclusion is that directing overt attention to a highly autom-
tized process, such as postural control under regular standing
onditions, actually reduces the efficacy of this process.

.2.3. Cognitive demands of the secondary task
Despite their high degree of automaticity, postural control

rocesses may still require motor preparatory attention to facili-
ate multi-sensory integration and the generation of motor com-

ands (cf. [55,73]). Conceivably, when a secondary cognitive
ask sufficiently or overly strains the individual’s attentional
apacity, covert motor preparatory attention that is part of the
utomatized process of postural control may be affected as well.
hus, it is reasonable to expect that the extent of the secondary

ask’s cognitive demand may, in turn, set limits on the benefi-
ial effect of dual-tasking on postural control. Whereas an easy
econdary task may beneficially increase the efficacy of postural
ontrol by providing an external attention focus, a more demand-
ng secondary task may have a negative consequence on postural
ontrol, due to attentional resource competition between cogni-
ive and sensorimotor processing.

Visual sensory information is an integral part of postu-
al control. Therefore, some studies have argued that postu-
al control is more easily disturbed by a secondary task that
nvolves visual–spatial rather than verbal information [17,32].
or instance, there is evidence for higher COP displacements
nder the condition of processing a concurrent spatial task than
n the condition of processing a verbal task [17,32]. Other studies
ual-tasking and postural control, age differences in dual-task
osts in the cognitive domain must be considered. Moreover,
ognitive performance could either be measured in terms of
ccuracy or in terms of processing speed. Thus far, most research
n dual-tasking postural control has been primarily limited to a
ingle cognitive performance indicator: accuracy. In the current
tudy, both indicators are considered jointly to obtain a more
recise picture of cognitive performance. Given that the pos-
ural control task we examined was standing without further
ostural constraint, we expected no or only small age differ-
nces in dual-task effects in the cognitive domain, an outcome
hat would enhance the interpretability of age differences in the
ostural domain.

With regard to dual-task effects in the domain of postural con-
rol, we propose that the ambiguity in current empirical findings
annot be fully accounted for by procedural factors of the con-
urrent secondary task (e.g., stimuli or response modes). Instead,
e posit a complex interaction between task characteristics and

ge. We expect that adult age differences in attentional capacity,
he locus of attentional focus, and the demand characteristics
f the secondary task all contribute to the complex relation
etween postural control and mental processing. Specifically,
e hypothesize that performing a concurrent secondary task

hat is relatively low in cognitive demand may benefit postural
ontrol by directing individuals’ overt attention away from pos-
ural control processes that are usually carried out automatically.
owever, further increments in the cognitive demands of the

econdary task will eventually result in attentional resource com-
etition, thereby hampering the regulation of postural sway. In
ther words, and in line with previous suggestions [11,51,68,69],
e predict a U-shaped relation between the cognitive demands
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of the secondary task and postural control. We further assume
that the extent of this relation may be modulated by individ-
ual differences in attentional capacity. Given older adults’ more
limited attentional capacity and their declining posture control
processes, we expect that attentional competition between pos-
tural and cognitive tasks emerges at lower levels of cognitive
task demands in older than in young adults. Hence, we expect
that the rising part of the U-shaped function relating levels of
cognitive demand to measures of postural sway will emerge at
lower levels of cognitive task difficulty in older adults than in
young adults.

2. Material and methods

2.1. Participants

Originally, 41 adults were sampled from the participant pool of the Max
Planck Institute for Human Development, Berlin, Germany. The experiment was
undertaken with written consent of each participant. None of the participants had
previously taken part in studies of posture or gait, and all were naı̈ve with regard
to expected results of the study. The ethics committee of the Max Planck Institute
for Human Development approved the study. Two participants were excluded
from the analyses: an older man because of exceptionally high COP displace-
ments (approximately 3.7 S.D. above the mean of the old adult age group) and
an older woman because of lack of compliance to task instructions. The effective
sample, thus, consisted of 19 older adults (Mage = 69.80, S.D.age = 3.39; 10 males
and 9 females) and 20 young adults (Mage = 24.52, S.D.age = 2.63; 10 males and
10 females). The two age groups differed in terms of height (Mheight = 1.66 m,
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duration used in the study appears to be somewhat longer than the duration typ-
ically used in other studies (however, see also [8,10,29,40]). This trial duration
was chosen to allow for the concurrent assessment of cognitive performance
within dual-task conditions (e.g., with the n-back working memory task). Fur-
thermore, some studies have demonstrated that longer trial durations yield more
reliable assessments of postural sway [5].

It was not possible to fully counterbalance all experimental conditions, given
the large number of conditions involved. However, special care was taken to con-
trol for potential sequence effects in the set of between-condition comparisons of
interest using a nested (e.g., incomplete) counterbalancing scheme. To rule out
sequential effects arising from the order of single-task and dual-task conditions,
half of the participants in each of the two age groups first performed single-task
cognitive conditions followed by various standing conditions, whereas the other
half began with the standing conditions. The sequence of the three single-task
cognitive conditions was counterbalanced across subjects. Within the standing
conditions, every condition was equally often preceded or followed by any other
condition across participants. Furthermore, within dual-task conditions, verbal-
task blocks and spatial-task block were counterbalanced.

2.4. Cognitive and postural control tasks

We chose three different verbal-based cognitive tasks that differed with
regard to the levels of their cognitive demand. A visuo-spatial task was employed
as well. Relevant task parameters (e.g., stimulus presentation and response
modes) were kept constant across tasks. In all conditions, participants responded
with two hand-held button-boxes. In every experimental trial, participants were
shown a random series of 22 stimuli on the computer screen. The random series
presented in a given experimental trial-by-task combination was identical for
every participant. The presentation time for every stimulus was 500 ms, the
inter-stimulus-interval (ISI) was 2500 ms in all conditions. Therefore, the max-
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.D.height = 0.07 for older adults and Mheight = 1.76 m, S.D.height = 0.09 for young
dults) and weight (Mweight = 74.6 kg, S.D.weight = 13.7 kg for older adults and

weight = 68.4 kg, S.D.weight = 9.4 kg for young adults). The participants received
15 (approximately $15) for their participations.

.2. Apparatus

Postural control performance was measured by a Kistler force plat-
orm (Type 9286AA, Kistler Instrumenten AG, Winterhur, Switzerland; size
0 cm × 40 cm). Twelve sensors built into the force platform measured medio-
ateral, anterior–posterior, and vertical components of ground reaction forces and

omentums. A measurement computer (�-MUSYCS Inc.; m-M-S-Eth-RJ45)
ampled their signals at a rate of 80 MHz and calculated x–y coordinates of cen-
er of body pressure (COP) positions for every millisecond. The area traveled by
he COP reflects the efficacy of postural control, with larger COP displacements
ndicate worse postural control performance.

At each trial, fixation cross as well as visual stimuli were presented at the
enter of a 17-in. computer screen at 50 cm distance. Participants responded to
ognitive tasks with two hand-held button boxes. The measurement computer
oncurrently stored stimulus presentation times and the participants’ button-
ox responses. The sampling rate for the reaction time data was 1000 Hz. The
ognitive tasks were tested in sitting and standing conditions.

.3. Study design and procedure

Participants were tested individually within a single session that lasted about
.5 h. At first, instructions of the cognitive tasks were given and every participant
id at least one practice block per task while seated. The experiment included
hree single-task cognitive conditions while seated and five experimental con-
itions in which the participants stood on the force platform. The single-task
ognitive conditions consisted of a digit choice-reaction time task, a 2-back
igit working memory task, and a 2-back spatial working memory task per-
ormed in seated position. Standing conditions included a single-task standing
nd focusing a fixation cross condition, a dual-task standing while watching dig-
ts condition, and another three dual-task conditions that comprised standing on
he force platform in combination with each of the three cognitive tasks. Every
ondition was measured within a block of four trials lasting 68 s each. The trial
mal duration for the participants to respond amounted to 3000 ms before the
ext stimulus appeared. Participants responded to a target by pressing the button
eld in their dominant hand. Pressing the button held in their non-dominant hand
dentified non-targets. Responses faster than 100 ms were treated as errors.

.4.1. Choice-reaction time task
In the choice-reaction time task, participants were shown random series of

2 digits per trial ranging between one and nine. The digits one to three were
he assigned targets. The responses to the very first two digits in a trial were
xcluded from the analyses in order to have the same number of responses in
he choice-reaction time task and in the two 2-back working memory tasks.

.4.2. Digit 2-back working memory task
In every trial of the digit 2-back working memory task, a series of 22 digits

anging between zero and nine was presented. The participants had to indicate
target if a presented digit was identical to the one shown two steps back in the

equence. By definition, the first two digits of a series could only be non-targets.
articipants were instructed to respond to these stimuli but these responses were
xcluded from the analyses.

.4.3. Spatial 2-back working memory task
In the spatial 2-back working memory task, a dot appeared in one of eight

ocations of a three-by-three grid (the middle location of the grid was not used).
series of 22 locations was presented and the participants had to indicate a

arget if a location of the dot was identical to the one shown two steps back in
he sequence. For reasons mentioned above, responses to the first two locations
resented in a trial were excluded from the analyses.

Postural control performance was measured in five different conditions.
pecial care was given with regard to the stance position in which COP dis-
lacements were assessed. Large interindividual differences in feet positions
an be found if participants are completely free to choose the stance position in
hich they prefer to be measured [6,33,41]. Older adults have the tendency to
lace their feet closer together and to have a wider angle between their feet than
oung adults [33]. A narrower feet placement is associated with a poorer postural
ontrol performance in contrast to a wider distance between feet. However, dif-
erences in distances between the feet have to be relatively large to significantly
ffect COP displacements. The range of optimal inner feet distances is more than
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10 cm, for instance [41]. Moreover, thus far it is unclear whether the age differ-
ence in average stance position is not an indication of an adaptive adjustment
of older adults to their diminished postural control capacity [33]. Therefore,
in our study we tried to find a middle ground between equating stance posi-
tions for reasons of comparability and simulating a “natural” stance behavior
for each individual. At the beginning of the postural control assessment, partic-
ipants were instructed to place their feet apart at approximately shoulder-width
length with their toes pointing away from their body center. Within these con-
straints every participants was asked to find his or her own preferred standing
position. The participant’s chosen stance position was marked and subsequently
used throughout the experiment. Thus, we “normalized” the stance position
across different experimental conditions within each participant, but allowed
individuals to choose their preferred stance position using a common guideline.
Participants fixated the middle of a 17-in. computer screen at approximately
50 cm distance. Gaze was individually adjusted to eye level by adjusting the
vertical distance between the computer screen and ground. In all conditions,
participants held button boxes in both hands with arms hanging relaxed beside
their body. In all conditions, participants were instructed to stand as still as pos-
sible. Furthermore, in dual-task conditions participants were told to give equal
emphasis to cognitive and postural control performance.

2.4.4. Standing only condition
Participants stood on the force platform and saw a fixation cross in the

middle of the computer screen. The fixation cross was blue imbedded in a grey
background and had a size of 12 cm × 17 cm. The participants were instructed to
fixate at the center of the fixation cross. The center’s position was identical to the
location where the visual stimuli occurred in the dual-task conditions to make
sure that differences in postural control between single and dual-task conditions
were not driven by stabilizing effects of looking [61,62].
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topological irregularities of the COP areas than 95% confidence ellipses. Fur-
thermore, the area used in the study is a measure of absolute rather than average
COP displacements. Thus, it provides an accurate and complete estimate of the
area spanned by the COP excursions [47]. It has been shown empirically that
standardized COP-displacement measures such as the standard deviations of
displacements are less sensitive to experimental manipulations than the actual
range of motion [48]. However, this estimation technique is also more vulner-
able to single rapid deviations during the trial period. A number of postural
control studies transformed COP-displacement data logarithmically or used a
square root transformation to ensure a normal distribution [1,8,10,29]. Here,
in addition to analyses based on raw scores, we also conducted all analyses
with log transformed area measures to attenuate the influence of extreme area
values. Furthermore, for comparison purposes we also analyzed the data with
the commonly used 95% confidence elliptic area, as well as the root-mean-
square (RMS) of medial–lateral sways. Prior to computing the COP area, the
68-s. COP series were filtered with a sixth-order Butterworth low-pass filter
at 6 Hz.

2.6. Statistical analyses

The data of this study were analyzed using a mixed design repeated mea-
sures ANOVAs. Partialed eta square values (η2

p) are reported as measures of
effect size. The effects of cognitive demand and dual-task cost in the cognitive
domain and the effect of cognitive demand in postural control were set up as
repeated-measures, within-subjects factors. Age group was a between-subjects
factor.

We expected that the effect of the level of cognitive demand (varying mono-
tonically from no demand to high demand) would lead to a quadratic function
of postural control across conditions. The specificity of the hypothesis allowed
a direct test of the theoretically anticipated U-shape function relating cogni-
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.4.5. Standing and digits condition
Participants stood on the force platform and watched a random series of

igits ranging from one to nine presented on the computer screen. They were
nstructed to stand as still as possible while simply watching the digits.

.4.6. Standing and digit choice RT condition
Participants stood on the force platform and concurrently performed the

hoice-reaction time task as fast and as accurately as possible.

.4.7. Standing and digit 2-back working memory condition
Participants stood on the force platform and concurrently performed the digit

-back working memory task.

.4.8. Standing and spatial 2-back working memory condition
Participants stood on the force platform and concurrently performed the

patial 2-back working memory task.

.5. Data analysis

In the cognitive domain, the three main dependent variables were response
ccuracy (percentage correct), reaction time (ms), and a unit-weighted com-
ined score of accuracy and reaction time scaled in a T-metric (i.e., a linear
ransformation of the standard z-score to obtain a mean of 50 and a S.D. of 10).
he combined score was computed by standardizing single trial performances

n accuracy and reaction time to T-scores (i.e., extreme values in the untrans-
ormed data corresponded to extreme values in the T-metric) and averaging them
ithin-persons.

In the domain of postural control, we operationalized postural control as
he area spanned by COP displacements. Area measures carry the advantage
f being less affected by differences between different stance positions than
ostural control measures that only focus on COP displacements in either the
edio-lateral or the anterior–posterior direction [6]. The main dependent vari-

bles were log transformed COP area and raw COP area. In contrast to the
ommonly used 95% confidence elliptic area, the COP area measure used in
he present analyses was estimated by using the maximum x–y coordinates in
60◦ around the arithmetic mean. This computational is more robust against
ive demand and postural control by using polynomial contrasts. In both age
roups, we expected a quadratic trend of cognitive demand. In addition, we also
xpected an age interaction for this trend. We hypothesized that the quadratic
rend of older adults would rise at lower levels of cognitive demand than the
rend of young adults would. Differential age effects in the decreasing and ris-
ng parts of the hypothetical U-function were further validated with a series of
lanned contrasts. This particular method of analysis was chosen because the
se of contrasts is superior to non-directed omnibus tests in terms of specificity
nd statistical power [54].

. Results

.1. Cognitive domain

A repeated measures ANOVA was conducted to test the
etween-subjects effect of age (young versus old) and the within-
ubjects effects of cognitive demand (choice reaction versus
erbal 2-back), and dual-tasking (single-task versus dual-task)
n cognitive performance.1 Results are presented in Fig. 1. With
egard to accuracy, there was a significant effect of age, F(1,
7) = 30.95, p < 0.05, η2

p = 0.46, a significant effect of cognitive

1 To rule out possible influences of learning or fatigue on the dual-
ask effects, we ran the same repeated measurement ANOVAs with trial
umber as an additional repeated measurement factor. Although signifi-
ant learning trends across trials were obtained in all indicators of cog-
itive performance, these trends did not interact with the dual-tasking
anipulation or any age by dual-task interaction that we are specifically

nterested in (accuracy: trial × dual, p > 0.40; trial × dual × age, p > 0.35;
rial × dual × task, p > 0.40; trial × dual × age × task, p > 0.65; reaction time:
rial × dual, p > 0.65; trial × dual × age, p > 0.30; trial × dual × task, p > 0.85;
rial × dual × age × task, p > 0.45; T-score: trial × dual, p > 0.20; trial ×
ual × age, p > 0.20; trial × dual × task, p > 0.45; trial × dual × age × task,
> 0.30).
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Fig. 1. Cognitive performances displayed as a function of task, age group, and
dual-task manipulation. (A) Performances quantified by percentage correct (%).
(B) Performances expressed with respect to response times (ms). (C) Perfor-
mances indicated by a joint score (T-values). Note: spat, spatial; error bars
represent standard errors.

demand, F(1, 37) = 71.59, p < 0.05, η2
p = 0.66, and a significant

age by cognitive demand interaction, F(1, 37) = 41.97, p < 0.05,
η2

p = 0.53. All other effects of dual-tasking on accuracy were not
statistically significant. With respect to reaction time, significant
effects were observed for age, F(1, 37) = 10.80, p < 0.05, η2

p =
0.23, cognitive demand, F(1, 37) = 94.98, p < 0.05, η2

p = 0.72,

and age by cognitive demand, F(1, 37) = 4.77, p < 0.05, η2
p =

0.11. The main effect of dual-tasking on reaction time was not
significant. The interaction of cognitive demand × dual-tasking,
however, was marginally significant, F(1, 37) = 3.55, p = 0.07,
η2

p = 0.09, and a significant age × cognitive demand × dual-

tasking interaction, F(1, 37) = 4.29, p < 0.05, η2
p = 0.10, was

observed as well.

To summarize results for accuracy and reaction time: Accu-
racy levels were lower (Fig. 1A) and reaction times longer
(Fig. 1B) for the more demanding digit 2-back working mem-
ory task than for the simple choice-reaction time (choice RT)
task. Older adults made more errors and were slower than
young adults. In line with the age-by-complexity interaction
found in numerous cognitive aging experiments (e.g., [58]),
age differences were more pronounced with the more demand-
ing task. In the choice-reaction time task, older adults showed
faster responses in the sitting condition than in the standing
condition. In the digit 2-back task, the opposite pattern was
found. At the same time, older adults showed a non-significant
trend to be more accurate under dual-task conditions in com-
parison to single-task conditions, pointing to a speed-accuracy
trade-off.

To address the speed-accuracy trade-off, a joint performance
score combining accuracy level and reaction time was com-
puted after transforming both performance measures into T-
metric (see above). Fig. 1C summarizes the effect of age,
cognitive demand, and dual-tasking on overall cognitive per-
formance. Significant main effects of age, F(1, 37) = 33.87,
p < 0.05, η2

p = 0.49, and cognitive demand, F(1, 37) = 150.58,

p < 0.05, η2
p = 0.80, and a significant age × cognitive demand

interaction, F(1, 37) = 29.44, p < 0.05, η2
p = 0.45, were found.

Neither the main effect of single versus dual-task condition nor
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he interactions of dual-tasking with age or cognitive demand
ere significant. This pattern suggests that older adults adopted
more conservative speed-accuracy criterion in their cogni-

ive performance in dual-task conditions than in single-task
onditions.

The digit (i.e., verbal) and spatial versions of the 2-back work-
ng memory task were examined for differences in difficulty by
onducting an age (young versus old) by modality (verbal versus
patial) by dual-tasking (single-task versus dual-task) repeated
easurement ANOVA separately for accuracy and reaction

imes. For accuracy, only a significant main effect of age was
ound, F(1, 36) = 33.43, p < 0.05, η2

p = 0.48. Young adults were
ore accurate than older adults. For reaction times, again, a sig-

ificant main effect of age was found, F(1, 36) = 15.28, p < 0.05,
2
p = 0.30. Participants performed the spatial version slower

han the verbal version, F(1, 36) = 6.30, p < 0.05, η2
p = 0.15.

n addition, we noted a marginally significant age × modality
nteraction, F(1, 36) = 3.21, p = 0.08, η2

p = 0.08, suggesting that
lder adults showed a more pronounced difference between ver-
al and spatial versions of the working memory task than young
dults. The main effect of dual-tasking and all interactions with
he other factors were not significant. For the combined score,
nly the main effect of age, F(1, 36) = 45.20, p < 0.05, η2

p = 0.56,
as significant, again suggesting that performance differences
etween the two tasks were due to age differences in speed-
ccuracy trade-offs.

.2. Postural control domain

A repeated measures ANOVA was conducted to test the
ffects of the between-subject factor of age group (young
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Fig. 2. Postural control performances displayed as a function of task and age group. (A) Postural control indexed with COP area (mm2). (B) Postural control indexed
with the natural logarithm of COP area (ln [mm2]). (C) Postural control indexed with the elliptical COP area sway area (mm2). (D) Postural control indexed with the
RMS in medio-lateral direction (mm). Note: The positions of the x-axes do not correspond to zero; spat, spatial; st, standing condition; error bars represent standard
errors.

versus old), and the two within-subject factors cognitive
demand (choice reaction versus digit 2-back), and dual-tasking
(single-task versus dual-task) on postural sway.2 As shown
in Fig. 2, we found a main effect of cognitive demand,

2 We controlled for potential influences of fatigue and learning effects on
age by task interactions by running the same repeated measurement ANOVAs
with trial number as an additional repeated measurement factor. Neither the main
effect of trial number nor any interaction with task or with age by task interactions

F(3, 35) = 11.41, p < 0.05, η2
p = 0.49 (raw COP area), F(3,

35) = 7.77, p < 0.05, η2
p = 0.40 (log-transformed COP area).

The main effect of age on postural control was also signifi-
cant, F(1, 37) = 44.33, p < 0.05, η2

p = 0.55 (raw COP area), F(1,

was found (COP area: trial, p > 0.35; trial × task, p > 0.35; trial × task × age,
p > 0.40; ln COP area: trial, p > 0.25; trial × task, p > 0.75; trial × task × age,
p > 0.45).
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37) = 56.97, p < 0.05, η2
p = 0.61 (log-transformed COP area).

Moreover, the age × cognitive demand interaction was signifi-
cant for the log-transformed COP area, F(3, 35) = 2.96, p < 0.05,
η2

p = 0.20, and marginally significant for the raw COP area, F(3,

35) = 2.39, p = 0.09, η2
p = 0.17.

Polynomial contrasts were specified to examine the shape
of the interaction between external focus and cognitive demand
more directly. The main effect of cognitive demand was asso-
ciated with a significant quadratic trend, F(1, 37) = 20.99,
p < 0.05, η2

p = 0.36 (raw COP area), F(1, 37) = 20.79, p < 0.05,
η2

p = 0.36 (log-transformed COP area). For raw COP area, a
quadratic age × cognitive demand interaction was found, F(1,
37) = 5.15, p < 0.05, η2

p = 0.12, whereas for log-transformed
COP area, the age × cognitive demand interaction was linear,
F(1, 37) = 8.35, p < 0.05, η2

p = 0.18. These results show that
the function relating cognitive demand to postural control dif-
fered by age group. This interaction manifests itself either in
a linear shift of the apex or an increase in curvature of the U-
shaped function for the older adults in contrast to the young
adults, depending on whether raw or log-transformed COP
areas are used. Both findings are in line with the prediction
that the postural control system of young adults is less sus-
ceptible to the effects of cognitive demand than that of older
adults.

A series of planned follow-up contrasts was conducted for

4. Discussion

Through monotonic variations of cognitive-demand levels,
this study tested the theoretical proposition that postural control
sway and cognitive demand are related to each other by a U-
shaped function. We also proposed that this relationship would
be modulated by individual differences in attentional capacity.
We examined the role of attentional capacities by contrasting
young and old adults, given evidence of clear negative adult age
differences in cognitive efficacy.

4.1. Summary of results

In single and dual-task conditions, older adults showed lower
postural control performance and lower cognitive performance
than young adults. With the joint accuracy and reaction time
scores, no dual-task effect was observed in the cognitive domain,
indicating that performing these cognitive tasks while sitting and
standing yielded the same results. The effect of dual-tasking
on cognition was expressed in terms of a more conservative
speed-accuracy trade-off for cognitive performance, but not in
performance decrements as such.

The absence of dual-task costs in the cognitive domain has the
fortunate consequence that it renders dual-task benefits and costs
in postural control domain more readily interpretable, including
the modulation of these differences by age. Regarding dual-
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ask effects in postural control, the effect of cognitive demand
howed a clear quadratic trend in both age groups. In young
dults, this trend was due to a reduction in the area of COP dis-
lacements found in all dual-task experimental conditions. In
lder adults, the effect of cognitive demand on postural sway
ollowed the predicted U-shaped function. Compared to a situa-
ion in which standing still was the only task to perform, adding
simple perceptual task (standing and viewing digits) reduced
OP displacements in both young and old adults. This reduc-

ion effect cannot be attributed to the beneficial effect of visual
xation alone because participants were required to focus on a
xation cross in the standing only condition as well. In older
dults, however, the beneficial effect of a secondary cognitive
ask on postural control performance diminished as the cognitive
emand of the secondary task increased. Although the general
hape of this interaction was identical for different measures
f COP displacements it reached statistical significance only in
easures that considered the actual range of motion. This pattern

f results replicates former findings [48] and might implicate that
ttentional resource competition in dual-tasking postural control
lso results in short-term lapses in postural control behavior.
dditional analyses also showed that postural control was not
ore strongly affected by spatial processing than by verbal pro-

essing when task difficulty was taken into account.

.2. Implications for related studies and future research

Our results provide little support for a theoretical position
hat frames the interaction between postural control and cog-
ition entirely in terms of attentional resource competition.
ather, this study supports the proposition of a U-shaped relation
each age group separately. The standing and digits condi-
tion was associated with lower COP displacements than the
standing only condition both in young adults, F(1, 19) = 8.08,
p < 0.05, η2

p = 0.30 (raw COP area), F(1, 19) = 8.81, p < 0.01,

η2
p = 0.32 (log-transformed COP area), and in older adults, F(1,

18) = 9.79, p < 0.05, η2
p = 0.35 (raw COP area), F(1, 18) = 6.19,

p < 0.05, η2
p = 0.26 (log-transformed COP area). Contrasting

the standing and digit choice RT condition with the cogni-
tively more demanding standing and digit 2-back condition
demonstrated that young adults did not show a significant dif-
ference, F(1, 19) = 0.36, p > 0.5 (raw COP area), F(1, 19) = 0.03,
p > 0.5, η2

p = 0.00 (log-transformed COP area). In contrast, for
the same comparison, older adults showed a significant differ-
ence in log-transformed COP area, F(1, 18) = 4.78, p < 0.05,
η2

p = 0.21, and a marginal difference in raw COP area, F(1,

19) = 3.16, p = 0.09, η2
p = 0.15, indicating higher postural sway

in the standing and digit 2-back condition than in the standing
and digit choice RT condition. As shown in Fig. 2 (compar-
ing panels A and B panels C and D), the overall patterns of
results are similar across all four types of measures, albeit the
age × task quadratic contrasts are only marginally significant
for the elliptic area, F(1, 37) = 2.96, p = 0.09, η2

p = 0.07 and not
significant for the medio-lateral RMS F(1, 37) = 1.08, p > 0.10,
η2

p = 0.03.
An age (young versus old) by cognitive modality (digit 2-

back versus spatial 2-back) repeated measurement ANOVA was
conducted to examine whether postural control is more strongly
influenced by spatial processing than by verbal processing. Only
the main effect of age, F(1, 37) = 36.48, p < 0.05, η2

p = 0.50
(raw COP area), F(1, 37) = 62.91, p < 0.05, η2

p = 0.63 (log-
transformed COP area), was significant.



302 O. Huxhold et al. / Brain Research Bulletin 69 (2006) 294–305

between cognitive processing demands and postural control
[11,51,68,69] by providing direct empirical support on the basis
of an experiment with monotonically increased levels of cogni-
tive demands and individual differences in attentional capacity.
Furthermore, the contrast between young and old adults con-
firms that individual differences in attentional capacity modulate
the point at which a given level of cognitive demands change
from being beneficial or detrimental for postural control.

Several authors have argued that the U-shaped relation
between cognitive demand and postural sway might reflect the
level of arousal associated with the secondary cognitive demand
according to the Yerkes–Dodson law [11,51,69]. According to
this interpretation, low cognitive demands increase the level
of arousal in a way that triggers optimal postural sway regu-
lation, whereas high cognitive load leads to higher levels of
arousal that are suboptimal, causing deterioration of perfor-
mance. Studies contrasting directly indicators of arousal, such
as skin conductance and heart rate, in single-task and dual-task
situations, however, have provided mixed results, with incre-
ments [4,10,29], decrements [10], or no changes [29] in arousal
as a function of cognitive demand. Furthermore, a correlational
analysis aimed at linking the level of arousal to the amount of
COP displacements across a trial-length of 75 s did not reveal
any significant relationship between the two [29]. Considering
these results together, we refrain from an arousal-based expla-
nation for the U-shaped dual-task interaction, although our data
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ondary task with a given level of cognitive demand may have
different functional effects on individuals that differ in their
amount of attentional resources. Due to older adults’ more lim-
ited attentional capacity, the cognitively more demanding 2-back
working memory tasks resulted in attentional resource compe-
tition between cognition and postural control performance, and
consequently affected postural control negatively. In contrast,
due to their relatively higher level of cognitive capacity, young
adults did not experience increasing resource competition with
the same nominal level of cognitive demands and their postural
performance was not impaired under the dual-tasking condi-
tions.

As for the notion that variations in stimulus and response
modalities of the secondary cognitive tasks might play a major
role in affecting in COP displacements in old adults under dual-
task conditions, our results provide little support for it. For
instance, in older adults, postural sway increased significantly
from simple choice response to the more demanding 2-back
working memory tasks although stimuli and response modal-
ities were identical for the two tasks (i.e., 22 button presses
per trial). Furthermore, in contrast to earlier results [17,32], our
results do not suggest that the interference between postural
control and cognition is modality specific. Spatial processing
did not influence postural control to a greater degree than verbal
processing. Rather, our results support the hypothesis that cog-
nitive tasks with similar levels of attentional demands also have
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annot directly rule out this possibility.
In our view, the results of the present study suggest a dual-

rocess account of the relation between postural sway and cog-
ition. The first process is associated with the decreasing part of
he U-shaped interaction, or put differently, the beneficial range
f the secondary task. Given low cognitive demands, secondary
ognitive activities improve postural performance by shifting the
ocus of overt attention away from a highly automatized activ-
ty. In line with previous findings [35,53,78], we found that a
oncurrent perceptual task of low cognitive demand decreased
ostural sway in both age groups in contrast to a simple standing
ondition. In the stand-only condition, participants adopted an
nternal attentional focus trying to control their postural sway
n a conscious manner. According to the hypothesis of con-
trained action [77], focusing attention on a highly automatized
ehavior such as postural control interferes, rather than helps,
he automatic control processes. In contrast, an external focus of
ttention, which is provided by the secondary perceptual task,
nables the postural control system to self-organize automat-
cally. Therefore, postural sway decreased in our experiment
hen a perceptual task of low cognitive demand was added.
The second process determines primarily the rising part of the

-shaped interaction. Given high demands of a secondary cog-
itive task, cognitive activities hinder postural control through
ross-domain resource competition. In older adults, the benefi-
ial effect of the secondary task in providing an external focus of
ttention was overtaken by the negative effect of resource com-
etition as the cognitive demand of the secondary task increased.
ontrasting the results of young and older adults underscores

hat the effects of cognitive demand on postural control should
e considered in relative rather than absolute terms. A sec-
imilar effects on sensorimotor processes (cf. [8,25,78]). Future
tudies with sufficient statistical power should examine in more
etail to what extent stimulus and processing modalities nested
ithin demand levels influence the direction and strength of

ffects on postural performance. In our view, the difficulty (i.e.,
emand level) of the cognitive task plays a fundamental role in
haping the dual-task relation between cognition and postural
ontrol. At the same time, the focus of attention and individ-
al differences in attentional capacity need to be considered
s well.

Mitra and Frazier [40] contrasted dual-task performances
cross conditions in which participants were either instructed
o give equal emphasis to postural control and cognitive perfor-

ance or to focus exclusively on the cognitive task. They found
hat even with increasing cognitive load less postural sway was
bservable in the equal-emphasis condition than in the focus on
ognition condition. At first glance, these results seem to contra-
ict the general notion that it is maladaptive to allocate attention
n highly automatized postural control process. However, the
pecific effect of instruction reported by Mitra and Frazier [40]
ight be limited to a dual-task situation in which postural con-

rol and cognition compete for limited attentional resources (i.e.,
he rising part of the U-shaped interaction). Unfortunately, the
resent study does not address the issue of deliberate alloca-
ion of attentional resources to either one of the two domains
f functions. The suggested dual-process model would predict,
owever, that the effect of instruction would depend on the indi-
idual’s position on the U-shaped function. In the beneficial
ange of the secondary task by postural control interactions, a
ocus on the sensorimotor performance should increase COP
isplacements. In the range of attentional resource competition,
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however, a focus on postural control would decrease postural
sway by simultaneously sacrificing performance on the cogni-
tive task (e.g., [40]).

A natural extension from our results is to experimentally
manipulate the sensorimotor demand in dual-tasking postural
control in order to gain a more complete understanding of the
complex postural control and cognition interaction. Including
postural constraints into future study designs may clarify why
the young adults in our sample did not show an increase in
postural sway with increasing cognitive demands. One possible
reason is that the levels of cognitive demands used in our study
were not difficult enough for young adults to show effects of
attentional competition when performing a rather natural, easy
postural control task, i.e., simple standing. A number of studies
have shown that increasing the difficulty of the postural task does
increase the probability of attentional resource competition (e.g.,
[9,19,50,68,79]). Future studies should, therefore, examine the
postural control system of healthy young adults under condi-
tions of higher levels of dual-task demands to explore its limits.
Perhaps, simple standing is so highly automatized in young
adults that increasing the cognitive load might be insufficient to
tax their postural control system. Therefore, other experimen-
tal paradigms such as walking on a narrow track [23,25] may
be needed to increase the demand characteristics of the postu-
ral task to observe dual-task in postural control among young
adults. Note that significant dual-task costs in cognitive perfor-
m
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demands and postural constraints needs to consider appropriate
levels of age-comparative manipulations.

5. Conclusion

The results of the present study suggest a dual-process
account of the relation between postural sway and cognition.
Firstly, cognitive activities improve postural performance by
shifting the focus of attention away from a highly automatized
activity. Beneficial effects are more easily observed at low levels
of cognitive task difficulty because such levels are sufficient to
shift attention away from the postural domain without causing
resource competition. Secondly, cognitive activities hinder pos-
tural control through cross-domain resource competition. Thus,
detrimental effects are found only at higher levels of cogni-
tive task difficulty, when resource competition actually sets in.
Accordingly, the transition from beneficial to detrimental effects
occurs at lower levels of nominal task difficulty for individuals
with lower task-relevant resources such as older adults than for
individuals with higher task-relevant resources such as young
adults. Future studies need to study and identify the nature and
interactions among mechanisms that mediate effects of attention
on bottom-up and top-down components of postural regulation.
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ance have been found even in young gymnastics experts when
hey were standing on one leg [68].

Moreover, the perceived sensorimotor challenge might deter-
ine to some degree whether attentional resources are invested

nto postural control or into cognitive performance during dual-
asking. Patterns of resource allocation may also differ by age.
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