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Abstract Simultaneous performance of a postural and a
concurrent task is rather unproblematic as long as the pos-
tural task is executed in an automatic way. However, in si-
tuations where postural control requires more central
processing, cognitive resources may be exceeded by the
addition of an attentionally demanding task. This may lead
to interference between the two tasks, manifested in a
decreased performance in one or both tasks (dual-task
costs). Owing to changes in attentional demands of postural
tasks as well as processing capacities across the lifespan, it
might be assumed that dual-task costs are particularly pro-
nounced in children and older adults probably leading to a
U-shaped pattern for dual-task costs as a function of age.
However, these changes in the ability of dual-tasking pos-
ture from childhood to old age have not yet been system-
atically reviewed. Therefore, Web of Science and PubMed
databases were searched for studies comparing dual-task
performance with one task being standing or walking in
healthy groups of young adults and either children or older
adults. Seventy-nine studies met inclusion criteria. For
older adults, the expected increase in dual-task costs could
be confirmed. In contrast, in children there was only feeble
evidence for a trend towards enlarged dual-task costs. More
good-quality studies comparing dual-task ability in
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children, young, and, ideally, also older adults within the
same paradigm are needed to draw unambiguous conclu-
sions about lifespan development of dual-task performance
in postural tasks. There is evidence that, in older adults,
dual-task performance can be improved by training. For the
other age groups, these effects have yet to be investigated.

Key Points

Older adults show age-related decreases in the
performance of postural tasks under dual-task
conditions.

The limited literature available suggests a trend
towards larger dual-task costs (i.e., decreased
performance in one or both tasks) in children
compared with young adults.

More studies comparing several age groups within
the same paradigm are needed to obtain a conclusive
picture of the development of postural dual-task
ability across the lifespan.

1 Introduction

Everyday life involves numerous situations in which a
postural task is performed concurrently with a second task
such as walking and carrying a tray with glasses or while
talking on the phone. In general, these so-called dual-task
(DT) situations are considered rather unproblematic, i.e.,
they do not constitute a risk for falling, provided the pos-
tural task is executed in an automatic way and thus requires
little cognitive resources. However, in situations where
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more attentional resources are needed or where attentional
capacities are limited, even seemingly simple motor skills
may become problematic when performed simultaneously
with an attentionally demanding task. The addition of a
concurrent task increases the overall attentional demands
and may lead to interference between the two tasks if
processing capacities are exceeded, manifested in a
decreased performance in one or both tasks. In the case of
postural tasks or during walking this may, at worst, result
in a fall. Children and older adults are particularly exposed
to such risks as postural tasks have been shown to consume
more attentional resources in these age groups while these
resources are limited compared with young adults [1]. For
older adults, age-related differences in DT performance of
postural tasks have been shown repeatedly (see Boisgontier
et al. [2] for review) whereas much less research has been
carried out on this topic in children. However, children and
older adults show many parallels in the control of postural
tasks.

Postural instability and the incident rate of falls are
increased in both children and older adults compared with
young adults [3]. It is assumed that this relies at least in
part on differential postural control strategies and altered
weighting of sensory input [4—6]. Furthermore, the level of
automaticity when processing posture-related information
is considered to be an important indicator for walking and
standing performance and the occurrence of future falls [7,
8].

In general, postural control and walking abilities are
considered to be developed during childhood and adoles-
cence, reach their maxima in young adults, and thereafter
progressively decline with age (and sedentary behavior).
Many systems critical for postural control, including sen-
sory systems (visual, somatosensory, and vestibular),
musculoskeletal systems, central processing, and neural
pathways are developed during childhood and still matur-
ing during adolescence [6, 9, 10]. However, it is well
known that normal aging is accompanied by a decline in
the integrity of these same systems [11, 12].

Some aspects of reactive balance control seem to be
effective soon after birth. For instance, the magnitudes of
head postural responses of 3-day-old infants were shown to
be sensitive to optic flow velocity [13]. This strong
dependency on visual input for postural control remains
during early childhood, nicely demonstrated for example
by the moving room experiments initiated by Lee and
Aronson [14]. This dependency on visual information and
the resultant susceptibility to a manipulation thereof has
been explained by the fact that the somatosensory system
has not yet been properly ‘calibrated’ in the infant [6].
With increasing age, the somatosensory system becomes
more reliable and is gradually integrated in postural control
[9]. Nevertheless, it has been shown that adolescents are
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still less efficient than young adults in integrating available
somatosensory information to improve postural control [9,
10]. Interestingly, older adults also exhibit stronger
dependency on visual input than young adults when tested
in the moving room, possibly owing to an age-related
reduction in proprioceptive feedback [15]. Therefore, it is
hardly surprising that during walking, DT costs, i.e., the
reduction in performance due to the execution of a con-
current task, are especially pronounced in the older adults
when concurrent tasks are chosen that require substantial
visual processing [16, 17].

Besides the deficits in the sensory systems, the ability to
efficiently select and weight sensory inputs seems to be
particularly affected by age [9, 11, 18, 19]. Both children
and older adults show impaired postural control when the
number and/or the quality of sensory inputs is reduced
leaving less redundancy of sensory information [6]. It was
shown that if the inputs from the visual and the
somatosensory systems are experimentally reduced so that
the main sensory input is coming from the vestibular sys-
tem, both young children and older adults have difficulties
with balance [6]. Furthermore, compared with young
adults, children and older adults show particular deficits in
the ability to resolve sensory conflicts [6, 12]. In contexts
requiring a fast reweighting of sensory inputs due to sud-
den changes in the sensory environment, these limitations
may increase the risk of losing balance [11, 20], especially
in situations where insufficient attentional resources are
available for or allocated to the postural task [21].

Another parallel in children and older adults might be
the reduced ability to activate muscle synergies. It takes
several months to years until children display adult-like
muscle synergies while reacting in response to external
perturbations [22]. Muscle synergies during anticipatory
postural control develop even later: Nashner and col-
leagues [23] assume that it takes 4-6 years to acquire
adult-like anticipatory postural adjustments. Before coor-
dinated muscle synergies are established, increased tonic
unspecific co-activation can be observed in children [6,
22]. This is similar to the mechanisms displayed in older
adults, in whom loss of synergistic activity is accompanied
by increased co-contraction [24]. Concerning muscular
activity during gait, several studies indicated intense co-
activation of leg muscles, resulting in greater stiffening of
leg joints in the older adults (e.g., [25]). Recently, it was
assumed that the increase in co-activation in older adults
compared with young adults is at least partly due to dif-
ferences in motor cortical control [26]. With increasing
age, the level of cortical reciprocal inhibition is reduced or
even absent [27]. This means that in older adults, the
afferent input to the agonist muscle does no longer lead to a
reduction in corticospinal output of the antagonistic mus-
cle, probably favoring an elevated co-activation. Similarly,
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the silent period, indicating gamma-aminobutyric acid-B
mediated cortical inhibition, was shorter in older adults
during challenging coordination tasks [28]. Finally, short-
interval intracortical inhibition, representing gamma-
aminobutyric acid-A mediated cortical inhibition, was
reported to be less pronounced in older adults compared
with young subjects [26, 29]. It was highlighted that the
decrease in short-interval intracortical inhibition was
especially pronounced during challenging postural tasks
and was negatively correlated with postural stability [29].
All these studies indicate that aging causes a reorganization
of cortical motor control, leading to a decrease in cortical
inhibition and a subsequent increase in cortical activation.
It is assumed that these changes in motor (cortical) control
affect not only the performance of the postural task but also
DT performance [2]. Moreover, these age-related changes
may often not be detected during single-task performance
but appear more clearly when a second task is performed
concurrently, requiring additional (cognitive) resources
[30].

In children, we are not aware of any studies measuring
cortical activation and inhibition during postural tasks or
during walking. However, the emerging picture obtained at
rest or during non-postural motor tasks is very similar to
that of older adults showing reduced inhibitory processes at
the cortical level. Garvey and colleagues [31] reported
shorter silent periods in children than young adults. With
maturation, the silent periods increased and motor task
performance, i.e., finger tapping speed, increased. Several
studies indicate that short-interval intracortical inhibition is
also reduced in children [32, 33]. Interestingly, lower short-
interval intracortical inhibition is especially prominent in
children with attention-deficit/hyperactivity disorders
(ADHD) [34] and children born very preterm [35]. In
comparison to healthy peers, children with ADHD and
children born preterm demonstrate delayed motor skill
development [34, 35].

In summary, there is good evidence that motor strategies
for posture and walking change across the lifespan. Fur-
thermore, motor (cortical) control is different in older adults
and children compared with young adults and pathological
states further increase these differences. In general, inhibi-
tory processes at the cortical level seem to be less pro-
nounced while cortical activity is facilitated. The greater
supraspinal activity is often considered as a compensatory
strategy to counteract less automatic motor control [2].
However, this allocation of additional resources to ensure
postural control and stable walking may have unfavorable
consequences as these cognitive resources may no longer be
available for other activities. Thus, if the allocation of
attentional resources to one particular task A is increased,
concurrent performance of a task B is more likely to cause
interference. Interference due to less automatic

performance of motor skills may therefore be an important
contributor to age-related differences in DT performance.
However, the total processing resources that are available
for task execution also vary across the lifespan and may
further aggravate age-related differences in DT perfor-
mance. In older adults, processing capacities are declined

compared with young adults [36]. Furthermore, when
attention needs to be divided, older adults appear less able
to allocate available resources in an optimal way [36, 37].
Not only older adults but also children show reduced
processing capacities compared with young adults. While
in older adults this is due to deteriorations in the func-
tioning of the neural system, in children, these cognitive
functions are not yet fully developed [38, 39].

Based on the above-mentioned studies displaying age-
specific motor control strategies and differences in the total
amount of processing resources, we assumed greater DT
costs in older adults and in children compared with young
adults.

For older adults, a recent review article indeed points in
this direction but emphasizes that these differences are
mainly apparent when considering challenging postural
tasks [2]. Similarly, DT costs during walking seem to be
enhanced in older compared with young adults when the
task demands are high; especially when the concurrent task
requires considerable visual processing [16, 17, 40]. For
children, no (systematic) review articles are available, yet,
and the results of different studies are divergent. However,
the only study that compared DT costs in children, young
and older adults, so far, found a U-shaped relation of DT
costs with age [41].

The aim of the present review is to identify age-related
changes in standing and walking performance under DT
conditions. To this end, we systematically reviewed liter-
ature comparing young adults’ performance with that of
either older adults or children. A special emphasis was
placed on children as this age group has not been sys-
tematically reviewed yet. For the analysis, we chose a
novel approach that allowed us to include a large number
of studies. In an additional section, we elaborate the
question if and how DT ability can be trained.

2 Methods
2.1 Search Strategy

Electronic bibliographic databases PubMed and Web of
Science were searched up to October 2014 for relevant
articles. The following combination of search terms was
used in both databases: (balance OR postur* OR gait OR
walking OR locomotion) AND (dual task*) AND (age OR
age* OR aging OR elderly OR old* OR senior OR child*
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OR adolescent). Additionally, references found in retrieved
articles were checked for eligibility. Only English language
original articles were considered for this review.

2.2 Study Selection

The objective of this review was to assess the effect of
normal development across the lifespan on DT abilities.
Thus, all studies comprising patient groups (e.g., Parkin-
son’s disease, Alzheimer’s disease, dementia, diabetes,
ADHD, dyslexia, concussion, vestibular disorder, balance
or cognitive impairment) were excluded.

Dual-task studies vary widely with regard to the design
(e.g., type and difficulty of the postural/concurrent task,
measurement of single-task performance, variables mea-
sured, instructions, statistics) making it very difficult and
inappropriate to directly compare results of different
studies. For instance, DT costs in study A performed in
young adults cannot be compared to DT costs of older
adults in study B. To be able to draw valid conclusions
about age-related differences in DT performance, we
therefore only included studies in this review in which at
least two different age groups, one being young adults,
were evaluated within the same study design.

Studies were included if one task was either a standing
or a walking task. The walking task was restricted to
‘normal’ walking. Studies with tasks such as obstacle
crossing, stepping tasks, or stair ambulation were excluded
as no such studies exist in children. Furthermore, to assess
DT effects, only studies evaluating at least the postural task
under both single- and dual-task conditions were included
in this review. Because of the fact that in many studies
comparing children with adults, single-task performance of
the concurrent task was regrettably not measured, the
absence of this criterion did not lead to exclusion of the
study. For the same reason, i.e., to include as many studies
with children as possible, no further exclusion criteria, in
particular regarding study quality, were applied.

2.3 Data Collection

The above-mentioned large variety of study designs across
DT literature leads to considerable differences in the type
of results reported. Not only do they derive from various
tasks and various parameters measured but they also differ
in the way they were calculated and reported. For instance,
diverse statistics are used to assess age-related differences
in DT performance, such as a significant difference
between age groups in the absolute or relative differences
between single-task and DT performance, or a significant
interaction effect of age group and condition (single-task
vs. DT) in an analysis of variance. Effect sizes were often
not reported.
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Because of these facts and the large number of studies
included in this review, the application of a conventional
synthesis method or even a meta-analysis was not possible.
We therefore chose a different, more global approach for
the present review: First, all included studies were scanned
for reported significant age-related differences in DT per-
formance. Such age-related differences in DT performance
can result from a decreased performance under DT con-
ditions compared with single-task conditions in one group
and not in the other or in both groups but significantly more
in one group, or, conversely, from an improvement under
DT conditions only or significantly larger in one group.
Second, numerous studies measured and reported several
parameters for one task but often found significant age-
related differences in DT performance only for some of
them. To allow for this fact, the number of variables for
which a significant age-related difference in DT perfor-
mance was found is always reported relative to the number
of variables measured in the respective study. Third, we
classified the results into five age ranges. The ranges were
defined as follows: (a) young children under the age of
8 years, (b) older children aged between 8 and 13 years,
(c) young adults aged between 19 and 35 years that served
as the reference population, (d) younger old aged between
60 and 69 years, and finally (e) older old, 70 years and
older. The determining factor for the classification was the
mean age of the groups. Furthermore, we distinguished
between studies that had standing as the postural task and
those which had walking as the postural task. Fourth, the
distribution of the studies was tested for effects of postural
task type or age by means of Pearson’s Chi-square tests.
Separate tests were run for both factors (type of task and
age) and for age-related differences in DT performance on
the postural and the concurrent task. Fifth, owing to the fact
that age-related differences in DT performance between
children and young adults have not been reviewed in detail
yet, a special emphasis was placed on the children part.
Specifically, the effect of age (young children vs. older
children), the type of tasks, and the difficulty of the tasks
were examined in more detail.

3 Results

The database and reference search identified 963 records
for screening. After applying the exclusion criteria, 79
studies were included in this systematic review, of which
70 compared older adults with young adults. Only ten
studies were found that compared children with young
adults. One study [41] included all three age groups, [41]
and therefore appears in both categories. To attempt to
increase the very limited number of children studies iden-
tified through the first search in October 2014, a second
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search was conducted only for children studies in January
2015. This second search identified one additional study.
The detailed procedure of study selection is depicted in
Fig. 1. The studies including older adults are listed in
Fig. 2, those including children are listed in Table 1 and
Fig. 3.

3.1 Absolute vs. Relative Performance

It is important to note that, in absolute terms, both children
and older adults generally performed worse than young
adults in both the postural and the concurrent task. This is
true for virtually all studies, task types, and parameters
evaluated. The focus of this review lies on age-related
effects on the differences between single-task and DT
performances (DT performance relative to single-task
performance). Only such effects will be reported and dis-
cussed in the following sections.

3.2 Age-Related Differences in Dual-Task
Performance Between Older Adults and Young
Adults

In Fig. 2, all the studies that compared older adults with
young adults are classified by the percentage of dependent
variables for which significant age-related differences in
DT performance were found for both the postural and the
concurrent task. The studies are further classified by the
postural task being standing [21, 30, 42-72] or walking
[17, 40, 41, 52, 73-106] and the mean age of the subjects
(60-69 vs. 70 years or older).

The distribution of the studies was found to be the same
for both postural task types and both age groups, »*
(4) <32, p>0.05 for all tests. Therefore, subsequent
results are averaged across tasks and age groups. Similarly,
studies including both younger old and older old found no
differences between these two age groups [59, 96, 105].
They are listed separately for younger old and older old in
Fig. 2 but will for subsequent analyses be regarded as one
cohort. One study [52] included both a standing and a
walking task that will be regarded as two different results.

Regarding the postural task, 38 % of the studies reported
better relative DT performances in young adults compared
with older adults for at least half of the variables, 18 %
found better relative performances in some but fewer than
half of the variables. In 35 % of the studies, no significant
age-related differences in DT performance were found for
the postural task, while older adults outperformed young
adults in only 9 % of the studies.

With respect to the performance of the concurrent task,
the distribution is different. Twenty out of the 69 studies did
not report DT effects for the concurrent task, either because
concurrent task performance was not measured at all or not

measured under single-task conditions. Of the remaining
studies, 18 % found age-related differences in DT perfor-
mance in favor of the young adults in at least half, 10 % in
less than half of the variables measured. Contrary to the
performance in the postural task, most studies (70 %) found
no differences between older and young adults for the rel-
ative DT costs in the concurrent task. Only one study (2 %)
reported age-related differences in DT performance in favor
of older adults for the concurrent task.

This pattern of older adults tending to show more DT
costs than young adults for the postural task but similar
costs for the concurrent task also becomes apparent when
looking at Fig. 2. The largest number of studies appears in
the field representing no age-related differences in DT
performance for the concurrent task but age-related dif-
ferences in DT performance in favor of the young adults
for the majority of the assessed parameters for the postural
task (31 % of the studies reporting results for both tasks).
Sixteen percent of the studies found a better DT perfor-
mance in at least some of the parameters for both postural
and concurrent task. Nevertheless, the field with the second
largest number of studies (24 %) is the center field, rep-
resenting studies which found no age-related differences in
DT performance for either task. The number of studies that
indicated a relatively better DT performance in older adults
compared to young adults, on the other hand, is very lim-
ited. In total, five studies (10 %) found a better perfor-
mance in older adults for the postural task while for the
concurrent task there is only one study.

3.3 Age-Related Differences in Dual-Task
Performance Between Children and Young
Adults

A detailed description of the studies comparing DT per-
formance in children and young adults and the corre-
sponding results are provided in Table 1. Additionally,
Fig. 3 graphically illustrates the results, in the same way as
Fig. 2 demonstrates for older adults. We here differentiated
between young children (aged <8 years) and older children
(aged 8-13 years).

As opposed to older adults, only very few studies
investigated age-related differences in DT performance
between children and young adults. Five studies were
identified for standing [107-111] and five studies for
walking [41, 112-115] as the postural task. Half of these
ten studies did not report DT effects on performance of the
concurrent task, four of them using standing as the postural
task. This means that there is only one study with standing
as the postural task that reported results for DT perfor-
mance in both the postural and the concurrent task. As a
result, it was not possible to differentiate studies according
to the type of postural task. It should further be mentioned
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Fig. 1 Flow chart of the
systematic study selection
procedure. The reasons for
exclusion were: No age
comparison the study did not
compare different age groups;

Additional records identified through
references of retrieved articles

English language records identified
through database searching
n=1,543

No results no results are
reported; Other study was not
eligible for other reason;
Patients the study included
patient group(s); Task no
standing or walking task; Type v

n=9 (PubMed, n = 616; Web of Science, n = 927)
> Duplicates
n =589
A 4 e N

publication type was not
original article (e.g., review

Records for title and abstract screening

Records excluded

article); Variables no n =963 n =811
appropriate variables measured )
or postural task not measured - Patients, n = 4Q1
under both single- and dual-task - No age comparison, n = 220
conditions. See text for details - Y N - gzz ':1 _= 1758
on exclusion criteria Full-text articles assessed for eligibility -No résults, n=1
n=152 - Other, n = 96
\ J
r Y N Full-text articles excluded
Studies included n=73
L n=79 ) - Task, n =35
- Variables, n = 20
-Type,n=6
v - No age comparison, n =6
( ) - Patients, n = 2
Children Older adults Both - No results, n = 1
n=9 n=69 n= - Other,n=3
. J . J

that four of the studies with standing as the postural task
had rather small sample sizes (n < 10).

Not taking into account differences between young
children and older children, six out of ten studies found
age-related differences in DT performance in favor of
young adults for the postural task, two found no age-related
differences in DT performance, and two reported a rela-
tively better performance in children. Regarding DT per-
formance in the concurrent task, no study showed a better
performance in children compared to young adults. How-
ever, only two studies found a better performance in young
adults, both with walking as the postural task. As men-
tioned before, half of the studies did not provide results on
concurrent task performance. In the following sections,
these results will be analyzed in more detail with regard to
effects of age and task type.

3.3.1 Young Children vs. Older Children
The overall picture regarding differences between young
children and older children is not clear. Studies with young

children tend to be more on the left side in Fig. 3, indi-
cating a worse performance compared to young adults,
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while studies with older children tend to be more evenly
distributed. However, the only study [41] that found a
significantly worse DT performance in children compared
with young adults in more than half of the variables mea-
sured, both in the postural and the concurrent task, exam-
ined older children (though the differences were only
apparent in 9-year-old children and not in 11-year-old
children). Additionally, the study with the oldest children
(aged 12-13 years) [109] found that they performed worse
under DT condition than young adults. Altogether, there
are too few studies with too heterogeneous designs to allow
conclusions about differences between young children and
older children. We therefore analyzed the four studies that
included both age groups [108, 110, 113, 115]. For the
postural task, older children outperformed young children
in three out of these four studies, one study found no dif-
ference [115]. For performance of the concurrent task, one
study found no difference between the two groups [115].
The only other study measuring concurrent task perfor-
mance revealed that young children performed better than
older children during an easy postural task (level walking)
but no differences were observed for the more difficult
postural task (obstacle crossing) [113].
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Fig. 2 Age-related differences in dual-task (DT) performance (ARD)
between young (YA) and older adults (OA). For each study (identified
in the figure by its reference number), the number of dependent
variables for which significant ARD were found, either in favor of the
YA or the OA, were expressed as a percentage of the total number of
variables reported, separately for the postural (columns) and the
concurrent task (rows). For each task, the studies were then classified
into five ranges: no ARD (0 %), ARD in less than 50 % of the
variables, and ARD in 50 % or more of the variables, the latter two
with a relatively better DT performance either in YA or in OA. For

3.3.2 Effect of Postural Task Type

For standing as the postural task, it is difficult to draw
conclusions about the effect of task type and the task
complexity. The only study [111] using a dynamic balance
task, namely standing on a wobble board either on stable
ground or on a moving platform, found age-related dif-
ferences in DT performance in favor of the children. All

instance, the fop left field lists the studies that found a significantly
better DT performance in YA compared with OA in at least 50 % of
the variables measured, both in the postural and the concurrent task.
The studies are further classified by the postural task being standing
(S) or walking (W) and the mean age of the older subjects
(underlined = 60-69 years; not underlined = 70 years or older).
NA no results for DT performance in concurrent task available. *
data from the same study and same subjects; b age group not clear
(mean age not reported, subjects aged between 65 and 75 years)

other studies used a static semi-tandem stance (one foot
behind the other with the big toe of the rear foot touching
the side of the heel of the front foot) as the postural task,
which might be considered easier than the dynamic balance
tasks mentioned above. They found either no significant
age-related differences in DT performance [107] or age-
related differences in DT performance in favor of young
adults [108-110]. One study additionally tested the
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Fig. 3 Age-related differences
in dual-task (DT) performance

Postural task

(ARD) between young adults
(YA) and children (C). For each

YA <+— Betterrelative DT performance in — OA

study (identified in the figure by
its reference number), the

Percentage of variables with significant age differences

number of dependent variables
for which significant ARD were

250 %

<50 % 0 % <50 % 250 %

found, either in favor of the YA
or the C, were expressed as a
percentage of the total number
of variables reported, separately
for the postural (columns) and
the concurrent task (rows). For

=50 %
=
A

W: 113

each task, the studies were then
classified into five ranges: no
ARD (0 %), ARD in less than
50 % of the variables, and ARD
in 50 % or more of the

w

<50 %
=

variables, the latter two with a
relatively better DT
performance either in YA or in
C. For instance, the top left field
lists the studies that found a
significantly better DT

S: 111
W: 115,
115

W: 114

performance in YA compared
with C in at least 50 % of the
variables measured, both in the
postural and the concurrent task.
The studies are further classified
by the postural task being

Concurrent task

<50 %

standing (S) or walking (W) and
the mean age of the C groups
(underlined = young

C, <8 years; not

underlined = older C,

OA <«— Better DT relative performance in — YA
Percentage of variables with significant age differences
0 %

250 %

8-13 years). NA no results for
DT performance in concurrent
task available

NA
=
I3

subjects in a wide stance task, which is easier to perform
than the semi-tandem stance [110]. Interestingly, compared
with young adults, young children showed worse perfor-
mance under DT conditions in this easier standing condi-
tion. Application of Achilles tendon vibration [107, 108],
standing on a foam instead of a firm surface [109], and
standing on a wobble board that is on a moving rather than
a stable platform [111] had no effect on age-related dif-
ferences in DT performance.

Of the studies using a postural walking task, two used a
task that differed from normal walking. The first consisted
of walking while crossing an obstacle [113], the second
consisted of walking on a narrow track [41]. The former
found a small effect of task difficulty in that young children

and not young adults showed DT costs for the concurrent
task but only for the more difficult obstacle crossing task
and not for normal walking. For older children as well as
for performance of the postural task, no effects owing to
task difficulty were found. In the latter study, 9-year-old
children performed worse than young adults under DT
conditions in both postural and concurrent task, 11-year-
old children did not. Of the three studies using ‘normal
walking’ tasks, one showed no age-related differences in
DT performance [114], one showed age-related differences
in DT performance in favor of young adults [112], and one
showed age-related differences in DT performance in favor
of young children and older children with a simple DT
[115].
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3.3.3 Effect of Concurrent Task Type

Five studies used a concurrent task that involved the visual
system (three used a Stroop test [107-109], one used a
visual working memory task [110], and one used a visually
presented n-back task [111]), all of them concurrently with
a standing task. In two of them [107, 110], young children
performed worse than young adults in the postural task (DT
effects were not measured for the concurrent task), in one
[111] older children outperformed young adults only in the
postural task, the other two studies showed no age-related
differences in DT performance. Two other, non-visual,
concurrent tasks were used in combination with standing as
the postural task. Using a backward counting task, one
study [109] found a decreased performance in older chil-
dren compared with young adults in the postural task (DT
effects not measured for concurrent task). In the same
study, no age-related differences in DT performance were
found with a Stroop task. With an episodic memory task
using the method of loci, Schaefer and colleagues [111]
found age-related differences in DT performance in favor
of older children compared with young adults for perfor-
mance of the postural task only. No difference between this
episodic memory task and a visual n-back task was found.

In two further studies, an auditory n-back task was used
concurrently with walking as the postural task. While one
[114] found no age-related differences in DT performance
for either task, the same group found, in another study
[115], an increase in walking regularity from single-task
walking to walking while performing a 2-back task in
young children and older children but not in young adults.
However, when performing a 3-back task, both young
children and older children became more irregular again.
No effects were found for young adults or for performance
in the concurrent task in this study. Only one study
investigated age-related differences in DT performance
between children and young adults using motor concurrent
tasks [112]. Two simple and two complex tasks were used
during walking at a preferred speed. The simple tasks
consisted of holding an empty pitcher and carrying an
empty tray. The complex tasks were holding a filled pitcher
and carrying a tray with a cup on top. The authors found
more age-related differences in DT performance for
walking in favor of the young adults for the complex DTs
(7/7 variables) than for the simple DTs (2/7). Performance
of the concurrent tasks was not measured.

4 Discussion
The aim of the present review was to assess differences in

the performance of standing and walking tasks under DT
conditions across the lifespan. Studies comparing young

@ Springer

adults’ DT performance to that of children and older adults
were systematically reviewed.

4.1 Young Adults vs. Older Adults

The results of the studies comparing DT performance of
young adults and older adults show that older adults tend to
perform worse under DT conditions than young adults.
More than half of the studies included in this review found
age-related differences in DT performance in favor of the
young adults for performance of the postural task, for the
concurrent task, 28 % did so. Very few studies found older
adults to perform better than young adults. However, more
than a third of the studies found no age-related differences
in DT performance between older and young adults for
postural task performance and 70 % for concurrent task
performance. These findings are in line with those of a
recent well-conducted review article on differences in
performance of postural DTs between young and older
adults [2]. Boisgontier and colleagues differentiated
between postural tasks in stable and unstable conditions
and found significant differences in DT costs between
young and older adults, with very few exceptions, only in
unstable conditions, although there often was a trend
towards higher costs in older adults also in stable condi-
tions. In that review, the authors only included studies that
reported postural and concurrent task performance in both
single- and dual-task conditions and concentrated exclu-
sively on balance tasks. The present review, having less
tight inclusion criteria and including not only standing but
also walking tasks, offers a less detailed but in return more
complete overview of studies investigating age-related
differences in DT performance of postural tasks. The
results confirm the general picture that older adults show
age-related deficits in DT performance compared with
young adults [2, 116]. Confirmation of previous findings is,
in fact, valuable as results of systematic reviews in the field
of DT studies are not always consistent. Different inclusion
criteria (e.g., population, tasks, and parameters) often lead
to divergent and even contrary results. Thus, the present
review being in line with previous results, despite the
different approach used, is good evidence for age-related
differences in DT performance between healthy young
adults and older adults.

One possible explanation for the fact that still an
important number of studies found no age-related differ-
ences in DT performance between young and older adults
is that the differences and/or the number of participants
were too small to reach significance. This explanation is
supported by the above-mentioned review [2] and is
especially evident for simpler tasks. Thus, the different task
difficulties used in the studies are another possible expla-
nation. It was shown that age-related differences are more
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pronounced in more complex DT situations [2]. It is con-
ceivable that age-related differences in DT performance in
simple DTs are too small to be detected. Alternatively, they
may not even be present at all because overall attentional
demands might not exceed processing capacities and
therefore cause no interference. Although task difficulty is
certainly an important point affecting DT performance, the
effect of task difficulty on age-related differences in DT
performance between young and older adults was not
evaluated in this review owing to the large number of
incorporated studies.

The general picture (Fig. 2) suggests that, relative to
young adults, older adults tend to prioritize the concurrent
task under DT conditions. The number of studies that found
age-related differences in DT performance in favor of the
young adults is larger for the postural than for the con-
current task. Furthermore, the field in Fig. 2 with the lar-
gest number of studies is the one representing studies that
reported no age-related differences in DT performance for
the concurrent task but significant age-related differences
in DT performance in favor of the young adults in more
than half of the parameters for the postural task. Shumway-
Cook and colleagues [65] hypothesized that posture would
be given a priority when performed concurrently with a
cognitive task, the so-called posture first model. However,
contrary to their hypothesis, they found in their study that
subjects prioritized the concurrent task. As a consequence
the authors suggested a modification to the model to
acknowledge the complexity of task prioritization. They
suggested that task prioritization was dependent on multi-
ple factors such as the type of the tasks, the goal, and the
instructions and that a pure posture first strategy is only
adopted in situations where postural stability is at risk. A
newer model proposed by Yogev-Seligmann and col-
leagues [117] follows the same lines but focuses more on
intrinsic factors such as one’s assessment of the individual
capabilities (postural reserve) and the postural threat
(hazard estimation). According to these models, the current
results suggest that the postural tasks used in the studies
were no threat to participant’s stability or not perceived as
such. At least, the overall results show no evidence for a
posture first strategy in older adults. There are studies
showing even more DT costs for the postural task in older
adults when the postural task becomes more challenging
while costs for the concurrent task remain stable [48, 67].
This suggests that even more challenging tasks, if not
perceived as a threat, do not lead to more attention being
allocated to the postural task. However, when interpreting
the results reported in the present review, one has to keep
in mind that they are relative differences in DT costs
between young adults and older adults rather than absolute
DT costs.

An important point regarding age-related differences in
DT performance is the fact that under single-task condi-
tions, older adults generally perform worse than young
adults in postural tasks. In other words, they perform closer
to their individual postural stability boundaries. As a con-
sequence, the same amount of interference, caused by the
concurrent performance of a concurrent task, can lead to a
highly increased risk of falling in older adults while it
poses no threat to postural stability of young adults. This
should not be neglected when talking about implications of
DT interference on everyday life.

4.2 Young Adults vs. Children

Compared with older adults, only very few studies exist
that investigated age-related differences in DT perfor-
mance between children and young adults. Moreover, half
of them (n = 5) had samples with no more than ten par-
ticipants per group. In addition, also half of the studies did
not assess single-task performance of the concurrent task,
which makes it impossible to calculate DT effects for this
task. Thus, in these studies, DT effects in the postural task
can only be interpreted with the reservation of possible
unknown changes in concurrent task performance. For both
of these limitations, i.e., small sample sizes and no
assessment of single-task performance of the concurrent
task, four of the five concerned studies used standing as the
postural task. This makes it difficult to draw valid con-
clusions for this type of task.

The distribution pattern of the studies comparing chil-
dren’s and young adults’ DT performance (Fig. 3) is not
clear-cut. If all studies are considered, the pattern roughly
resembles the one found for the comparison of young
adults and older adults (Fig. 2). However, if only studies
are considered that report DT costs for both the postural
and the concurrent task, there is no evidence for consistent
age-related differences in DT performance between chil-
dren and young adults. Not taking into account differences
between young children and older children, six studies
found children to perform worse under DT conditions
compared with young adults for postural task performance
(four of which did not report DT costs for the concurrent
task), while two studies found no age-related differences in
DT performance (one reporting DT costs for the concurrent
task). Interestingly, two studies reported a relatively better
DT performance in children compared with young adults.
For performance of the concurrent task, two of five studies
reporting DT effects found age-related differences in DT
performance in favor of the young adults, three found no
age-related differences in DT performance, while there is
no study showing a better performance in children com-
pared with young adults for the concurrent task.
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Results show a tendency for improvements with age in
children, at least for postural task performance. However,
no statement can be made as to the age at which children’s
performance reaches the level of young adults. There is, on
the one hand, a study showing that children aged
12-13 years still perform worse than young adults under
DT conditions [109] and, on the other hand, a study in
which children aged 7 years outperformed young adults, at
least under the simpler DT conditions [115].

As for effects of type or difficulty of the tasks, no
statement can be made. However, there was no evidence
for a systematic influence of task type or difficulty on age-
related differences in DT performance. Contrary to what
might be expected due to children’s strong dependence on
visual input for postural control, there also is no evidence
that children necessarily show larger performance decre-
ments with DTs that involve the visual system. However,
we need to note here that in all these studies the visual
concurrent task was combined with a standing postural
task. Dependence on the visual system and thus the influ-
ence of a visual concurrent task might be larger in walking
[40].

In summary, we can say that there is feeble evidence for
age-related differences in DT performance between chil-
dren and young adults in favor of the latter but only for the
postural task and only in some situations. Furthermore, DT
performance seems to be improved with age in children. To
obtain a clearer picture of age-related differences in DT
performance between children and young adults, further
high-quality studies are needed.

4.3 Dual-Task Performance Across the Lifespan

On the basis of age-related changes in motor control
strategies and cognitive resources we hypothesized to find
a U-shaped relation for DT costs as a function of age, with
higher costs in children and in older adults. For older
adults, our hypothesis was fully confirmed showing
increased DT costs in this age group compared with young
adults. For children, the influence of dual tasking has to be
clarified by further studies. So far, a slight trend towards
enlarged DT costs in children compared with young adults
can be assumed.

For older adults, it seems that processing of posture
becomes more cognitively controlled with aging and thus
recruits more attentional resources [2]. In the case of the
postural task being challenging and/or being combined
with an attentionally demanding concurrent task, the
required attentional resources may exceed older adults’
(limited) resources. Furthermore, even seemingly simple
tasks may be executed in a less automatic manner and
therefore demand more cortical involvement, further lim-
iting the available cognitive resources [2].

@ Springer

For children, similar mechanisms may be at work, i.e.,
lower cognitive resources and less automatic skill execu-
tion, but they are less well investigated. In contrast to older
adults, in whom deterioration of formerly efficient struc-
tures takes place, the reason for age-related differences in
DT performance in children are related to a not yet fully
developed (neural) system.

4.4 How to Improve Dual-Task Performance
in Different Age Groups?

So far, this systematic review illustrated the development
of standing and walking performance under DT conditions
across the lifespan. In this section, the influence of training
interventions on DT performance will be briefly (non-
systematically) outlined. Regrettably, owing to the lack of
studies investigating the effect of training on DT perfor-
mance in young adults and children, no comparisons
between different age groups could be made. This part will
therefore focus on training effects in older adults.

First of all, it is important to note that there is a general
consensus that DT performance can be improved by
training (as reviewed by several authors [118-123]).
However, results of existing review articles are not con-
sistent and depend on the inclusion criteria regarding for
instance the study populations (healthy vs. impaired) and
the type of the intervention (single-task vs. DT training).
When only considering reviews that exclusively included
healthy older adults and that differentiated between the
effects of single-task and DT exercises, two systematic
reviews [118, 122] showed differences in the effectiveness
of single-task and DT interventions on DT performance.
The first review came to the conclusion that single-task
training does not transfer to DT performance [118]. Simi-
larly, the second review by Wollesen and Voelcker-Rehage
[122] proposed that the best training effects on both cog-
nitive and motor performance under DT conditions can be
expected when performing a DT training, provided that
these DT interventions “include a certain level of exercise
load such as arising difficulties, a certain duration and level
of task specificity to gain task related adaptations, and
variable task prioritization of the training tasks”. However,
when taking into account not only healthy seniors but also
people with neurological impairments, Pichierri and co-
workers [119] could not identify advantages of a DT
training over a single-task training. Thus, health status may
greatly influence the responsiveness towards a training
program with DTs.

Two recent well-conducted studies [124, 125] in older
adults support and extend the findings of these systematic
reviews. The authors showed that training under single-task
as well as under DT conditions can be equally effective at
improving balance performance in single-task contexts.
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When a DT was added, however, only participants who
participated in the DT training showed improved perfor-
mance. As the ability to purposefully direct attention may
play an important role in the acquisition of DT coordina-
tion skills [126], the authors compared two different types
of DT interventions. The variable-priority group was
required to vary their priorities between the two tasks
(postural and cognitive tasks), whereas the fixed-priority
group was asked to equally emphasize both tasks. Only the
variable-priority group showed beneficial training adapta-
tions in gait speed under DT conditions after 2 weeks and
maintained these effects at a 12-week follow-up [124].
Thus, not only single-task vs. DT training may influence
the training outcome but also how subjects are instructed to
direct their attention during the execution of DTs. It is also
worth mentioning that improved DT skills are specific and
not necessarily transferable to a novel DT situation [125].
These studies, solely conducted in older adults, show
that depending on the training regime and the instruction,
DT performance is differently affected. The next important
step would be to compare these effects with training effects
in young adults or children. However, this is not possible
because of the lack of studies in the latter age groups. We
included this section to highlight this lack of knowledge.

4.5 Limitations

The present review is not without limitations. In an attempt
to give as complete an overview as possible, we included a
large number of studies. Because of this large number of
included studies, specifically with older adults, the
approach we chose is more global. Particularly, no detailed
analysis was performed in older adults with regard to the
effect of different task types and difficulties. In addition,
the results are reported from a more global perspective. We
did not evaluate absolute DT effects nor did we consider
whether they were costs (in terms of a decreased perfor-
mance under a DT condition compared with a single-task
condition) or an improvement in performance. We only
report age-related differences in these DT effects. Owing to
the fact that we classified the studies by the percentage of
the measured parameters for which significant age-related
differences in DT performance were found, the classifica-
tion of a study largely depends on the number of parame-
ters measured (reported). However, classification of the
study also clearly depends on the type of parameters
measured. This can nicely be shown using the example of
two papers reporting different results of the same well-
conducted study [88, 105]. The task consisted in walking
on a treadmill while performing n-back tasks. The first
paper about this study [88] reported results of spatiotem-
poral gait parameters (stride time and length, step width,
and velocity) and variability thereof. They found age-

related differences in DT performance for two parameters:
older adults reduced their variability of stride-length and
velocity from single-task walking to walking while per-
forming a 1-back task while in young adults this was not
the case. When working-memory load was further
increased (2-, 3-, 4-back), young adults rather reduced
variability in two parameters. This was not the case for
older adults but they still performed better under the 4-back
condition than under the single-task walking condition.
Summing up, older adults reduced variability under DT
conditions more than young adults in two out of eight
parameters, at least for the easiest cognitive task. The
second paper of the same study [105] investigated regu-
larity of whole-body movements using principal compo-
nent analysis; young adults and older adults showed similar
improvements in regularity from single-task walking to
walking while performing a 1-back task. However, young
adults further improved regularity with increasing diffi-
culty of the cognitive task, while older adults’ regularity
returned to single-task level. Both studies found no age-
related differences in DT performance of the concurrent
task.

This dependence on the choice of the parameters
measured is a basic problem when it comes to inter-
preting results of postural measures. There are a number
of further methodological issues that need to be consid-
ered when interpreting results of postural DT studies.
They have been discussed in a well-conducted review
article by Fraizer and Mitra [127]. In particular, they
place emphasis on the aforementioned fact that there is
still no consensus as to which parameter best describes
postural stability. Furthermore, changes in standing or
gait parameters under DT conditions do not necessarily
signify a decreased performance in terms of a more
unstable posture. Thus, the above-mentioned authors
concluded that “changes in postural sway may reflect
things other than changes in stability, especially under
unperturbed conditions when the system [is] far from
stability boundaries”. For instance, postural task execu-
tion can, in some cases, also facilitate performance of the
concurrent task [127].

Another important issue that is often disregarded is the
way in which baseline, or single-task, performance of the
postural task is measured. Often this is done in a ‘pure’
single-task condition with no cognitive task. This can be
dangerous as in this case we have no control over the
cognitive load because we do not know what the partici-
pant is thinking about. Changes in performance after
addition of an explicit concurrent task could be the result of
a change in the type of cognitive load rather than a simple
addition of cognitive load [127]. Moreover, changes in
postural performance could be due to a change in the focus
of attention. Focusing on a highly automated task such as
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standing or walking, as it is often the case in single-task
conditions, is rather unnatural. Directing participant’s
attention toward such a task may lead to a shift in the focus
of attention from an external to an internal focus. This in
turn can lead to changes in the postural control strategy and
consequently to changes in performance [128]. The addi-
tion of a concurrent task to such a ‘pure’ single-task could
draw participant’s attention away from the postural task
and thus lead to a more automatic (and possibly more
natural) postural control strategy. This can result in chan-
ges in postural performance that are not related to the
increased cognitive load per se but rather to a shift in the
attentional focus. It could be speculated that a simple
postural task requires even less cognitive resources under
DT conditions because it is performed more automatically.
A good approach to overcome these problems would be to
control the cognitive load by asking participants to perform
a simple attentionally non-demanding task concurrently
with the postural task. Thus, a condition with very low
cognitive load would be compared with one or more con-
ditions with higher cognitive loads, presumably with a
similar focus of attention.

A last issue that shall be discussed here is the influence
of different single-task performance levels on age-related
differences in DT performance. The problem here is
threefold: First, different single-task levels lead to different
DT costs depending on whether they are calculated as
absolute or percentage costs. Second, if a task is too easy or
too difficult for one age group, ceiling or floor effects may
come into play and bias results. Third, depending on the
individual cognitive (and motor) capacities, one and the
same task represents a different attentional load to each
participant, especially in different age groups. To prevent
the three above-mentioned issues, tasks should be titrated
for individual performance levels. Thus, a comparable
cognitive load and performance level can be achieved and
DT costs can be attributed to the ability of performing two
tasks concurrently rather than to differences in single-task
performance of the component tasks [129]. It has been
suggested that reported age-related differences in DT per-
formance in children and older adults may often be due to
the single-task difficulty not being adjusted to individual
ability levels [129].

All these above-mentioned limitations should also be
considered when conducting studies with the aim to
improve DT performance by training. Furthermore, when
considering training studies to improve DT performance, it
becomes evident that the outcome of systematic reviews
largely depends on the inclusion criteria. Thus, it seems
important that systematic reviews with different criteria
come to the same conclusion before general deductions are
made.

@ Springer

5 Conclusion

The present systematic review adds to the evidence that
older adults show age-related decreases in the performance
of postural tasks under DT conditions. Processing of pos-
ture seems to become more cognitively controlled with
aging and thus require more of the limited attentional
resources. In children, the limited literature available sug-
gests a slight trend towards enlarged DT costs in children
compared with young adults, which seem to be improved
with age. Similar to older adults, lower cognitive resources
and less automatic skill execution may be responsible for
this difference. While in older adults these effects are due
to the degradation of existing structures, these neural
structures are still under development in children. Further
studies are strongly needed to clarify the influence of dual
tasking in children and to shed light on the underlying
mechanisms. To get a conclusive picture of the develop-
ment of DT ability across the lifespan, more studies com-
paring several age groups within the same paradigm are
needed. Ideally, such studies additionally vary factors such
as the type of the tasks, task difficulty, or instruction on
prioritization within the same study and populations to gain
a more detailed insight into the effect of such factors on
age-related differences in DT performance. There are a
number of methodological issues that need to be consid-
ered when designing DT studies in different age groups:
First, differences in single-task performance levels should
be accounted for. Second, the cognitive load during base-
line measurement of the postural task should be controlled
and the difficulty of the tasks should be adapted to the
participant’s differing cognitive (and motor) capacities to
obtain a comparable cognitive load in all participants.
Third, both postural and concurrent tasks should always be
measured under both single-task and DT conditions. Thus,
DT costs can be calculated for both tasks and differences in
prioritization can be detected. Finally, results depend on
the parameters measured and there is still no consensus as
to which parameter best describes postural stability. Such
factors could be responsible for the discrepancies that are
found between previously reported DT results. These
issues have substantially been described in the ecological
approach to studying DT performance in different age
groups proposed by Li and colleagues [130] and well
summarized in a review by Schaefer [1].

In healthy older adults, DT performance can be
improved by training. Evidence suggests that DT training
leads to better improvements than single-task training and
that improved DT skills do not necessarily transfer to novel
DT situations. Effects of training on DT performance in
young adults and children and potential age-related dif-
ferences have yet to be investigated.
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