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Does physical activity benefit motor
performance and learning of upper
extremity tasks in older adults? – A
systematic review
Lena Hübner and Claudia Voelcker-Rehage*

Abstract: Upper extremity motor performance declines with increasing age. However, older adults need to maintain,
learn new and relearn known motor tasks. Research with young adults indicated that regular and acute physical activity
might facilitate motor performance and motor learning processes. Therefore, this review aimed to examine
the association between chronic physical activity and acute bouts of exercise on motor performance and
motor learning in upper extremity motor tasks in older adults. Literature was searched via Cochrane library,
PubMED, PsycINFO and Scopus and 27 studies met all inclusion criteria. All studies dealt with the influence of
chronic physical activity on motor performance or motor learning, no appropriate study examining the influence of an
acute bout of exercise in older adults was found. Results concerning the association of chronic physical activity and
motor performance are mixed and seem to be influenced by the study design, kind of exercise, motor task, and
exercise intensity. Regarding motor learning, a high physical activity or cardiovascular fitness level seems to boost the
initial phase of motor learning; results differ with respect to motor retention. Overall, (motor-coordinative) intervention
studies seem to be more promising than cross-sectional studies.

Keywords: Physical activity, Cardiovascular exercise, Acute exercise, Coordinative exercise, Aging, Motor performance,
Motor learning

Background
Upper extremity motor performance as required for
grasping, reaching or holding an object, declines with in-
creasing age, having a strong impact on older adults’ ac-
tivities of daily living ([13] for a review). Physical activity
does not only have a positive influence on physiological
health, psychological well-being, and cognitive perform-
ance [20, 26], it might also improve motor performance
and motor learning processes. Up to now, most research
on physical activity and motor performance or learning
has been done with young adults revealing heteroge-
neous, but promising results ([28] for a review on motor
performance in children and adolescents; [78] for a gen-
eral review on motor learning). This positive association
might also exist in older adults and might foster them to

maintain performance levels, learn new and relearn
known motor tasks as part of new task training, recre-
ational pursuits, or rehabilitation. A positive association
between physical activity and motor performance or
learning in older adults would also offer promising areas
of research, e.g., in a clinical setting for rehabilitation
after stroke ([70] for a review).

Some defining characteristics
When dealing with the effects of physical activity in motor
performance and learning studies, one needs to specify
some defining characteristics of related terms, such as
physical activity, exercise, cardiovascular fitness, motor
performance and motor learning. Physical activity is de-
fined as bodily movements produced by skeletal muscles
and incorporates occupational, sports, and other unspeci-
fied activities in daily life domains [9]. Exercise as a subset
of physical activity is characterized as planned, repetitive
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and done with the purpose to improve physical fitness
level [9]. The physical activity level is often measured sub-
jectively by standardized physical activity questionnaires
that are used to calculate the estimated energy expend-
iture of a person spent during physical activity and exer-
cise. Less often, it is evaluated objectively by use of activity
trackers or pedometers that assess, e.g., number of steps
or energy expenditure. The cardiovascular fitness level
(or: fitness level) in turn represents the actual cardiovascu-
lar fitness status of a person, often assessed by objective
measures to determine participant’s maximal rate of oxy-
gen consumption (VO2max). Again, fitness level can be
estimated subjectively by self-report. However, objective
measures typically have higher accuracy and validity than
subjective ones.
The term motor performance refers to a temporary sta-

tus of motor behavior, for example assessed during a
motor practice session [68]. In contrast, motor learning
represents relatively stable changes of the capability to
perform a motor task related to practice and aimed in-
terventions [63]. Motor learning – as it is defined in this
paper – encompasses the acquisition of new unknown
skills or tasks as well as the relearning or improvement
of skills acquired in the past. According to Lohse et al.
[39], roughly, three time scales of motor learning can be
distinguished: short-term (less than one hour of prac-
tice), medium-term (one hour to less than 24 h of prac-
tice) and long-term practice (more than 24 h to five
weeks of practice). Levels of skill acquisition can also be
classified with respect to learning phases: the first stage,
the initial phase of learning, is characterized by fast and
high performance improvements within the first practice
session. Further stages are an intermediate -, a consoli-
dation -, an automatization - and finally a retention
phase, in which motor tasks can be performed even after
a delay of practice [14, 57].
Further, when examining the association between

physical activity and motor performance or learning, we
have to distinguish between so-called chronic and acute
exercise effects. Studies on chronic exercise investigated
long-term exercise effects assessed as an individual’s
general physical activity level, sports participation or
cardiovascular fitness level in a cross-sectional or inter-
ventional design. In contrast, studies on acute exercise
examined the influence of a single bout of exercise
(mostly cardiovascular) by use of an experimental (exer-
cisers) and a control group (rest) in an interventional de-
sign. When investigating the influence of acute exercise
on motor performance, the task performance takes place
directly after the exercise. To focus on the influence of
acute exercise on motor learning, the task is typic-
ally conducted during delayed retention tests (e.g., 24 h
later) as motor memory needs time for consolidation
([32] for a review).

Chronic physical activity and motor performance or learning
A positive association between physical activity and cog-
nitive performance is well established ([26] for a general
review; [69] for a meta-analysis with children; [85] for a
review regarding respective changes in brain structure
and function). Recent approaches seem to attest a posi-
tive relationship between chronic engagement in phys-
ical activity and motor performance ([28] for a review
with children and adolescents), however, research inves-
tigating the association between physical activity and
motor learning is missing to a large extend ([78] for a re-
view). As several studies have shown that physical activ-
ity is associated with enhanced cognitive processing
([11] for a meta-analysis) and even motor tasks require a
certain amount of cognitive resources, particularly in
older adults [64], motor performance might also be im-
proved by regular engagement in physical activity. The
same might be true with regard to motor learning. Par-
ticularly the initial phase of learning is characterized by
high cognitive loads ([24] for a review) as the phase of
automatization is not yet reached [57], and therefore,
the initial motor learning processes might also be im-
proved by regular engagement in physical activity.
Recent literature further indicates that regular physical

activity or exercise induces biochemical and structural
changes that might also benefit motor performance and
learning. For example, cardiovascular exercise interven-
tions led to changes in areas of the brain responsible for
motor control, indicated by enhanced blood flow in the
motor cortex ([88] for young adults), enlarged activity of
the sensorimotor network ([84] for older adults), increased
volume of the basal ganglia ([48, 51] for older adults), or
enhanced white matter volume ([65] for a review and
meta-analysis). Further, coordinative exercise interventions
resulted in increased hippocampus volume [50], a brain
area known to be involved in motor learning [2, 23] and
basal ganglia volume [51]. Changes in hippocampus vol-
ume seem to be associated with enhanced levels of brain-
derived neurotrophic factor (BDNF) [22, 87]. Dancing led
to increased volume of the precentral gyrus – a further
area being crucial for motor control – and this enhanced
volume was associated with increased levels of BDNF [47].

Acute exercise and motor performance or learning
The influence of bouts of acute exercise on motor perform-
ance (e.g., [79]) and motor learning (e.g., [61, 74]) have been
studied extensively in young adults. For example, Roig et al.
[61] showed that acute exercise led to improved motor per-
formance 24 h and seven days after initial practice as com-
pared to a resting control condition. Again, underlying
mechanisms are still not fully investigated. It is known that
exercise induces neurochemical processes like enhanced
levels of dopamine, serotonin, norepinephrine, lactate,
BDNF, which in turn might facilitate neuroplasticity in the
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(primary) motor cortex ([70] for a review). Similar neuro-
chemical processes are involved in motor learning [71].
Such neurochemical processes, which take place while
the organism adapts to the physical demands of an
activity, may already positively impact specific pro-
cesses directly after an acute bout of exercise. When
changes proceed, this might lead to long-term struc-
tural changes in the organism.
Up to now, there is no systematic review on the associ-

ation between acute and chronic physical activity and motor
performance or learning in healthy older adults. Thus, we
conducted a systematic review to investigate whether an ac-
tive lifestyle, regular physical exercise or an acute bout of ex-
ercise benefit motor performance or learning in upper
extremity tasks in healthy older adults. We analyzed
whether training effects differed with regard to the study de-
sign, type of exercise, and/or the type of motor task.
The main questions to be answered were:

� Is chronic physical activity positively associated with
motor performance in upper extremity tasks and
does the type of exercise matter?

� Is engagement in chronic physical activity associated
with enhanced initial motor learning and/or
retention?

� Does a bout of acute exercise facilitate motor
performance immediately after exercise?

� Does a bout of acute exercise lead to enhanced
initial motor learning and/or retention?

The results of this systematic review have an import-
ant impact on understanding the association between
physical activity and motor performance or motor learn-
ing in older adults. With these results more targeted in-
terventions might be conducted that could be used to
maintain motor performance and thus the functionality
of older adults.

Methods
Database sources and search terms
Based on our research questions, we performed four sep-
arate searches, each with a distinct focus of interest on:
(1) Chronic physical activity and motor performance.
(2) Chronic physical activity and motor learning.
(3) Acute exercise and motor performance.
(4) Acute exercise and motor learning.
The search strategy was reviewed by experts in the field

of physical activity, motor performance and motor learn-
ing. The four electronic databases Cochrane library,
PubMED, PsycINFO and Scopus were searched systemat-
ically. The last search update was conducted at December
9th, 2016. Each database was searched individually, but all
searches were done with a consistent search strategy and
search terms (cf., Tables 1, 2, 3 and 4). The search was

limited to English language peer-reviewed articles and the
publication years from 1990 to present.

Study selection and eligibility criteria
We included studies on healthy older adults (≥ 60 years of
age), with no brain injuries, no cognitive declines or intel-
lectual disabilities, and no chronic diseases (e.g., Parkin-
son’s disease, motor impairment, stroke). Further, we
included studies investigating motor performance or
learning by use of tasks (1) performed with upper extrem-
ities (i.e., finger, hand or arm) and (2) with a complex
motor component, referring to the portion of involved
subsystems or abilities (cf. [83]; i.e., no simple or choice
reaction time tasks, no muscular strength tests) and/or (3)
containing a motor speed component. In this understand-
ing speed tapping requires fast motor organization and ex-
presses the maximum frequency of impulses, which can
be send by motor areas [72]. Simple and/or discrete key
pressing tasks have not be considered as they require a
very simple/less-complex motor action.
We included longitudinal studies, randomized con-

trolled trails (RCT’s), controlled pre-post designs (without
a randomization procedure) and cross-sectional studies as
well as relevant fitness group and/or age comparison stud-
ies. The authors screened the title and the abstract of the
selected articles for the inclusion criteria. For chronic ex-
ercise, a total of 1454 studies was identified from the data-
base search. The flow of studies through the review is
summarized in Fig. 1. Based on the abstracts (n = 45 after
screening and duplicate removement), 12 studies were ex-
cluded as they used simple or choice reaction time tasks
(n = 3; [4, 30, 59]), focused on lower extremities (n = 5;
[25, 38, 53, 60, 90]), compromised middle-aged partici-
pants only (n = 2; [43, 44]), described no behavioral but
only brain data (n = 1; [48]) or described the methodo-
logical process of the study only (n = 1; [59]). Full articles
were retrieved if they were relevant, or if it was unclear,
whether they were relevant after reading the abstract. We
assessed 30 articles focusing on motor performance and
three articles focusing on motor learning for eligibility
(total n = 30 as three papers: [19*, 21*, 89*] were used for
motor performance and motor learning). Two articles
were excluded for research on the association between
chronic exercise and motor performance, because they
reported results with respect to motor learning only
[21*, 89*], one paper was excluded as it focused on
lower extremities [31], one because it reported only a
global measure of motor function including lower extrem-
ity tasks [8] and one because it incorporated only physically
active older adults and no control group [10]. Finally, a
total of 27 studies, ranging from the year of publication
1994 to 2016, met all inclusion criteria and were included
in the review. 25 of these studies examined research
questions with respect to the association between chronic
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physical activity and motor performance and three investi-
gated the association with motor learning (one paper: [19*]
was used for both).
For acute exercise, a total of 193 studies was identified

from the database search (Fig. 2). No study was found
meeting the inclusion criteria with respect to the influ-
ence of a bout of acute exercise on motor performance
or motor learning in older adults (Fig. 2).

Results
Chronic physical activity and motor performance
As characteristics and results of studies about chronic
physical activity and motor performance differed, results
of the systematic review were summarized with respect
to sample characteristics, study design, types of exercise
and motor tasks.

Sample characteristics
Main characteristics of the study samples are summarized
in Table 5. The total number of participants was 1399, at
least 679 were females (about 49%; four studies made no
specification about gender). 1076 participants were older
adults (at least 54% women) and 256 were in young com-
parison groups (at least 24% women). The age range of in-
cluded older adults was 60 to 94 years of age, the age
range of young adults was 18 to 30 years of age. With re-
spect to age, generally, young adults performed better in
the respective motor task. Only one study investigated
gender effects [56*] and found no significant differences in
a five-month exercise intervention.

Study design
16 of the 25 identified studies investigated the effects of
exercise on motor performance in older adults by use of a
cross-sectional design. Therefore, studies examined either
different subgroups of older adults, i.e., active/fit vs. in-
active/unfit adults (n = 9: [1*, 7*, 19*, 37*, 67*, 73*, 80*,
81*, 86*]), different cardiovascular activities (n = 1: [29*])
and/or different kinds of motor-coordinative/sports activ-
ities (n = 7: [12*, 34*, 35*, 37*, 54*, 82*, 92*]; see section
“type of exercise”). Nine of the cross-sectional studies also
compared the sample of older adults to young participants
[1*, 12*, 19*, 37*, 67*, 73*, 80*–82*]. The remaining nine
of 25 studies used an interventional design with an experi-
mental and control group. No intervention study encom-
passed a group of young participants. Motor performance
was assessed at baseline and after a targeted intervention
of different kinds of physical/sports-activities (n = 9: [3*,
33*, 36*, 52*, 56*, 66*, 93*–95*]; see section “type of exer-
cise”). The interventions compromised durations from six
weeks to one year. The lengths of the intervention did not
seem to effect results systematically, but intervention
studies seem to be more promising than cross-sectional
studies (cf. below).

Type of exercise

Physical activity level and/or cardiovascular fitness as
independent variable Different methods were used to
assess physical activity level and/or cardiovascular fitness
in 19 studies. In this section we refer to the ten (out of

Table 1 Search terms: chronic physical activity and motor performance

Level Category Search terms

1 Physical Activity “physical activity” or “fitness” or “physical fitness” or “physical exercise” or “exercise” or “energy expenditure”
or “sport” or “endurance”

+ connected AND

2 Motor performance “motor performance” or “motor task” or “motor skill” or “fine motor control” or “fine motor performance” or
“dexterity” or “manual dexterity” or “force control” or “visuomotor* tracking” or “motor control” or “movement
control” or “manual performance” or “grip force” or “finger movement” or “voluntary movement”

+ connected AND

3 Older adults “old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or “ageing”

Table 2 Search terms: chronic physical activity and motor learning

Level Category Search terms

1 Physical Activity “physical activity” or “fitness” or “physical fitness” or “physical exercise” or “exercise” or “energy expenditure” or “sport”
or “endurance”

+ connected AND

2 Motor learning “motor learning” or “motor adaptation” or “motor skill learning” or “skill learning” or “skill training” or “motor training”
or “motor skill acquisition” or “skill acquisition” or “motor improvement” or “short-term learning” or “motor sequence
learning” or “motor memory” or “motor consolidation”

+ connected AND

3 Older adults “old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or “ageing”
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16) cross-sectional studies that used these measures as
independent variables to determine effects on motor
performance: Seven studies assessed the physical activity
level of the participants subjectively, four by use of phys-
ical activity questionnaires, i.e., by the (modified) Baecke
habitual physical activity questionnaire (n = 3; [80*, 81*,
86*]) or the International Physical Activity Questionnaire
(IPAQ, n = 1; [1*]) and three studies did not specify which
tool they used to assess engagement in physical activity
[7*, 37*, 73*]. Only in two of these seven studies using
subjective measures, active older adults revealed better
motor performance than inactive older adults [7*, 81*],
whereas in four studies such an effect was not present
[37*, 73*, 80*, 86*], and one study revealed ambiguous re-
sults ([1*]; positive effects for hand-arm movements and
no effect for manual dexterity). Only three cross-sectional
studies calculated the association between cardiovascular
fitness and motor performance by use of objective fitness
tests. This was done by spiroergometry [19*, 67*], or the
Rockport Fitness Walking Test [12*]. All three studies re-
ported no difference between high and low fit older adults
[19*, 67*], or no correlation between estimated VO2max
and motor performance ([12*]; they additionally investi-
gated the effect of tennis, cf., below).

Targeted exercise as independent variable
In addition to or instead of assessing the physical activity
or cardiovascular fitness level, seven of the cross-
sectional studies examined whether effects of exercise
differed with regard to the type of exercise (cf., study

design). Also all nine intervention studies investigated
effects of different types of physical exercise or specific
intervention programs [3*, 33*, 36*, 52*, 56*, 66*, 93*–
95*]. In the following we summarized results with re-
spect to type of exercise.
Three studies investigated the effect of cardiovascular

exercise (combination of calisthenics, walking/dancing
steps, and cycling, or swimming) on motor performance
[3*, 29*, 95*]. Twelve studies used kinds of motor-coord-
inative exercises like a multi-component training [12*,
56*, 66*], dancing [33*–35*] or martial arts including tai
chi [37*, 54*, 82*, 92*–94*]. Two more studies used
upper-limb specific strength training [36*, 52*].

Cardiovascular exercise Contrary to the majority of
cross-sectional studies that assessed cardiovascular fitness
(cf., above), both studies that conducted a cardiovascular
exercise intervention [3*, 95*] found beneficial effects of
cardiovascular exercise. This is notable as study design,
intervention length and intensity as well as motor
outcomes considerably differed between studies. Inter-
estingly, one of the cardiovascular exercise studies
additionally assessed the cardiovascular fitness level
and found no significant change in the fitness level
[3*], therewith somehow confirming the reported
cross-sectional results ([56*] for supporting results).
Hsu et al. [29*] compared two types of cardiovascular
exercises and revealed that swimmer performed better
in a hand-arm movement task than persons who were

Table 3 Search terms: acute exercise and motor performance

Level Category Search terms

1 Acute exercise “acute exercise” or “acute* exercise” or “fatigue” or “physical stress” or “intermittent* exercise” or “after exercise” or
“acute stress”

+ connected AND

2 Motor performance “motor performance” or “motor task” or “motor skill” or “fine motor control” or “fine motor performance” or “dexterity”
or “manual dexterity” or “force control” or “visuomotor*tracking” or “motor control” or “movement control” or “manual
performance” or “grip force” or “finger movement” or “voluntary movement”

+ connected AND

3 Older adults “old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or “ageing”

Table 4 Search terms: acute exercise and motor learning

Level Category Search terms

1 Acute exercise “acute exercise” or “acute* exercise” or “fatigue” or “physical stress” or “intermittent* exercise” or “after exercise” or
“acute stress”

+ connected AND

2 Motor learning “motor learning” or “motor adaptation” or “motor skill learning” or “skill learning” or “skill training” or “motor training”
or “motor skill acquisition” or “skill acquisition” or “motor improvement” or “short-term learning” or “motor sequence
learning” or “motor memory” or “motor consolidation”

+ connected AND

3 Older adults “old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or “ageing”
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regularly engaged in jogging/mountain climbing (re-
ferred to as an active control group).

Motor-coordinative exercises Sharpe et al. [66*] used
a one year low intensity multi-component training
containing mobility and flexibility exercises executed
while sitting and standing and found no improvement
in a bilateral fine motor coordination task. In contrast
to Sharpe et al. [66*], Puggaard and colleagues [56*]
claimed an improvement after five months interven-
tion. Furthermore, Puggaard et al. [56*] compared the
multi-component training to cardiovascular exercises
and dancing, but did not find differences between dif-
ferent types of training [12*, 56*]. Interestingly, all
groups improved without a change in cardiovascular
fitness (estimated VO2max). In the same vein the
cross-sectional study by Dascal and Teixeira [12*]
found no difference between long-term participation
in multi-component exercises (i.e., aerobic fitness,
strength training and flexibility), cardiovascular exer-
cise (i.e., running) and tennis.

Kattenstroth and colleagues published a series of papers
regarding the association between dancing and motor per-
formance in older adults [33*–35*]. They compared
dancers (amateur dancer: [35*]; expert dancer: [34*]) with
an inactive control group without dancing experience in a
hand-arm fine motor battery. In a third study, they con-
ducted a 24-week dancing program ([33*], no change of
cardiovascular fitness (VO2peak)). In all three studies, the
motor performance score of the whole motor battery
pointed to a positive effect (significant or marginally
significant) of dancing [33*–35*]. However, the results
of the particular subtasks did not reveal a consistent
pattern (see Table 5).
Four cross-sectional studies [37*, 54*, 82*, 92*] and

two interventional studies [93*, 94*], investigated
martial arts, five of them focused on tai chi (all except
[37*]). Studies focusing on tai chi revealed an advantage
of tai chi training as compared to an active control
group [54*, 92*] or non tai chi practitioners [82*]. When
comparing tai chi to different cardiovascular activities,
results differed. No difference was found between a tai

Fig. 1 Flow chart through the different phases of the review for chronic physical activity and motor performance as well as chronic physical
activity and motor learning
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chi and swimming group [92*], but between tai chi and
cardiovascular exercise [93*, 94*]. That is, an eight-week
tai chi intervention revealed positive effects on move-
ment speed, smoothness and movement variability in
different manual aiming tasks, whereas cardiovascular
exercise (locomotor activities, i.e., walking or jogging)
did not [93*, 94*]. Total arm movement speed was not
altered in any of the groups [93*]. Only one motor-
coordinative exercise study stated non-significant effects:
Krampe et al. [37*] found no association between martial
arts experience as well as general physical activity behav-
ior of older adults and visuospatial accuracy or with psy-
chomotor speed. The authors even reported that
inactive older adults revealed better motor performance
in visuospatial accuracy [37*].

Strength training Two intervention studies focused on
strength training of arm, wrist, and/or finger and re-
vealed a positive association between strength exercise
and upper extremity performance. Keogh et al. [36*]
found positive effects of strength training on finger
pinch force control at high constant and sinusoidal force

production in the trained limb [36*], but no effect on
low constant force or in the untrained limb [36*]. Olafs-
dottir et al. [52*] reported a significant improvement in
the Grooved Pegboard Test and a positive tendency in a
force tracking task, but not in the Jebsen Taylor Hand
Function Test [52*].

Type of motor task
Although we focused on upper extremity motor per-
formance tasks only, tasks differ with respect to their de-
mands during execution. Upper extremity motor tasks
included in studies of this review can be categorized into
four groups: (1) hand-arm movements, (2) force match-
ing tasks, (3) manual dexterity tasks and (4) speed tap-
ping tasks.

(1)In hand-arm movement tasks (n = 13) participants
have to move their hand, wrist or arm to a certain
target (i.e., aiming tasks). Regardless of the
independent variable (type of exercise), the majority
of studies (n = 7) reported a positive association
between hand-arm movement performance and

Fig. 2 Flow chart through the different phases of the review for acute exercise and motor performance as well as acute exercise and motor learning
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chronic physical activity level [1*, 12*, 81*], tai chi
[82*, 92*], swimming [29*, 82*], or after a five months
intervention (all three intervention groups, [56*]).
However, two studies reported no differences between
active and inactive [80*] or fit and unfit older adults
[19*]. Van Halewyck et al. [80*] did not find a positive
association with the exact same wrist aiming task as in
the Van Halewyck et al. [81*] paper. However, the ac-
tive older adults of the Van Halewyck et al. [81*] study
(Baecke score of 9.3 ± 0.2) had a higher level of phys-
ical activity than the active older adults of the Van
Halewyck et al. [80*] study (Baecke score mean 7.8;
range 7.6–8.8), which might point to an influence of
the amount of physical activity. Four studies revealed
ambiguous results, i.e., results differed regarding
whether the left or right hand performed the task
[33*–35*] and/or with respect to the analyzed param-
eter [33*–35*, 54*].

(2)Force matching tasks (n = 4) require participants to
adjust their finger forces to a given target force so
that fine adjustment of the corresponding muscles
is required (i.e., precision tasks). Results with
respect to force matching tasks are very dissimilar.
A cardiovascular exercise program induced better
precision task performance [3*], but a cross-
sectional study did not find differences between
active and inactive older adults [37*]. Strength
training improved force control at high constant
force and sinusoidal force production [36*], but
not at low constant force [36*] and not in a ramp
force profile [52*].

(3)Results with respect to manual dexterity (n = 8) are
also mixed: One publication described a positive
association between the physical activity or fitness
level and manual dexterity by use of the Minnesota
Manual Dexterity Test [7*]. Two intervention studies
reported improved manual dexterity after a finger-
strength training (Grooved Pegboard test [52*]), a
cardiovascular exercise program (Motor Perform-
ance Series of the Vienna System Series [95*]) or
dancing intervention (pin plugging [33*]). However,
in five studies no differences in performance be-
tween active and inactive older adults (Purdue peg-
board test [1*]; finger dexterity task [12*]; the
Minnesota test [86*]) or dancers and non-dancers
(pin plugging [34*] (left hand); [35*]) were found
and no effect through strength (Jebsen Taylor Hand
function test [52*]) or multi-component training
(the Pegs-over test [66*]) was examined in two fur-
ther studies.

(4)Studies in the third category of speed tapping
tasks (n = 7) were all assessed by (finger)
tapping tasks, which require participants to tap a
stylus as fast as possible in one or two

predefined target spaces for a given time (10 s to
32 s in this review). No study found differences
between active and inactive [37*, 73*], or fit and
unfit older adults [67*]. The type of exercise did
not influence results as shown for a comparison
between tennis players, runners and general
exercisers [12*]. Results with respect to dancing
were mixed [33*–35*].

Taken together, the most consistent positive results
have been shown for hand-arm movements (but still
ambiguous), whereas the less promising results were re-
vealed for speed tapping and manual dexterity tasks. Re-
sults for force matching tasks were very inconsistent.

Chronic physical activity and motor learning
Sample characteristics
Characteristics of the sample are summarized in Table 6.
150 participants took part in all three motor learning
studies (at least 18 were females: one study made no
specification about gender [89*], one study included only
men [19*]. Eighty-seven participants were older adults
(at least 9% women) and 63 young adults (at least 16%
women). The age range of included older adults was 60
to 80 years of age, the age range of young adults was 20
to 40 years of age.

Study design
Only three studies investigating the association between
chronic physical exercise and motor learning in upper
extremity motor tasks were identified by the literature
search [19*, 21*, 89*]. All studies used a pre-to-post-test
design comparing different groups of older adults and
assessed physical activity/cardiovascular fitness cross-
sectionally. The studies by Etnier and Landers [19*] and
Etnier et al. [21*] also contained a group of young partic-
ipants. Motor practice times of all studies belong to the
time scale of short-term motor learning [19*, 21*, 89*].

Type of exercise
Two studies assessed cardiovascular fitness objectively
and one cardiovascular exercises behavior on behalf of a
physical activity questionnaire. Etnier & Landers [19*]
classified cardiovascular fitness by a median split of the
estimated VO2max, assessed by a submaximal bicycle
test. Etnier et al. [21*] conducted a regression analysis of
the VO2max and motor learning output and Wang et al.
[89*] regarded participants as active and inactive with
respect to their self-reported engagement in physical ac-
tivity (active: at least 30 min on three days per week of
cardiovascular exercise; inactive: less than two days per
week of low-intensity exercise).
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Type of motor task and stage of motor learning
All motor learning studies used tasks that can be classi-
fied into the group of hand-arm movements. All studies
found a positive effect of cardiovascular fitness or phys-
ical activity level on initial phase of motor learning in a
mirror tracing task ([19*]: acquisition: 175 trials, ap-
proximately 48 min; [21*]: acquisition: mean about 87 tri-
als, approximately 12 min) and motor adaptation in a
visuomotor rotation task requiring rapid arm reaching
movements ([89*]: baseline: 80 trials each hand, train-
ing: 192 trials, transfer: 192 trials). The first study by
the research group of Jennifer Etnier found no effect on
retention ([19*]: two days later, 20 trials, approximately
3 min), whereas the second study revealed that higher car-
diovascular fitness was associated with enhanced retention
([21*]: 24–72 h later, 40 trials, approximately 5.5 min).
Wang et al. [89*]: did not assess retention explicitly.
Taken together, motor learning studies indicated posi-

tive associations of chronic physical exercise with the
initial phase of motor learning, but revealed mixed re-
sults for motor retention.

Discussion
The aim of this systematic review was to investigate the
association between chronic physical activity and acute
bouts of exercise on motor performance or motor learn-
ing in upper extremity motor tasks in older adults. We
found no appropriate study examining the influence of
an acute bout of exercise on motor performance or
motor learning processes in older adults. Therefore, this
review focused in the results and discussion sections on
the association between chronic physical activity and

motor performance and learning. Results of the 25 stud-
ies dealing with the influence on motor performance are
mixed with a tendency to positive results. Twelve studies
showed a positive relationship, eight studies revealed
ambiguous results (i.e., some subtasks positive, some no
effect) and five did not find effects. For the effect of
chronic physical activity on motor learning only three
studies were included in the review, showing positive ef-
fects on the initial phase of motor learning and ambigu-
ous results with respect to retention.

Chronic physical activity and motor performance
Differences in study results might depend on the study
design, type of exercise, motor task or exercise intensity.
Therefore, results will be discussed with regard to these
factors.

Study design and type of exercise

General physical activity behavior as independent
variable in cross-sectional studies The majority (four
out of seven) of the cross-sectional studies that investi-
gated the association of chronic physical activity and
motor performance by use of subjective measures found
no exercise effect [37*, 73*, 80*, 86*]. Only in two cases
a positive association between physical activity level and
performance in a fine motor task was found [7*, 81*],
and one study revealed ambiguous results [1*], depend-
ing on the motor task. A comparison between two stud-
ies of the same lab, one showing positive and one no
associations, indicated that the physical activity level it-
self might influence results with a higher physical activity

Table 6 Overview of studies on chronic physical activity and motor learning

Author/
Year

Participants Motor task Other depended
variables

Method to assess
physical activity

Design and statistics Results

[19*] OA: n = 41,
f = 0, 60–80, n/a.;
YA: n = 43, f = 0,
20–30, n/a

Visuospatial
accuracy (Mirror
tracing task, R)

EEG (alpha
activity)

Sj: PAQ (modified
Baecke), Oj: CFT
(sub-maximal bicycle
test, estimated
VO2max)

Acquisition (175 trials),
retention (2 d later, 20 trials).
Fitness: median split: estimated
VO2max, YA median: 41.11 ml/
kg/min, OA median: 26.01 ml/
kg/min

Positive association of
cardiovascular fitness
and acquisition of
mirror tracing. No
association of
cardiovascular fitness
and retention.

[21*] OA: n = 18,
f = 8, 60–80,
68.0 ± 5.9; YA:
n = 20, f = 10,
20–40, 24.2 ± 5.2

Visuospatial
accuracy (Mirror
tracing task, R)

EEG (alpha
activity)

Oj: CFT (submaximal
bicycle test, estimated
VO2max)

Acquisition (approximately
87 trials), retention (24–72 h later,
40 trials. Fitness: regression analyses
of VO2max and motor learning

Positive association of
cardiovascular fitness
and acquisition and
retention of a mirror
tracing.

[89*] All OA: fit: n = 14,
64–76, n/a; non fit:
n = 14, 64–76, n/a.

Rapid arm
reaching
movements
(motor
adaptation/
visuomotor
rotation)

/ Sj: PAQ (Stanford Brief
Activity Survey), Oj:
accelerometer

Baseline (80 trials), training
(192 trials), transfer (192 trials).
Physical activity: active (≥ 30 min,
≥ 3 d/wk. of AE) vs. inactive
(≤ 2 d/wk. low-intensity exercise)

Active OA showed
similar motor
adaptation pattern to
YA (asymmetrical
transfer), inactive OA
revealed a different
pattern (symmetrical
transfer).

Legend: CFT cardiovascular fitness test, d day(s), EEG electroencephalography, f = female, h hour(s), L left, OA older adults, Oj objective measure, n/a not specified,
PAQ physical activity questionnaire, R right, sig. significant, Sj subjective measure, y year, YA young adults, wk. week
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score being more beneficial [81*] than a lower one [80*].
Generally, physical activity levels seem to considerably dif-
fer between studies depending on the study sample. Thus,
one might rate objectively defined physical activity criteria
higher than study-specific activity levels, as the latter
clearly depends on the specific sample characteristics (cf.
below for discussion of median split). Objectively defined
activity criteria for older adults are for example at least
150 min of moderate-intensity or 60 min of vigorous-
intensity aerobic physical activity per week [49].
One other explanation for the diverging results might

be the different measures to assess physical activity, i.e.,
different physical activity questionnaires. Consequently,
studies vary in what they regarded or included as phys-
ical activity ([45] for a review ). Furthermore, some stud-
ies included in this review did not refer to a
standardized physical activity questionnaire or did not
state exactly how they acquired their information (e.g.,
verbally or in written form) [29*, 37*, 54*, 73*, 92*, 94*].
Other studies did refer to a standardized questionnaire,
but did not give any information regarding the scores or
actual physical activity level of the participants [12*],
which also prohibits meaningful conclusions about the
participants.
Besides differences in physical activity levels and as-

sessment tools between studies, there is another limita-
tion of physical activity questionnaires. Physical activity
questionnaires encompass the physical activity level of
the participants subjectively, but are not able to indicate
the objective actual physical or cardiovascular fitness
level. In this vein, correlations between physical activity
calculated by use of a questionnaire and the actual car-
diovascular fitness have been shown to be rather weak
[62*]. Consequently, it might be more appropriate that
future studies assess the actual objective fitness level of
the participants to ensure a better validity and enhanced
comparability between studies or at least apply standard-
ized physical activity questionnaires. Nevertheless, phys-
ical activity questionnaires can give valuable information
of the kind of sport participants perform and might
therefore provide a valuable additional information (cf.,
discussion about type of exercise).

Cardiovascular fitness level as independent variable
in cross-sectional studies Interestingly, when objective
measures were used to assess the cardiovascular fitness
level, also no positive effect on motor performance was
found in the cross-sectional studies [12*, 19*, 67*]. Two
of these studies calculated a median split in order to
classify participants as fit and unfit [19*, 67*]. Similar to
differences in physical activity levels between studies, a
median split might not reflect the “real” cardiovascular
fitness level as the value is determined by characteristics
of the specific sample. Therefore, depending on the

sample, the median split might not differentiate well be-
tween the high and low fit participants as it might hap-
pened that only moderate fit persons have been
recruited and it also might overestimate the fitness level
of high-fit participants [41]. Future studies should use
objective criteria to judge participants as high or low fit.

Targeted cardiovascular exercise as independent vari-
able in interventional studies Besides these shortcom-
ings in the determination of the physical activity or
cardiovascular fitness level, cross-sectional studies can-
not provide causal evidence for activity-induced motor
performance changes as they were executed in a correl-
ational design. Interventional studies have the advantage
that the effectiveness or effects of a targeted exercise can
be evaluated and that they provide evidence of causality.
Both cardiovascular exercise intervention studies ob-
served enhanced motor performance in upper extremity
tasks [3*, 95*]. These findings were additionally sup-
ported by the cardiovascular exercise group (i.e., swim-
ming) of the study by Puggaard et al. [56*], which also
revealed improved motor performance. Effects have been
discussed to rely on improved information processing in
corresponding neural circuits like the visuospatial sys-
tem [3*]. Interestingly, the length of the intervention did
not influence study results, which might support the as-
sumption that certain physiological adaptations occur
already after several weeks of exercise.

Different types of cardiovascular exercise as inde-
pendent variable in cross-sectional studies Further, it
was discussed whether the type of cardiovascular activity
influenced results differently. Dascal and Teixeira [12*]
reported no difference in several motor tasks between
older runners or general exercisers. However, Hsu et al.
[29*] revealed that swimmers performed better in a
hand-arm movement task than active control partici-
pants. The authors speculated that the same pathways,
i.e., from sensory receptors to the cerebellum or other
motor centers in the brain and back to motor neurons,
are used during swimming as well as motor tasks, so
that repetitive (swim)training can improve motor per-
formance [29*]. Whether these ambiguous results are
due to the cross-sectional design and the different com-
parison groups (general exercisers versus active control)
or hint to superior effects of different kinds of sports re-
mains highly speculative.

Motor-coordination exercises as independent vari-
able in cross-sectional studies Two (out of five) of the
cross-sectional studies, that investigated differences in
upper extremity motor performance between persons en-
gaged in motor-coordinative exercises, such as dancing or
martial arts, versus general physically active persons were
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successful to reveal differences [54*, 82*], one showed am-
biguous results (depending on the group comparison:
[92*]) and two did not find differences between groups
[12*, 37*]. Therefore, it seems difficult to judge whether
motor-coordinative exercises are more effective than be-
ing physically active in general. When comparing persons
performing motor-coordinative exercises to inactive par-
ticipants, two of three further cross-sectional studies re-
vealed that dancers showed better motor performance in a
hand-arm fine motor battery ([34*] (marginal significant);
[35*]), supporting the positive influence of motor coord-
inative exercises. However, the third study comparing
motor-coordinative exercises to inactive participants by
Krampe et al. [37*] did not support this finding, as they re-
vealed no significant difference between martial arts prac-
titioners and inactive controls in force matching or speed
tapping tasks, which might indicate that effects of motor-
coordinative exercises are task-specific.

Motor-coordination exercises as independent vari-
able in interventional studies Again, interventional
studies also with respect to motor-coordinative exercises
revealed promising results. This was true for five out of
six interventions on multi-component training (interven-
tion group 1: [56*]), tai chi [93*, 94*] and dancing ([33*];
intervention group 3: [56*]). Improved concentration of
the participants was discussed as possible explanation for
better tai chi performance [93*, 94*]. A missing effect of
tai chi practice on arm movement speed was explained by
the fact that tai chi contains slow motion exercises only
[93*]. Enhanced performance of dancers compared to
non-dancers or increases through a dancing intervention
might be attributed to sustained muscle strength, better
sensorimotor coordination and better concentration [33*].
Nevertheless, one study conducting a one year multi-

component exercise program revealed no effect on motor
performance [66*]. However, exercises were performed
with a very low intensity and only while sitting or standing
and the study did not contain a control group [66*]. It
might be speculated, that the intervention counteracted
an age-related decline in motor performance, which might
have occurred within one year. In contrast, in the second
study containing a multi-component exercise intervention
(intervention group 1), participants improved their per-
formance in a unimanual coordination task [56*]. Here ex-
ercise intensity was 65% of the maximal heart rate [56*].
This suggested that exercise intensity influences results,
with higher intensity leading to bigger effects. These find-
ings fit the results of studies from cognitive literature, re-
vealing that high intensity exercise led to increased
learning rates in a memory task [91].

Strength training as independent variable in inter-
ventional studies Besides coordinative exercise also

strength training seems to be an important approach to
benefit upper extremity performance. The influencing
mechanism, however, seem to be different: the positive as-
sociations of both intervention studies on strength train-
ing [36*, 52*] might be reasoned by improved finger
strength, as enhanced finger strength values correlated
with better motor coordination [40]. Thus, in the strength
training studies peripheral changes (i.e., intramuscular co-
ordination or hypertrophy) – rather than central adapta-
tions – might be the explaining factor for enhanced upper
extremity motor performance.
To summarize, results with respect to type of exercise

are heterogeneous, but certain key characteristics seem
to influence the results: (1) Effects on motor perform-
ance were more pronounced in interventional than
in cross-sectional designs regardless whether cardiovas-
cular exercise/fitness or different types of sports activ-
ities were investigated. (2) Effects with respect to the
type of exercise (i.e., cardiovascular and coordinative ex-
ercises) were heterogeneous in cross-sectional studies
and seem to not play a role in intervention studies (only
one study available). (3) In successful intervention stud-
ies, motor performance increased without an improve-
ment in the cardiovascular fitness level, regardless
whether the interventions focused on cardiovascular ex-
ercise or motor coordination exercises. And, (4) effects
seem to be more pronounced in interventions of higher
than low intensity.

Type of motor task
Although we tried to categorize upper extremity motor
performance tasks in reasonable groups, due to the very
heterogeneous results it seems difficult to derive a sys-
tematic conclusion. It appears that force matching tasks
revealed very inconsistent results, manual dexterity and
speed tapping task the less promising and hand-arm
movements the most promising results. Several explana-
tions might elucidate these findings. In most manual
dexterity tasks, motor performance is quantified by the
amount of pins plugged into a target within a given time.
The range of possible scores is relatively small and the out-
come parameters very imprecise, which might hinder to de-
tect differences in performance. Finger tapping tasks (used
to assess psychomotor speed) require a central motor pro-
gram to organize integration of required muscles [73*]. As
compared to other motor tasks, this motor program allows
only a small amount of degrees of freedom during motor
performance. In comparison to all other categories of
motor tasks, hand-arm movements seem to be the most
complex motor tasks as their performance requires/allows
more degrees of freedom. This might indicate that a high
physical activity level, cardiovascular fitness level or partici-
pation in coordinative sports is positively associated to
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motor performance in complex motor tasks (i.e., here:
hand-arm movement tasks).

Other influencing factors and limitations
Besides the study design, type of exercise and motor out-
come other influencing factors, e.g., age or gender, might
be discussed. Only one study included older adults of
different age groups (60–69 years of age and 70–79 years
of age; [73*]), but found no significant effect regarding
the physical activity and motor performance association
between these age groups. The only study included in
this review investigating the influence of gender reported
also no effect [56*]. However, it is not known how reli-
able this non-significant gender effect is.
Some studies had very small sample sizes (e.g., [3*]:

n = 5 per group; [36*]: n = 7 in intervention group and
n = 4 in control group). With these small group sizes, it
is hard to derive general assumptions. Another limita-
tion might be the design of the intervention studies. One
study included an inactive control group [33*], i.e., the
group did not receive any treatment during the interven-
tion period. This could increase the likelihood of a pla-
cebo effect, as participants might be aware of general
positive effects of physical activity and therefore, be
more motivated during posttests than the inactive con-
trol participants, which – in turn – might have influ-
enced the results. Nevertheless, even an active control
group might not be sufficient to discard placebo effects
in interventional studies as participants’ expectations re-
garding the intervention might already influence study
results [6].

Chronic physical activity and motor learning
“There is a general lack of studies examining the effects
of long-term exercise on motor learning and perform-
ance so that this area of research must be considered as
largely underexplored to date” ([78], p. 9). This state-
ment by Taubert et al. [78] is confirmed by the search
results of our systematic review on older adults. Only
three studies dealing with the association of chronic
physical activity and motor learning were identified. All
three studies reported a positive influence of cardiovascu-
lar fitness level [19*, 21*] or physical activity level [89*] on
the initial phase of motor learning. Therefore, one might
conclude that chronic physical activity facilitates initial
motor learning. This fits to the proposed idea: because of
the fact that the initial phase of motor learning is highly
cognitively driven [24] and the well-established positive
association of enhanced cardiovascular fitness and cogni-
tive processing in older adults [11], initial motor learning
might also be improved by chronic physical activity in
older adults.
Motor learning is discussed to be facilitated by neuro-

plasticity mechanisms as enhanced levels of lactate,

BDNF or vascular-endothelial growth factor (VEGF)
[78], increases in oxygen transport to the brain [15] or
increases in norepinephrine [55]. Consequently, it might
be assumed that exercise does not only facilitate learning
but also the ability of the aging brain to undergo neuro-
plasticity This assumption is however, highly speculative
and needs to be investigated in future studies. Two of
the motor learning studies assessed the neurophysio-
logical correlates of motor performance and motor
learning by use of electroencephalography (EEG) alpha
activity with contradicting results [19*, 21*]. Etnier &
Landers [19*] found a Fitness × Group × Site × Hemi-
sphere interaction. Etnier et al. [21*] did not find an ef-
fect of cardiovascular fitness on alpha activity. More
recent research revealed that activity in the beta fre-
quency band was associated with motor performance
and changes in corticospinal output ([18] for a review).
Therefore, one might speculate that analyses of other
EEG frequency bands might provide more promising re-
sults. Nevertheless, for the association between physical
activity and cognitive performance neuroimaging re-
search methods delivered valuable elucidation ([85] for a
review). These methods should be (further) used to in-
vestigate underlying neurophysiological mechanisms of
the association between physical activity and motor
performance.
The two studies examining the effects of cardiovascu-

lar fitness level on motor learning during delayed reten-
tion tests revealed ambiguous results [19*, 21*]. Etnier
and Landers [19*] argued for their non-significant results
that possible effects might be extenuated, because they
chose a submaximal spiroergometry protocol to assess
cardiovascular fitness level. This argument might be rea-
sonable, as Etnier et al. [21*], using a maximal cardiovas-
cular capacity protocol, found a significant effect of
cardiovascular fitness on retention. Etnier et al. [21*] re-
ferred to the same possible mechanisms as already sum-
marized for general effects on motor learning [15, 55].
Besides studies reported in our systematic review,

the few studies examining the influence of chronic
physical activity on motor learning in groups of
young adults or patients reveal noteworthy and auspi-
cious results. One study with young adults revealed
increased motor learning after an eight-week cardio-
vascular exercise program as compared to a control
group conducting stretching exercises [58]. Further
promising results of exercise induced neuroplasticity,
which might improve motor learning, are reported for
patients with Parkinson’s disease [27] or are discussed
with respect to poststroke rehabilitation [42]. These
positive findings regarding chronic physical activity
and motor learning might reflect promising ap-
proaches for older adults – healthy or different
patients groups – as well.
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In addition to exercise and physical activity, non-
invasive brain stimulation as transcranial direct current
stimulation (tDCS) and transcranial magnetic stimula-
tion (TMS) are prominent methods used to improve
motor performance and motor learning in healthy indi-
viduals as well as in clinical settings ([77] for a review).
In this regard, tDCS revealed beneficial results also for
older adults ([76] for a systematic review and meta-
analysis). However, in the only study with older adults,
TMS failed to induce enhanced motor learning [5]. As
tDCS and TMS are accompanied with some restrictions
(as low reproducibility for tDCS results or medical
supervision for TMS), exercise might be a promising
and easy applicable approach that might be used in
addition or instead of tDCS and TMS.

Outlook: Acute exercise in older adults
Within our systematic review, we found no appropriate
study that examined the influence of an acute bout of
exercise on upper extremity motor performance or
motor learning processes in older adults. However, it
should be mentioned that acute exercise studies with
young healthy adults provide promising results, as indi-
cated by enhanced motor learning [61, 74] or increased
neuroplasticity ([70] for a review) in the (primary) motor
cortex following acute bouts of exercise of different in-
tensities. On the contrary, some studies examined the ef-
fect of acute exercise on lower extremity control, i.e.,
postural stability, in older adults. Postural stability was
reduced immediately after exhausting strength-training
[46], moderate intensity rehabilitation exercises [16], or
moderate intensity cycling [75], implicating that older
adults might need to pay increased attention on their
balance or might need assistance immediately after phys-
ical exercise. Nevertheless, others reported no influence
of moderate intensity rehabilitation exercises on postural
stability neither in young nor in older adults [17], sug-
gesting that more research with older adults is needed
not only in upper, but also lower extremity control. We
aim to investigate the association of acute exercise and
upper extremity control in older adults in a future study.

Future directions
Based on our systematic review we suggest to derive the
following recommendations for prospective research. To
disentangle physical activity, fitness and type of exercise
effects, future studies should use an interventional de-
sign, apply objective measures of cardiovascular fitness,
use objective fitness criteria for group allocations, recruit
extreme groups of low-fit and high-fit participants and/
or use cardiovascular fitness as continuous variable. Fur-
thermore, studies assessing the influence of particular
kinds of sport, regardless whether in a cross-sectional or
interventional design, should evaluate the sport

participation in more detail. This might provide valid
statements about the influence of the particular kind of
sport on motor performance with respect to a possible
influence of amount and length of participation and –
very important – exercise intensity. Additionally, more
studies should include neurophysiological and biochem-
ical measures to get further clarification about under-
lying mechanisms.

Conclusion
This systematic review reveals heterogeneous findings
regarding the association between chronic physical activ-
ity and motor performance as well as chronic physical
activity and motor learning in upper extremity tasks in
older adults. The association between physical activity
and motor performance seems to depend on the study
design (interventional studies lead to more stable posi-
tive results than cross-sectional studies), motor task
(complex motor tasks benefit to a higher extend) as well
as exercise intensity (stronger effects in interventions
with a higher exercise intensity), and seems to be inde-
pendent from the pure cardiovascular fitness level. A
high physical activity or cardiovascular fitness level seem
to boost initial motor learning, which might be attrib-
uted to enhanced cognitive processing of active/fit older
adults. Several non-significant findings of cross-sectional
studies might be reasoned by the study design (e.g., sub-
jective measures of physical activity or calculation of a
median split). Nevertheless, more research is needed to
deduce well-founded exercise recommendations leading
to improvements in motor performance and boost
motor learning processes in older adults.

Acknowledgements
The authors would like to thank the anonymous reviewers for their
constructive comments, which helped us to improve the manuscript.

Funding
This work was supported by a grant of the German Research Foundation
(VO-15/1 Re-LOAD).

Availability of data and materials
Not applicable.

Authors’ contributions
LH performed the systematic literature search and wrote the manuscript.
CVR validated literature search, wrote and edited the manuscript. Both
authors read and approved the final manuscript.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Hübner and Voelcker-Rehage European Review of Aging and Physical Activity  (2017) 14:15 Page 17 of 19



Received: 16 March 2017 Accepted: 13 July 2017

References

*denotes study included in systematic review.

1. * Adamo DE, Alexander NB, Brown SH. The influence of age and physical
activity on upper limb proprioceptive ability. J Aging Phys Act. 2009;17:272–93.

2. Albouy G, Sterpenich V, Balteau E, Vandewalle G, Desseilles M, Dang-Vu T,
Darsaud A, Ruby P, Luppi PH, Degueldre C, Peigneux P. Both the
hippocampus and striatum are involved in consolidation of motor
sequence memory. Neuron. 2008;58:261–72.

3. * Bakken RC, Carey JR, Di Fabio RP, Erlandson TJ, Hake JL, Intihar TW. Effect
of aerobic exercise on tracking performance in elderly people: a pilot study.
Phys Ther. 2001;81:1870–9.

4. Berchicci M, Lucci G, Perri RL, Spinelli D, Di Russo F. Benefits of physical
exercise on basic visuo-motor functions across age. Front Aging Neurosci.
2014;6:48.

5. Berghuis KM, Veldman MP, Solnik S, Koch G, Zijdewind I, Hortobágyi T.
Neuronal mechanisms of motor learning and motor memory consolidation
in healthy old adults. Age. 2015;37:53.

6. Boot WR, Simons DJ, Stothart C, Stutts C. The pervasive problem with
placebos in psychology: why active control groups are not sufficient to rule
out placebo effects. Perspect Psychol Sci. 2013;8:445–54.

7. * Botelho MF, Azevedo A. Manual reaction speed and manual dexterity in
eldery people: a comparative study between elderly practitioners and non-
practitioners of physical activity. Sport Sci. 2009;2:35–43.

8. Buchman AS, Boyle PA, Wilson RS, Bienias JL, Bennett DA. Physical activity
and motor decline in older persons. Muscle Nerve. 2007;35:354–62.

9. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and
physical fitness: definitions and distinctions for health-related research.
Public Health Rep. 1985;100:126.

10. Claudino R, Mazo GZ, Santos MJ. Age-related changes of grip force control
in physically active adults. Percept Mot Skills. 2013;116:859–71.

11. Colcombe S, Kramer AF. Fitness effects on the cognitive function of older
adults: a meta-analytic study. Psychol Sci. 2003;14:125–30.

12. * Dascal JB, Teixeira LA. Selective maintenance of motor performance in
older adults from long-lasting sport practice. Res Q Exerc Sport. 2016;
87:262–70.

13. Diermayr G, McIsaac TL, Gordon AM. Finger force coordination
underlying object manipulation in the elderly - a mini-review.
Gerontology. 2011;57:217–27.

14. Doyon J, Benali H. Reorganization and plasticity in the adult brain during
learning of motor skills. Curr Opin Neurobiol. 2005;15:161–7.

15. Dustman RE, Emmerson R, Shearer D. Physical activity, age, and cognitive-
neuropsychological function. J Aging Phys Act. 1994;2:143–81.

16. Egerton T, Brauer SG, Cresswell AG. The immediate effect of physical activity
on standing balance in healthy and balance-impaired older people.
Australas J Ageing. 2009;28:93–6.

17. Egerton T, Brauer SG, Cresswell AG. Changes in stepping response to lateral
perturbations immediately following a single bout of physical activity.
Physiother Res Int. 2011;16:141–50.

18. Engel AK, Fries P. Beta-band oscillations—signalling the status quo? Curr
Opin Neurobiol. 2010;20:156–65.

19. * Etnier JL, Landers DM. Motor performance and motor learning as a
function of age and fitness. Res Q Exerc Sport. 1998;69:136–46.

20. Etnier JL, Nowell PM, Landers DM, Sibley BA. A meta-regression to examine
the relationship between aerobic fitness and cognitive performance. Brain
Res Rev. 2006;52:119–30.

21. * Etnier JL, Romero DH, Traustadottir T. Acquisition and retention of motor
skills as a function of age and aerobic fitness. J Aging Phys Act. 2001;9:425–37.

22. Erickson KI, Prakash RS, Voss MW, Chaddock L, Heo S, McLaren M, Pence BD,
Martin SA, Vieira VJ, Woods JA, McAuley E. Brain-derived neurotrophic factor
is associated with age-related decline in hippocampal volume. J Neurosci.
2010;30:5368–75.

23. Gheysen F, Van Opstal F, Roggeman C, Van Waelvelde H, Fias W.
Hippocampal contribution to early and later stages of implicit motor
sequence learning. Exp Brain Res. 2010;202:795–807.

24. Halsband U, Lange RK. Motor learning in man: a review of functional and
clinical studies. J Physiol Paris. 2006;99:414–24.

25. Hamacher D, Hamacher D, Rehfeld K, Hökelmann A, Schega L. The effect of
a six-month dancing program on motor-cognitive dual-task performance in
older adults. J Aging Phys Act. 2015;23:647–52.

26. Hillman CH, Erickson KI, Kramer AF. Be smart, exercise your heart: exercise
effects on brain and cognition. Nat Rev Neurosci. 2008;9:58–65.

27. Hirsch MA, Farley BG. Exercise and neuroplasticity in persons living with
Parkinson’s disease. Eur J Phys Rehabil Med. 2009;45:215–29.

28. Holfelder B, Schott N. Relationship of fundamental movement skills and
physical activity in children and adolescents: a systematic review. Psychol
Sport Exerc. 2014;15:382–91.

29. * Hsu HC, Chou SW, Chen CP, Wong AM, Chen CK, Hong JP. Effects of
swimming on eye hand coordination and balance in the elderly. J Nutr
Health Aging. 2010;14:692–5.

30. Kalapotharakos VI, Michalopoulos M, Strimpakos N, Diamantopoulos K,
Tokmakidis SP. Functional and neuromotor performance in older adults:
effect of 12 wks of aerobic exercise. Am J Phys Med Rehabil. 2006;85:61–7.

31. Kamijo T, Murakami M. Regular physical exercise improves physical motor
functions and biochemical markers in middle-age and elderly women. J
Phys Act Health. 2009;6:55–62.

32. Kantak SS, Winstein CJ. Learning-performance distinction and memory
processes for motor skills: a focused review and perspective. Behav Brain
Res. 2012;228:219–31.

33. * Kattenstroth JC, Kalisch T, Holt S, Tegenthoff M, Dinse HR. Six months of
dance intervention enhances postural, sensorimotor, and cognitive
performance in elderly without affecting cardio-respiratory functions. Front
Aging Neurosci. 2013;5:5.

34. * Kattenstroth JC, Kalisch T, Kolankowska I, Dinse HR. Balance, sensorimotor,
and cognitive performance in long-year expert senior ballroom dancers. J
Aging Res. 2011;176709.

35. * Kattenstroth JC, Kolankowska I, Kalisch T, Dinse HR. Superior sensory,
motor, and cognitive performance in elderly individuals with multi-year
dancing activities. Front Aging Neurosci. 2010;2:31.

36. * Keogh JW, Morrison S, Barrett R. Strength training improves the tri-
digit finger-pinch force control of older adults. Arch Phys Med Rehabil.
2007;88:1055–63.

37. * Krampe RT, Smolders C, Doumas M. Leisure sports and postural
control: can a black belt protect your balance from aging? Psychol
Aging. 2014;29:95–102.

38. Kyrdalen IL, Moen K, Roysland AS, Helbostad JL. The Otago exercise
program performed as group training versus home training in fall-
prone older people: a randomized controlled trial. Physiother Res Int.
2013;19:108–16.

39. Lohse KR, Wadden K, Boyd LA, Hodges NJ. Motor skill acquisition across
short and long time scales: a meta-analysis of neuroimaging data.
Neuropsychologia. 2014;59:130–41.

40. Lundgren-Lindquist B, Sperling L. Functional studies in 79-year-olds. II upper
extremity function. Scand J Rehabil Med. 1982;14:117–23.

41. MacCallum RC, Zhang S, Preacher KJ, Rucker DD. On the practice of
dichotomization of quantitative variables. Psychol Methods. 2002;7:19–40.

42. Mang CS, Campbell KL, Ross CJ, Boyd LA. Promoting neuroplasticity for motor
rehabilitation after stroke: considering the effects of aerobic exercise and genetic
variation on brain-derived neurotrophic factor. Phys Ther. 2013;93:1707–16.

43. McGregor KM, Heilman KM, Nocera JR, Patten C, Manini TM, Crosson B,
Butler AJ. Aging, aerobic activity and interhemispheric communication.
Brain Sci. 2012;2:634–48.

44. McGregor KM, Nocera JR, Sudhyadhom A, Patten C, Manini TM, Kleim JA, et
al. Effects of aerobic fitness on aging-related changes of interhemispheric
inhibition and motor performance. Front Aging Neurosci. 2013;5:66.

45. Miller DI, Taler V, Davidson PS, Messier C. Measuring the impact of exercise
on cognitive aging: methodological issues. Neurobiol Aging. 2012;33:29–43.

46. Moore JB, Korff T, Kinzey SJ. Acute effects of a single bout of resistance
exercise on postural control in elderly persons. Percept Mot Skills. 2005;
100:725–33.

47. Müller P, Rehfeld K, Schmicker M, Hökelmann A, Dordevic M, Lessmann V, et
al. Evolution of Neuroplasticity in Response to Physical Activity in Old Age:
The Case for Dancing. Front Aging Neurosci. 2017;9 doi:
10.3389/fnagi.2017.00056.

48. Nagamatsu LS, Weinstein AM, Erickson KI, Fanning J, Awick EA, Kramer
AF, McAuley E. Exercise mode moderates the relationship between
mobility and basal ganglia volume in healthy older adults. J Am Geriatr
Soc. 2016;64:102–8.

Hübner and Voelcker-Rehage European Review of Aging and Physical Activity  (2017) 14:15 Page 18 of 19

http://dx.doi.org/10.3389/fnagi.2017.00056


49. Nelson ME, Rejeski WJ, Blair SN, Duncan PW, Judge JO, King AC, Macera CA,
Castaneda-Sceppa C. Physical activity and public health in older adults:
recommendation from the American College of Sports Medicine and the
American Heart Association. Circulation. 2007;116:1094–1105.

50. Niemann C, Godde B, Voelcker-Rehage C. Not only cardiovascular, but also
coordinative exercise increases hippocampal volume in older adults. Front
Aging Neurosci. 2014a;6:170.

51. Niemann C, Godde B, Staudinger UM, Voelcker-Rehage C. Exercise-induced
changes in basal ganglia volume and cognition in older adults. Neuroscience.
2014b;281:147–63.

52. * Olafsdottir HB, Zatsiorsky VM, Latash ML. The effects of strength training
on finger strength and hand dexterity in healthy elderly individuals. J Appl
Physiol. 2008;105:1166–78.

53. Pahor M, Blair SN, Espeland M, Fielding R, Gill TM, Guralnik JM, et al. Effects of a
physical activity intervention on measures of physical performance: results of
the lifestyle interventions and independence for elders pilot (LIFE-P) study. J
Gerontol A Biol Sci Med Sci. 2006;61:1157–65.

54. * Pei YC, Chou SW, Lin RS, Lin YC, Hsu TH, Wong AM. Eye-hand coordination
of elderly peoplewho practice tai chi Chuan. Med Assoc. 2008;107:103–10.

55. Poehlman ET, Danforth E. Endurance training increases metabolic rate
and norepinephrine appearance rate in older individuals. Am J Physiol.
1991;261:233–9.

56. * Puggaard L, Pedersen HP, Sandager E, Klitgaard H. Physical conditioning in
eldery people. Scand J Med Sci Sports. 1994;4:47–56.

57. Puttemans V, Wenderoth N, Swinnen SP. Changes in brain activation during
the acquisition of a multifrequency bimanual coordination task: from the
cognitive stage to advanced levels of automaticity. J Neurosci. 2005;25:4270–8.

58. Quaney BM, Boyd LA, McDowd JM, Zahner LH, He J, Mayo MS, Macko RF.
Aerobic exercise improves cognition and motor function poststroke.
Neurorehabil Neural Repair. 2009;23:879–85.

59. Rejeski WJ, Axtell R, Fielding R, Katula J, King AC, Manini TM, et al.
Promoting physical activity for elders with compromised function: the
lifestyle interventions and independence for elders (LIFE) study physical
activity intervention. Clin Interv Aging. 2013;8:1119–31.

60. Rikli R, Busch S. Motor performance of women as a function of age and
physical activity level. J Gerontol. 1986;41:645–9.

61. Roig M, Skriver K, Lundbye-Jensen J, Kiens B, Nielsen JB. A single bout of
exercise improves motor memory. PLoS One. 2012;7:44594.

62. Sallis JF, Saelens BE. Assessment of physical activity by self-report:
status, limitations, and future directions. Res Q Exerc Sport. 2000;
71(Suppl 2):1–14.

63. Schmidt R, Wrisberg C. Motor learning and performance: a problem-based
learning approach. 3rd ed. Champaign, IL: Human Kinetics Publishers; 2004.

64. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al.
Motor control and aging: links to age-related brain structural, functional,
and biochemical effects. Neurosci Biobehav Rev. 2010;34:721–33.

65. Sexton CE, Betts JF, Demnitz N, Dawes H, Ebmeier KP, Johansen-Berg H. A
systematic review of MRI studies examining the relationship between
physical fitness and activity and the white matter of the ageing brain.
NeuroImage. 2016;131:81–90.

66. * Sharpe PA, Jackson KL, White C, Vaca VL, Hickey T, Gu J, Otterness C.
Effects of a one-year physical activity intervention for older adults at
congregate nutrition sites. Gerontologist. 1997;37:208–15.

67. * Shay KA, Roth DL. Association between aerobic fitness and visuospatial
performance in healthy older adults. Psychol Aging. 1992;7:15–24.

68. Shumway-Cook A, Woollacott MH. Motor control: translating research into
clinical practice. 4th ed. Baltimore: Lippincott Williams & Wilkins; 2012.

69. Sibley BA, Etnier JL. The relationship between physical activity and
cognition in children: a meta-analysis. Pediatr Exerc Sci. 2003;15:243–56.

70. Singh AM, Staines WR. The effects of acute aerobic exercise on the primary
motor cortex. J Mot Behav. 2015;47:328–39.

71. Skriver K, Roig M, Lundbye-Jensen J, Pingel J, Helge JW, Kiens B, Nielsen JB.
Acute exercise improves motor memory: exploring potential biomarkers.
Neurobiol Learn Mem. 2014;116:46–58.

72. Spirduso WW. Physical fitness, aging, and psychomotor speed: a review. J
Gerontol. 1980;1(35):850–65.

73. * Spirduso WW, MacRae HH, MacRae PG, Prewitt J, Osborne L. Exercise
effects on aged motor function. Ann N Y Acad Sci. 1988;515:363–75.

74. Statton MA, Encarnacion M, Celnik P, Bastian AJ. A single bout of
moderate aerobic exercise improves motor skill acquisition. PLoS One.
2015;10:0141393.

75. Stemplewski R, Maciaszek J, Salamon A, Tomczak M, Osiński W. Effect of
moderate physical exercise on postural control among 65–74 years old
men. Arch Gerontol Geriatr. 2012;54:279–83.

76. Summers JJ, Kang N, Cauraugh JH. Does transcranial direct current
stimulation enhance cognitive and motor functions in the ageing brain? A
systematic review and meta-analysis. Ageing Res Rev. 2016;25:42–54.

77. Tanaka S, Sandrini M, Cohen LG. Modulation of motor learning and memory
formation by non-invasive cortical stimulation of the primary motor cortex.
Neuropsychol Rehabil. 2011;21:650–75.

78. Taubert M, Villringer A, Lehmann N. Endurance exercise as an "endogenous"
neuro-enhancement strategy to facilitate motor learning. Front Hum
Neurosci. 2015;9:692.

79. Thacker JS, Middleton LE, McIlroy WE, Staines WR. The influence of an acute
bout of aerobic exercise on cortical contributions to motor preparation and
execution. Physiol Rep. 2014;10:e12178.

80. * Van Halewyck F, Lavrysen A, Levin O, Boisgontier MP, Elliott D, Helsen WF.
Both age and physical activity level impact on eye-hand coordination. Hum
Mov Sci. 2014;36:80–96.

81. * Van Halewyck F, Lavrysen A, Levin O, Elliott D, Helsen WF. The impact of
age and physical activity level on manual aiming performance. J Aging Phys
Act. 2015;23:169–79.

82. * Varghese R, Hui-Chan CW, Bhatt T. Effects of tai chi on a functional arm
reaching task in older adults: a cross-sectional study. J Aging Phys Act. 2015;
23:361–8.

83. Voelcker-Rehage C. Motor-skill learning in older adults – a review of studies
on age-related differences. Eur Rev Aging Phys Act. 2008;5:5–16.

84. Voelcker-Rehage C, Godde B, Staudinger UM. Cardiovascular and
coordination training differentially improve cognitive performance and
neural processing in older adults. Front Hum Neurosci. 2011;5:26.

85. Voelcker-Rehage C, Niemann C. Structural and functional brain changes
related to different types of physical activity across the life span. Neurosci
Biobehav Rev. 2013;37:2268–95.

86. * Voorrips LE, Lemmink KA, van Heuvelen MJ, Bult P, van Staveren WA. The
physical condition of elderly women differing in habitual physical activity.
Med Sci Sports Exerc. 1993;25:1152–7.

87. Voss MW, Erickson KI, Prakash RS, Chaddock L, Kim JS, Alves H, Szabo A, Phillips
SM, Wójcicki TR, Mailey EL, Olson EA. Neurobiological markers of exercise-
related brain plasticity in older adults. Brain Behav Immun. 2013;28:90–9.

88. Wagner G, Herbsleb M, de la Cruz F, Schumann A, Köhler S, Puta C, Gabriel
HW, Reichenbach JR, Bär KJ. Changes in fMRI activation in anterior
hippocampus and motor cortex during memory retrieval after an intense
exercise intervention. Biol Psychol. 2017;124:65–78.

89. * Wang J, D’Amato A, Bambrough J, Swartz AM, Miller NE. A positive
association between active lifestyle and hemispheric lateralization for motor
control and learning in older adults. Behav Brain Res. 2016;314:38–44.

90. Weerdesteyn V, Rijken H, Geurts AC, Smits-Engelsman BC, Mulder T, Duysens
J. A five-week exercise program can reduce falls and improve obstacle
avoidance in the elderly. Gerontology. 2006;52:131–41.

91. Winter B, Breitenstein C, Mooren FC, Voelker K, Fobker M, Lechtermann
A, et al. High impact running improves learning. Neurobiol Learn Mem.
2007;87:597–609.

92. * Wong AMK, Chou SW, Huang SC, Lan C, Chen HC, Hong WH, et al. Does
different exercise have the same effect of health promotion for the elderly?
Comparison of training-specific effect of tai chi and swimming on motor
control. Arch Gerontol Geriatr. 2011;53:133–7.

93. * Yan JH. Tai chi practice improves senior citizen’s balance and arm
movement control. J Aging Phys Act. 1998;6:271–84.

94. * Yan JH. Tai chi practice reduces movement force variability for seniors. J
Gerontol A Biol Sci Med Sci. 1999;54:629–34.

95. * Zisi V, Michalopoulos M, Tzetzis G, Kioumourtzoglou E. Effects of a short-
term exercise programm on motor function and whole body reaction time
in the elderly. J Hum Mov Stud. 2001;40:145–60.

Hübner and Voelcker-Rehage European Review of Aging and Physical Activity  (2017) 14:15 Page 19 of 19


	Outline placeholder
	Abstract

	Background
	Some defining characteristics
	Chronic physical activity and motor performance or learning
	Acute exercise and motor performance or learning

	Methods
	Database sources and search terms
	Study selection and eligibility criteria

	Results
	Chronic physical activity and motor performance
	Sample characteristics
	Study design
	Type of exercise
	Targeted exercise as independent variable
	Type of motor task

	Chronic physical activity and motor learning
	Sample characteristics
	Study design
	Type of exercise
	Type of motor task and stage of motor learning


	Discussion
	Chronic physical activity and motor performance
	Study design and type of exercise
	Type of motor task
	Other influencing factors and limitations

	Chronic physical activity and motor learning
	Outlook: Acute exercise in older adults
	Future directions

	Conclusion
	Funding
	Availability of data and materials
	Authors’ contributions
	Consent for publication
	Competing interests
	Publisher’s Note
	References
	*denotes study included in systematic review.

