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Abstract

The decline in cognitive and motor functions with age affects the performance of the aging healthy population in
many daily life activities. Physical activity appears to mitigate this decline or even improve motor and cognitive abilities in
older adults. The current systematic review will focus mainly on behavioral studies that look into the dual effects of
different types of physical training (e.g., balance training, aerobic training, strength training, group sports, etc.)
on cognitive and motor tasks in older adults with no known cognitive or motor disabilities or disease. Our
search retrieved a total of 1095 likely relevant articles, of which 41 were considered for full-text reading and
19 were included in the review after the full-text reading. Overall, observations from the 19 included studies
conclude that improvements on both motor and cognitive functions were found, mainly in interventions that adopt
physical-cognitive training or combined exercise training. While this finding advocates the use of multimodal exercise

training paradigms or interventions to improve cognitive-motor abilities in older adults, the sizeable inconsistency
among training protocols and endpoint measures complicates the generalization of this finding.
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Background

Changes in brain structure and function with age can
give rise to a wide range of cognitive and motor declines
in healthy older adults [1-13]; see reviews [12, 14-17].
Research over the past two decades has provided com-
pelling evidence that these declines can be delayed or
even reversed, and that skills can be revived by engaging
in different sports activities and maintaining an active
lifestyle; see reviews [18-22]. Given the relatively fast
rise in the proportion of older adults in Europe and
worldwide, finding new approaches or interventions to
improve motor and cognitive functioning and promote
healthy lifestyle is of importance. The present systematic
review aims at providing a summary of research that has
been conducted over the last decade and examined spe-
cifically the effect of different types of physical exercise
training on both cognitive and motor functions.
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In healthy older adults, regular physical exercise training
has been reported to improve mood [23], relieve anxiety
and depression [24], and enhance global cognitive func-
tions such as memory [24-26], attention [24, 27], inhib-
ition [27-33], and processing speed [22, 34]; see reviews
[21, 22, 35]. Besides the beneficial impact of physical train-
ing on cognition, it has also been shown to improve mo-
bility [29, 36—39], balance [37, 40], and fine upper limb
control [41-44]; see reviews [39, 45, 46]. While there has
been a growing number of studies evaluating the effects of
physical exercise training on cognition in the past decade,
the beneficial effects of training on motor functions per se
have received less attention. In addition, the effects of
physical exercise training on cognitive functions and
motor functions have generally been explored separately.
This segregation is somewhat surprising, given that motor
and cognitive functions share similar brain network sys-
tems, and thus are expected to be influenced by parallel
neurodegenerative processes in aging.
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For example, age-related changes in the structural and
functional integrity of prefrontal and basal ganglia sub-
structures have been reported to be associated with a
range of cognitive deficits, such as a decline in memory
[47], information processing speed [6, 9, 11], and inhib-
ition [4]; see [48, 49] of the involvement of the
prefrontal-basal ganglia network in motor and cognitive
functioning. Structural changes in the same substruc-
tures can also predict a wide range of motor declines,
such as poor performance of complex coordination tasks
[3, 8], longer action selection times [50], mobility deteri-
oration [5], and balance loss [2]. Nonetheless, a growing
body of evidence suggests that general physical training
increases gray matter and white matter volume in pre-
frontal brain networks ([32, 51-55]; see reviews [20, 22]),
which are compromised by aging processes to a greater
extent than other regions of the brain [10, 56]. However,
note that prefrontal contributions to performance declines
cannot be isolated from greater distributed gray and white
matter loss in the whole brain [1, 57]. Taken together,
these observations suggest that physical training could be
an effective means to prevent brain atrophy and maintain
(or even improve) cognitive and motor abilities in aging.

As physical activity appears to ameliorate cognitive de-
cline in both healthy aging and age-related pathological
conditions ([23, 24, 26, 27, 29-31, 37, 58, 59]; for review
see [60]), questions emerge as to what extent improve-
ments in cognitive functions predict gains in motor
functions, and to what extent different types of exercise
training differentially affect cognitive and motor func-
tions. For example, it has been shown that exercise
training reduced the need of prefrontal resources of ex-
ecutive function and attention involved in challenging
treadmill walking. This, in turn, was speculated to allow
older adults to allocate more attentional resources to
processes related to balance control [27]. An alternative
working hypothesis, nonetheless, would assume bilateral
positive impacts of physical exercise training on both
cognitive and motor functioning. Along these lines, the
first aim of the current systematic review was to exam-
ine the specific beneficial effects of physical exercise in-
terventions on cognitive and motor functioning in
healthy older adult population. The second aim was to
examine the interplay between cognitive and motor
gains in relation to the physical exercise training used.
In line with the aforementioned aims, our search strat-
egy predominantly included search combinations of (i)
common exercise interventions or training protocols
such as cardiovascular (aerobic), strength and/or balance
[18-46], [58, 59] and (ii)) motor and cognitive tasks
which are commonly used for evaluation of brain-
behavior relationships in aging studies such as inhibition,
reaction time, and balance control [1-17, 47-50]. We
primarily focused on executive functions such as
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processing, attention, inhibition which have been shown
crucial for successful performance of both gross and fine
motor functioning such as locomotion, balance control,
reaction time, and coordination; for review see [15—-17].

Literature search, selection process, data extraction, and
quality assessment

A systematic electronic search of the literature was car-
ried out online through PubMed database that was pub-
lished between January 2007 and December 2016. The
search strategy was conducted by using a keyword
search of the following terms:(physical activity OR train-
ing OR aerobic OR resistance OR strength OR dance
OR yoga OR tai chi OR martial art OR qigong OR en-
durance OR balance OR cycling OR swimming OR run-
ning OR jogging OR walking OR cross country) AND
((cognitive OR cognition OR cognitive function* OR ex-
ecutive function* OR attention OR inhibition) AND
(motor OR motor skill* OR motor task* OR motor
learning OR reaction time (RT))) OR motor-cognitive.
The search was conducted with the following additional
filters: publication dates (10 years), age (65+ years), and
pathology (NOT Parkinson’s NOT stroke NOT Alzheimer
NOT cancer NOT lesions* NOT patients NOT injury). A
list of references, which included relevant reviews or ori-
ginal studies with no restrictions on study design and age-
range, was also scanned for additional bibliography. Only
studies published in English were considered.

The following inclusion criteria were implemented: (i)
a longitudinal study design with at least two intervention
groups (short-term or acute effect studies were not con-
sidered), (ii) physical intervention or combined physical
and cognitive intervention (dual-task), and (iii)) com-
bined motor and cognitive outcomes as an endpoint.
Studies were excluded if they: (i) were study design
reports, (ii) did not include at least one cognitive func-
tion test and at least one motor function test at baseline
or post-intervention phases of the study, (iii) were non-
interventional or (iv) did not include at least one com-
parison group (i.e. single group pre- and post-test de-
sign) or cross-sectional study design. There were also
restrictions with respect to the mean age (> 65 years
old) and health condition of the included population (no
reported neurodegenerative diseases, chronic illnesses
and/or overt cognitive impairments).

A flow diagram of the study selection process is illus-
trated in Fig. 1. The search retrieved a total of 1095
likely relevant articles. All retrieved articles were
screened by two reviewers (OL and GZ). Doubtful deci-
sions for inclusion/exclusion were resolved by the senior
co-author (YN). After screening by title and/or abstract,
1054 articles were excluded due to (i) topic irrelevance,
(ii) being meta-analysis/review papers, (iii) irrelevant
endpoint outcomes, (iv) the inclusion of one or more
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Fig. 1 Article selection process
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patients groups, (v) being a report of a study protocol
with no actual collection of data, and (vi) absence of
cognitive or motor assessments at baseline and/or end-
point. The remaining 41 articles were evaluated as po-
tentially relevant papers and the full papers were
obtained. After screening the full papers, 22 articles were
excluded for the following reasons: irrelevant age-range
[61], single group pre- and post-test design [62-64], a
cross-sectional study design or no exercise intervention
[65-70], or absence of cognitive or motor assessments at
baseline or endpoint [69, 71-81]. The remaining articles
(n=19) met all inclusion criteria and were included in
the review [82—100]. Results from the aforementioned
19 articles were summarized with respect to: (i) demo-
graphic characteristics of participants (total sample size,
number of group participants and gender ratio), (ii)
characteristics of the intervention (exercise protocol,
duration/frequency, and exercise intensity), and (iii) the
outcome effects of the intervention on specific cognitive
and motor functions. The aforementioned results are
presented in Table 1. Lastly, article quality assessment
was conducted using the Jadad scale [101] (see Table 2).

Results

Sample characteristics

The number of participants, mean age, and gender dis-
tribution for each intervention group in the 19 included
studies are summarized in Table 1. Five studies had
small sample sizes (N < 15) in one or more groups [83]: 2
groups, N <7 per group; [85]: 2 groups, N < 13 per group;
[86]: 2 groups, N <11 per group; [87]: control group, N =
13; [96]: physical-cognitive training group, N =12). In
most of the included studies sample sizes per group were

larger than 15, and in three studies sample sizes per group
were equal to or larger than 50 [92, 97, 99]. In all studies
the number of females was larger than that of males, how-
ever information about gender distribution within each
intervention group was not always available. In one study
[98], all of the included participants were female. Subject
ages ranged from 55 to 97 years old and mean group ages
ranged from 65.5 + 6.3 [89] to 81.9 + 6.3 years old [97].

Interventions
Studies included in this review reported multiple outcome
measures, and an extensive range and diverse types of inter-
vention protocols. The most frequent intervention protocol
(11 of the 19 included studies) was combined exercise
training (e.g. aerobic training followed by resistance train-
ing) [82-84, 88, 90, 91, 97-100]. The second most frequent
intervention protocol (9 of 19 included studies) was com-
bined physical-cognitive training. Here physical exercise
training was either conducted simultaneously with a cogni-
tive task in a dual-task manner [84, 91, 93, 94, 96, 100], or
was followed by separate cognitive interventions [83, 92,
97]. The remaining intervention protocols consisted of
single-exercise training paradigms, involving aerobic train-
ing [89, 95], resistance training [85, 89], balance training
[86, 89] or dance [87, 88]. Nine studies included a passive
control group [85, 86, 89-91, 93, 94, 96, 98]. Alternatively,
participants in control groups underwent health education
classes [87, 92, 99] or were subjected to lesser physical (or
cognitive) training, for example training of gross motor ac-
tivities [82] or training of a single cognitive task [96].

Types and durations of the interventions varied con-
siderably between studies. The durations of the interven-
tion period varied, ranging from 6 weeks [85, 86] to
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Table 2 Study quality assessment score (Jadad scale [101] with modification®)

Study Randomization Blinding® Account of all participants Total
(max=2) (max=2) (max=1) (max =5)
Berryman et al, 2014 [82] 1 0 1 2
de Bruin et al, 2013 [83] 2 1 1 4
Falbo et al,, 2016 [84] 1 0 1 2
Fragala et al, 2014 [85] 1 0 0 1
Granacher et al,, 2010 [86] 1 0 1 2
Hackney et al, 2015 [87] 0 1 1 2
Hamacher et al,, 2015 [88] 2 1 1 4
luliano et al,, 2015 [89] 2 0 0 2
Kamegaya et al,, 2014 [90] 1 0 1 2
Leon et al, 2015 [91] 1 0 1 2
Maki et al, 2012 [92] 1 0 1 2
Marmeleira et al., 2009 [93] 1 0 1 2
Schoene et al, 2013 [94] 2 1 1 4
Smiley-Oyen et al.,, 2008 [95] 0 1 1 2
Theill et al,, 2013 [96] 0 0 1 1
van het Reve & de Bruin, 2014 [97] 1 0 1 2
Vaughan et al. 2014 [98] 2 1 1 4
Williamson et al.,, 2009 [99] 2 1 1 4
Yamada et al., 2011 [100] 2 1 1 4

Since participants cannot be blinded to an exercise intervention, a single-blinded study was awarded 1 point despite the fact that the original JADAD scale require

double-blinding in order to receive any point

12 months [99]. In most studies the intervention lasted
8 to 12 weeks and consisted of 24 training sessions (or
classes) in total. Exercise protocols also varied greatly
between studies. For example, the intensity of the aer-
obic exercise varied from light (e.g. [94]) to moderate-
high (e.g. [89]). Durations of the training sessions (for all
types of interventions) were inconsistent as well, ranging
from 15 to 20 min [89] for balance training to 60—70 min
[87, 88] for dance. Similar to the differences in exercise in-
tensity and duration, the type and combinations of exer-
cises varied greatly between studies. For example, three
studies that included a combined-exercise training con-
sisted of aerobic-strength training [82, 88, 91], and three
studies consisted of strength-balance training [83, 97,
100], whereas in five studies all three exercise paradigms
were used in a single training session [85, 88, 90, 98, 99].
Finally, six studies that combined physical-cognitive inter-
vention protocols consisted of physical exercise training
with a dual task [84, 91, 93, 94, 96, 100], whereas the inter-
ventions in the remaining studies were made up of
separate blocks of physical exercise and cognitive training
[83, 97] or involved social interactions [92]. Exercises in
the physical-cognitive intervention consisted of aerobic
training [92-94, 96, 100] or combined aerobic/strength/
balance training [83, 84, 91, 97].

Main outcome measures
Due to the large heterogeneity in exercise protocols and
testing methods, it was difficult to arrive at a synthesis of
the search findings. Therefore, we performed a descriptive
analysis where performance gains (or negative effects) were
sorted and summed according to four motor outcome
measures and five cognitive outcome measures. The four
motor outcome measures were: functional lower limb mo-
bility and gait characteristics [82-84, 86—90, 92—94, 96—
100], static and/or dynamic balance [86, 87, 89, 94, 97-99],
muscle strength [82, 85, 89, 90, 92, 99], and psychomotor
(RT) tasks [83, 85, 91, 93-95, 97, 98]. The five cognitive
outcome measures were: processing speed [85-99], work-
ing memory [82, 84, 88, 90, 92, 95, 96, 98, 99], inhibition
[82, 84, 89, 93-96, 98, 99], attention [85, 87—99], and dual-
task cost [82—84, 86, 88, 92-94, 96, 97, 100]. Other out-
come measures were aerobic fitness [82, 95], depression
scores [87, 90, 92], quality-of-life and life-satisfaction scores
[87, 90, 92], and markers of brain plasticity (brain-derived
neurotrophic factor — BDNF) [85, 98]. Battery of tests used
for the assessments of the aforementioned motor/cognitive
outcome measures in each of the included studies are spe-
cified in Table 1.

The outcome effects of each intervention on specific
cognitive and motor functions are presented in Table 1.
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Data are summarized in Fig. 2 for the overall motor/cog-
nitive gains in each intervention category, and in Figs. 3
and 4 for the specific motor (Fig.3) and cognitive (Fig. 4)
gains in each intervention category. As can be seen in
Fig. 2, the highest number of reported performance
gains and negative findings were reported for the com-
bined exercise training and cognitive-motor training.
However, the abovementioned interventions were also
the most frequent (Table 1). In line with the first main
objective of the current systematic review, the specific
effects of the different intervention categories on motor
and cognitive gains are described in detail next.

Motor performance gains as a function of intervention

Motor performance gains (from a number of studies) are
illustrated in Fig. 3 for each of the six interventions. The
majority of test batteries (or protocols) examined gains
in functional tasks (i.e. mobility and strength) [82, 84,
86-90, 92, 94, 97-100], gross motor skills (i.e. balance)
[84, 86—89, 94, 96-99], or RT [83, 91, 93-95, 97, 98].
None of the included studies examined fine motor skills
or motor learning. Four studies used aerobic [89, 95],
strength [85, 89],or balance [86, 89] training as a single
intervention. In one study [89], the three interventions
and a passive control group were included in a single
study design (see Table 1; [89]). Significant gains induced
by aerobic training were found only for a mobility pre/
post-test (gait speed, One Mile Walk Test), significant
gains induced by resistance training were found for the
strength pre/post-tests (One Repetition Maximum test
in all trained muscles), and significant positive gains in-
duced by balance training have been shown only for a
balance pre/post-test (Stork Balance Stand Test). No
gains on all elements of the test battery were observed
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in the passive control group. For the remaining studies,
aerobic training [95], resistance training [85], or balance
training [86] were applied as single interventions. Likely
beneficial gains in performance of the visuomotor RT
task (i.e. shorter responses times at likelihood of 80.2%)
were reported in [85] and significant gains in gait stabil-
ity were reported in [86]. Taken together, observations
from the four studies suggest that using aerobic [89, 95],
strength [85, 89], or balance [86, 89] training as a single
intervention may have only limited effects on motor per-
formance gains. However, findings cannot be generalized
due to limitations caused by the small number of studies
or the diversity in testing protocols — specifically, no in-
clusion of psychomotor tests [86, 89] and no inclusion
of mobility, balance, and strength tests [85, 95].

Two studies focused on dance as a single exercise [87, 88].
Observations from these studies are summarized in Fig. 3D.
Irrespective of differences in the intervention and testing
protocols, both studies showed a significant increase in gait
speed. One of these studies also reported a significant in-
crease in backward gait speed as well as faster performance
time on the Four-Square Step Test [87].

Eleven studies used combined-exercise training proto-
cols: (i) aerobic and strength [82, 88, 91], (ii) aerobic and
flexibility [90], (iii) strength and balance [83, 95, 97], or
(iv) aerobic, strength, and balance exercises combined
[84, 88, 98—100]. Observations from these studies are
summarized in Fig. 3E. In all studies but two [91, 95], mo-
bility tests were applied pre- and post-intervention, and in
seven of nine studies significant gains were observed in
one or more mobility performance tests: Time Up & Go
(TUG) [82, 98], Walking Speed [82, 97-100], Stride
Length Variability [88], and Chair Stand [82, 97, 99]. Im-
provements in mobility characteristics were observed for

gains see Fig. 3 (motor) and Fig. 4 (cognitive)
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Fig. 2 Outcome effects of each of the six types of interventions on overall motor and cognitive functions. Positive findings refer to significant
pre-to-post improvements of performance in one or more of the four main motor outcome measures (i.e. mobility, strength, balance, and psychomotor
speed) and one or more of the five main cognitive outcome measures (i.e, attention, processing speed, memory, inhibition, and dual-task cost). Negative
findings indicate the number of incidences where no significant gains on the abovementioned outcome measures were found. For specific performance
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all training protocols in which strength exercises were in-
cluded [82, 88, 97-100], albeit pre-to-post gains in
strength were reported only by one study [82] in which
two intervention groups and one control group were
tested. Three studies reported significant pre-to-post im-
provements in balance [97-99] and three of four studies
reported significant pre-to-post improvements in the per-
formance of one or more psychomotor tests [83, 91, 97].
However, all three studies that reported pre-to-post im-
provements in balance also included balance training in
their intervention. Finally, pre-to-post gains on RT were
found in five studies [83, 91, 95, 97, 98]. In two of the
studies the training protocol consisted of combined
strength and balance exercises [83, 97]. The three
remaining studies consisted of aerobic-strength training
[91] or aerobic-strength-balance training [98].

Nine intervention studies used one or more paradigms
of combined physical-cognitive training. Observations
from these studies are summarized in Fig. 3F. In six of
the nine studies [84, 91, 93, 94, 96, 100], physical and
cognitive training were conducted in a dual-task man-
ner. In the remaining studies [83, 92, 97], participants
received the cognitive intervention [83, 97] or social
intervention [92] at the end of the physical training.
Intervention protocols consisted of: (i) aerobic exercise
combined with: a battery of cognitive-psychomotor train-
ing [93], memory training [96], a video game [94]; (ii)
strength-balance exercise [83, 97] combined with comput-
erized cognitive training for attention; and (iii) aerobic-
strength-balance exercise combined with dual-task inter-
ference and/or a battery of psychomotor and memory tasks
[84, 91, 100]. Most of the pre-to-post performance gains
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Fig. 4 Outcome effects of each of the six types of interventions on cognitive performance gains (from the number of studies). Please note that one study can
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Levin et al. European Review of Aging and Physical Activity (2017) 14:20

were reported for mobility outcome measures, specifically
TUG [92], walking speed [97, 100], stride length/gait speed
variability [84, 96], and chair stand [97]. Significant pre-to-
post gains were also observed for balance [94, 97]. How-
ever, observed gains in the above-mentioned studies were
not specific to the intervention, nor to the type of physical
exercises or the cognitive training protocols involved. Fi-
nally, pre-to-post gains in RT were examined in five stud-
ies, in which attention training and/or dual task training
exercises were applied [83, 91, 93, 94, 97]. In all five studies
a significant improvement in simple RT and/or movement
time was observed post-intervention, but significant group
differences were evident only when a passive control group
was included [91, 93]. Thus, the existence of an evident
link between these two types of cognitive training and re-
spective pre-to-post gains in Stepping Reaction Time
(SRT) cannot be generalized. To conclude, intervention
protocols using single-exercise training tended to re-
sult in focal performance gains [86, 89], whereas mul-
tiple exercise training [82, 83, 97-99] or physical-
cognitive training [83, 94, 97] typically resulted in
gains of multiple motor outcome measures.

Cognitive performance gains as function of intervention
Cognitive performance gains (from the number of
studies) are illustrated in Fig. 4 for each of the six in-
terventions. Again, pre-to-post performance gains on
cognitive outcome measures were more visible in
groups that underwent combined physical exercise train-
ing [82-84, 88, 90, 91, 97-100] or combined physical-
cognitive training [82, 84, 91-94, 96, 97, 100] than in
groups that underwent aerobic training [89, 95], strength
training [85, 89] or balance training [86, 89] as a single ex-
ercise. Pre-to-post improvements on processing and atten-
tion were found in both studies in which aerobic training
was applied as a single intervention [89, 95], whereas sig-
nificant improvements on memory [89] or inhibition [95]
were evident only in one of the two studies. Finally, the
beneficial effects of strength training [89, 95] or balance
training [86, 95] on cognition were marginal, with evi-
dence pointing to possible gains in processing speed [85],
attention [89] or motor interference task [86], but not on
inhibition [85, 89] or cognitive interference task [86] (see,
Figs. 4A-C).

The effects of dance as a single intervention on cogni-
tive functions in older adults were reported in two stud-
ies [87, 88]. In one study [87], no pre-to-post gains in
cognition were reported. In contrast, the other study
[88], which used a cognitive-motor interference task (a
serial three subtractions test while walking), found a signifi-
cant decrease in the average time required to recite the
successive subtractions and a marginal increase in the per-
centage of correct answers, suggesting pre-to-post im-
provements in processing speed, working memory,
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attention, and dual-task cost (see, Fig. 4D). Of note, the du-
rations of the single training sessions in both studies were
largely similar (90 min including warm-up and cool-down).
However, the duration of the intervention was twice as
long in one study [88] (26 weeks) than in the other study
[87] (12 weeks). This could partially explain the absence of
significant post-intervention effects in the latter study.

Findings from the eleven studies in which combined-
exercise training protocols were used (see, Fig. 4E) and
the nine studies in which combined physical-cognitive
training protocols were used (see, Fig. 4F) are discussed
next. Due to the large variety among the applied cogni-
tive test batteries, pre-to-post intervention effects are
presented for each of the five outcome measures separ-
ately, as a function of the different training protocols.
Statistically significant pre-to-post-intervention differ-
ences on one or more outcome measures of processing
were reported for aerobic-flexibility training [90], for
strength-balance training [97], and for aerobic-strength-
balance [98]. Improvements were found on: (i) Digit
Symbol Substitution Test (DSST) and Analogy test
scores [90], (ii) TMT parts A and B time scores [97],
and (iii) California Older Adult Stroop Test (COAST)
and TMT (parts A and B) time scores [98]. Significant
pre-to-post-intervention differences on one or more
outcome measures of processing were also reported
in four studies in which combined physical-cognitive
training protocols were used [91-93, 97]. In three of those
studies [92, 93, 97], significant pre-to-post improvements
on one or more outcome measures of attention or dual-
task cost were also found. Significant pre-to-post differ-
ences were found: (i) in TMT parts A and B time scores
following strength-balance training and computerized at-
tention training [97]; (ii) on the Categorical Word Fluency
element of the 5-Cog test, the digit symbol substitution
test (DSST), and the Yamaguchi Kanji symbol substitution
tests following aerobic training combined with social
interaction [92]; (iii) in a visual processing (Useful Field of
View Test (UFOV)) [93], and (iv) in the Simple/Choice
RT elements of the Vienna Test System [91].

Statistically significant pre-to-post-intervention differ-
ences on one or more outcome measures of memory
were reported for aerobic-strength training [82] and
aerobic-flexibility training [90]. In [82], improvements in
two elements of the Random Generator Number test
(RNG, R scores, and mean repetition gap (MRG)) were
observed only during a dual task (ie., performing the
RNG test during walking), and were more prominent for
the intervention group that underwent aerobic training
combined with strength exercise of the upper body mus-
cles (UBS-A group) than in the intervention group that
underwent strength exercise of the lower body muscles
(LBS-A group). Pre-to-post gains on MRG scores of the
RNG test were found only for the UBS-A and control
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groups, but not for the LBS-A. For [90], a significant
gain was reported on the Cued Recall Test of the Five-
Cog task. However, a comparable improvement was also
found in the control group. Pre-to-post-intervention im-
provements in memory were observed in only one [92]
of the three studies [84, 92, 96] where memory tests
were conducted after the implementation of combined
physical-cognitive training.

Statistically significant pre-to-post-intervention differ-
ences on one or more outcome measures of inhibition
were reported for aerobic-strength training [82] and
aerobic-strength-balance training [98]. In one study [82],
significant gains were found for the Turning Point Index
(TPI, changes between ascending and descending
phases) and the adjacency score (numbers presented in
pairs; i.e. 3—4) of the RNG test that were visible in both
the single-and dual-task test conditions. However, im-
provements were not statistically different as a function
of the group, and were not consistent across test condi-
tions. With respect to the studies in which combined
physical-cognitive training protocols were used, pre-to-
post-intervention improvements in the performance of
the inhibition component in the RNG test was reported
only in one study following an intervention with dual-
task walking [84].

Statistically significant pre-to-post-intervention differ-
ences on one or more outcome measures of attention were
reported for aerobic-flexibility training [90], strength-
balance training [97], and aerobic-strength-balance training
[98]. Testing protocols were not identical across the three
abovementioned studies. For [97], significant pre-to-post
improvements were reported in the performance of the di-
vided attention task of the Vienna Test System. For [90], a
significant gain was reported on the Character Position
Referencing task of the Five-Cog task, but a comparable
improvement was also found for participants in the passive
control group. Finally, [98] reported significant pre-to-post
improvement on performance of the TMT parts A and B
tests (see also improvement in processing), but not on the
Letter-Number Sequencing task. No significant gains were
reported by [95] for strength-balance training and for
[88, 99] for aerobic-strength-balance training.

With respect to the studies in which combined
physical-cognitive training protocols were used, signifi-
cant pre-to-post-intervention improvements on one or
more outcome measures of attention were reported in
four studies [91-93, 97]. With respect to one study [97],
significant pre-to-post improvements were also reported
on all divided attention elements of the Vienna Test Sys-
tem. Finally, another study [93] reported significant pre-
to-post improvement in the divided attention element of
the UFOV evaluation tool.

Significant  pre-to-post-intervention differences on
Dual-Task Cost (DTC) were reported by [82] for aerobic-
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strength training and [83] for strength-balance training
(however, statistical power in the latter study was poor
due to the small sample size). In [82], improvements in
DTC were associated with improvement in working mem-
ory and inhibition, as reported above. Interestingly, for
three of the six studies mentioned above [91, 97, 100], sig-
nificant pre-to-post improvements on DTC were reported
when the same physical intervention protocols were
repeated whilst cognitive training was added. With re-
spect to the studies in which combined physical-
cognitive training protocols were used, pre-to-post-
intervention improvements in DTC were reported in
seven of the eight studies where this outcome meas-
ure was tested [83, 92-94, 96, 97, 100]. Gains were
not specific to the intervention program (either to the
type of physical exercises or to the cognitive training
protocols involved) or to the evaluation protocol.

Association between motor and cognitive gains

In line with the second major aim of the current review—
looking into the dual effect of various training protocols
on motor and cognition, we provided a qualitative over-
view of the extent by which pre-to-post gains in motor
functions parallel improvements in the performance of
cognitive functions. Specifically, a detailed inspection of
the data in Table 1 indicates that parallel improvements
in motor and cognitive performances were observed,
mainly for interventions consisting of combined physical
training or combined physical-cognitive training. The
occurrences of parallel improvements in motor and cog-
nitive outcome measures are illustrated in Fig. 5 for the
two combined training interventions. It can be seen that
parallel improvements were mainly found for: (i) mobil-
ity and dual-task cost (DTC) [82, 83, 92, 96, 97, 99, 100],
(ii) mobility, balance, processing speed, and attention
[97, 98], or (iii) psychomotor speed, processing speed,
attention, and/or DCT (83, 91, 93, 94, 97]. To a lesser
extent, we also found associations between: (i) mobility
(TUG/gait speed/gait variability), balance and inhibition
for physical-cognitive training [84, 98], or (ii) between
gait speed, strength, and inhibition for combined exer-
cise training [82].

For the remaining interventions (aerobic, strength, bal-
ance, and/or dance), parallel improvements in physical/
motor outcome measures and cognitive outcome mea-
sures were found between: (i) mobility (gait speed) and
processing speed, attention, memory, and DTC in dance
[88]; (ii) mobility, attention, and processing speed in aer-
obic training [89]; (iii) psychomotor speed, attention,
and processing speed for strength training [85]; and (iv)
balance, processing speed, and DTC in balance training
[86]. Overall, these qualitative analyses suggest that pre-
post gains in gait, mobility, and balance were associated
with cognitive improvements. However, most of the
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included studies did not examine correlations between
the pre-post difference values of cognitive and motor
outcome measures.

Direct assessment of the associations between pre-to-
post difference values of cognitive and motor outcome
measures were available in only two of the nineteen
reviewed studies [84, 99]. One study [84] reported that
increased inhibition efficiency was associated with de-
creased gait variability (r=-.65, p=.006) in the group
that underwent physical-cognitive dual-task training.
However, this effect was found only during dual-task
walking with simple gait demands. The same authors re-
ported a marginally significant association between the
same outcome measures also for the group that under-
went the physical training alone (aerobic-strength-bal-
ance combined). Here, a significant correlation between
increase inhibition efficiency and decreased gait variabil-
ity (r=-.47, p =.049) was reported for dual-task walking
with complex gait demands (i.e., walking while negotiat-
ing hurdles). The second study [99] reported that pre-
to-post gains in processing and attention (as measured
with DSST) following aerobic-strength-balance training
were positively correlated with improvements in the Short
Physical Performance Battery (SPPB) scores (r=.38, p
=.002), chair stand scores (r=.26, p =.012), and to some
extent balance scores (r=.21, p = 047). The same authors
also reported significant positive correlations between
gains on short-term memory scores (Rey Auditory Verbal
Learning Test, (RAVLT)) and gait velocity (r=0.25, p
=.019) or chair stand (r=.22, p =.039). Otherwise, corre-
lations between pre-to-post changes in the performance
of RAVLT or the inhibition test (Stroop), and pre-to-post

changes in all other elements of the SPPB, did not reach
the level of significance (r < .20, p > .05).

Discussion

In line with the objectives of the current systematic re-
view, the search strategy we used aimed at locating re-
search studies that examined the combined effects of
physical training interventions on motor and cognitive
functions in older adults. Our literature search and se-
lection process resulted in 19 publications, of which 11
studies reported the effects of combined (multi-compo-
nent) exercise training [82—84, 88, 90, 91, 97-100], 9 re-
ported the effects of combined physical cognitive
training [83, 84, 91-94, 96, 97, 100], and 8 reported the
effects of single exercise protocols with aerobic train-
ing [89, 95], strength training [85, 89], balance train-
ing [86, 89], or dance [87, 88]. The main findings
from the 19 included studies were:

1. Multi-component exercise training or combined
physical-cognitive training were found to improve a
larger number of physical, motor, and cognitive
outcome measures than a single exercise
intervention. Physical-cognitive training was
found to be the best intervention strategy.

2. Multi-component exercise training was found to be
beneficial for improving gait and processing speed,
whereas combined physical-cognitive training was
found to be most beneficial for psychomotor speed,
processing speed, attention, and dual task cost.

3. Pre-post gains in mobility and psychomotor speed
were strongly associated with pre-to-post gains in
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processing and dual task cost. However, these
associations were more prevalent when intervention
consisted of combine physical-cognitive training.

4. Due to lack of sufficient consistency in the training
protocols and applied test batteries, we were unable
to provide a reliable evaluation of the possible effects
of single-exercise protocols on performance.

Specificity of the exercise interventions

The extent to which exercise interventions were associ-
ated with specific gains in cognitive and motor functions
were examined in line with the first major aim of the
current systematic review. Overall, findings from the
nineteen included studies indicated that combined exer-
cise training and physical-cognitive training resulted in
significant improvements in mobility (e.g. increased
walking speed and reduced time of chair rise), attention,
and processing capabilities. Also, improvements in psy-
chomotor speed and dual-tasks cost were more pro-
nounced after physical-cognitive training than after
exercise training alone. The aforementioned observa-
tions are in line with findings from previous systematic
reviews or meta-analysis studies [45, 46], all together pro-
viding evidence that multi-component exercise training or
combined physical-cognitive training appeared to be the
best intervention strategies for improving multiple phys-
ical, motor, and cognitive functions. This augmented effect
could be attributed to parallel improvements in processing
and attention, which were more evident after combined
physical-cognitive training than after combined exercise
training. Moreover, observations from the nineteen in-
cluded studies indicated that combined physical-cognitive
training had a greater beneficial effect than other types of
interventions on processing and attention, but not on in-
hibition and memory (e.g. [91-93, 97]); partly explaining
the observed improvements in the performances of dual-
task when this type of intervention was used. However,
the above-mentioned findings need to be interpreted with
caution, due to the large diversity among the intervention
protocols and testing methods.

Pre-to-post improvements in mobility, processing, at-
tention, and/or dual-task cost were also evident in the
control group, which underwent physical exercise train-
ing or cognitive training as a single intervention (e.g.
[95, 96]). The fact that non-significant time x group in-
teractions were observed, indicates that training effects on
some of the outcome measures may not necessarily be spe-
cific to the training protocol, but may have been caused by
merely engaging in physical activity once or twice a week.
For example, in five of the nine studies that used com-
bined physical-cognitive training [83, 84, 91, 97, 100],
pre-to-post gains in mobility outcome measures were
statistically similar to the respective gains found in the
control groups that underwent physical training alone.
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Moreover, the performance gains observed in partici-
pants who received the training were not always statis-
tically different from the gains observed in participants
in the control groups who attended health education
classes [92, 99] or received cognitive training alone
[96]. Nonetheless, significant group differences were
observed in seven of the nine studies where a passive
control group was included [85, 86, 89, 91, 93, 94, 96].
Taken together, one could suggest that adding cognitive
elements to the physical intervention may have only a
minor additional effect on the mobility characteristics
at the post-tests. However, a closer inspection of the
findings indicated that improvements in mobility were
associated to a greater extent with pre-post gains in
dual-task cost after combined physical-cognitive train-
ing than after exercise training alone (e.g. [84]). From a
brain-behavior perspective, parallel improvements in
mobility characteristics and dual-task cost may suggest
improvements in the functioning of the basal ganglia
and prefrontal cortex [2, 5, 50, 102].

Significant gains in mobility or functional motor tests
(e.g., chair rise) could be attributed, at least in part, to sig-
nificant gains in cardiovascular performance (e.g., [59]; for
studies included in the present review see [82, 95]) or in-
crease of muscle strength [29, 31]. The findings from stud-
ies included in the current review [84, 98—100] suggest
that multimodal combined training would likely lead to
greater benefits for general health, cardio-respiratory fit-
ness, and general improvement of cognitive and motor
functions than aerobic, strength, or balance training alone.
Nonetheless, due to the diversity in interventions and test
protocols among the nineteen included studies, we were
unable to make a clear association between the types of
training used and their specific effects on performance.

Cognitive-motor interactions

Intervention effects on both cognitive and motor func-
tions were examined, in line with the second major aim
of the current systematic review. Findings from the nine-
teen included studies suggest that intervention effects
on mobility, balance, and psychomotor speed were asso-
ciated with improvements in attention, processing, and
dual-tasks (Fig. 5). Intervention effects on mobility and
balance, together with improvements in inhibition or
memory, were also observed, but were less evident. Im-
portantly, parallel improvements in physical (motor) and
cognitive outcome measures were observed in the ma-
jority of the intervention groups (75%) that underwent
combined physical-cognitive training, but only in about
35% of the groups that underwent physical-exercise
training only. This observation suggests, at first sight,
that positive training effects (in both motor and cogni-
tive function) might be attributed exclusively to the in-
clusion of cognitive training; specifically dual-task



Levin et al. European Review of Aging and Physical Activity (2017) 14:20

training [84, 91, 93, 94, 96, 100]; see for further evidence
[27, 29, 31]. Taken together, the aforementioned findings
suggest that the beneficial effects of physical-cognitive
training (in general) and dual task training (in particular)
appeared to be superior to other forms of training proto-
cols. However, a closer inspection of the findings indi-
cated that training effects on dual-task performance
occurred in parallel to pre-to-post gains in attention,
processing, and psychomotor speed (e.g. [97]). Moreover,
parallel improvement in physical or cognitive functions
under dual-tasks were also evident (albeit to a lesser ex-
tent) in studies that used physical exercise training as
the main intervention (e.g. [82]), and improvements in
physical performance tasks were found when performed
under single-task conditions (e.g. [86]). To conclude, the
main body of evidence from the current systematic re-
view suggests that combined exercise and cognitive
training (in particular when the cognitive training con-
sists of a dual task) could improve basic cognitive and
motor functions, and give rise to better management of
brain resources [25, 59, 102—104]. This observation is
not surprising given the fact that training under a dual
task requires sustained attention to visual or auditory
stimuli, effective processing of sensory information, and
effective transfer of information among the brain’s sen-
sory centers. As such, we expect that this type of inter-
vention would infiltrate high-order executive-control
centers and sensorimotor centers, causing neuroplastic
changes in widespread areas of the aging brain, as com-
pared to other types of interventions which may induce
more local effects. These findings must be interpreted
with caution, however, given the low number of included
studies and large variety in the intervention and test
protocols.

The association between changes in inhibition and mo-
bility or inhibition and balance could be attributed partly
to the beneficial effects of cardiovascular training [95]; see
for further evidence [103, 105]. However, evidence from
other included studies that also applied cardiovascular
training either exclusively or solely [89], or in combination
with other physical/cognitive exercises [93, 96], failed to
support this assumption. Notably, positive training effects
on attention could indicate adaptation of a shared
attention-inhibition substructure, for example the dorso-
lateral prefrontal cortex or the prefrontal-basal ganglia
network [6, 102, 103]. This could entail selective benefits
for attention and inhibition or inhibition and gait per-
formance under a dual task. However, associations be-
tween changes in inhibition and attention [98] or
inhibition and dual-task walking [84] were rather scarce,
as compared to associations between basic cognitive func-
tions and mobility or psychomotor speed (Fig. 5).

Negative findings were reported in the majority (69%)
of the included studies where pre-to-post training effects
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on inhibitory functions were examined [89, 93-96, 99];
see also [84] for combined exercise training but not
combined physical-cognitive training. The absence of
consistent findings on inhibition across the included
studies could be attributed to the large diversity among
training protocols, intervention durations, and assess-
ment tools. However, the fact that most of the included
studies did report significant training effects when pre-
to-post differences were examined for attention (61%),
processing (67%), and dual-task costs (75%), implies that
some training protocols showed selective beneficial ef-
fects for inhibition, where others did not. In line with
these observations, we propose that inhibition (and pos-
sibly also memory) may be responsive to specific types
of training paradigms, whereas other basic cognitive (or
motor) functions such as attention or mobility may be
responsive to a broader range of interventions or multi-
modal training protocols. Similar to the findings from
two other systematic reviews [18, 20], findings from the
current review suggest that multimodal interventions
have a greater beneficial effect on older adults than do
single interventions — specifically, improving a broader
range of cognitive-motor functions and having a better
potential protective effect on the structural and func-
tional integrity of the aging brain. Further insights into
the effects of specific training protocols on pre-to-post
differences in brain-behavior relationships should be
considered in future research by including brain imaging
techniques.

Brain-behavior relationships

While evidence from other research studies or systematic
reviews could provide some indications about training-
induced reorganization of the brain ([26, 32, 51-55]; see
reviews [20, 22]), none of the included studies in this re-
view included direct measurements of training-induced
differences in brain structure. Indirect evidence for pos-
sible relationships between cognitive and motor perform-
ance gains and brain plasticity have been examined,
nonetheless, in two of the nineteen included studies [85,
98], based on the measurement of brain-derived neuro-
trophic factor (BDNF) levels in serum or plasma; yet,
these observations were inconsistent. Specifically, one
study [98] reported a significant increase in the levels of
plasma BDNF in response to a combined physical exercise
intervention which included cardiovascular, strength, and
motor fitness training. The same authors reported a de-
crease in BDNF levels in participants of the passive con-
trol group, which did not receive any exercise training
during the period of the intervention. This was also the
observation from other studies, where an increased BDNF
level in older adults has been reported in response to
physical exercise [106, 107], dance [52], or combined
physical-cognitive training [106]; see review [20]. In
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addition, it was found that individuals who experienced
greater fitness improvements from the exercise training
(i.e, high responders to exercise) also had greater in-
creases in the serum neurotrophic factors, such as BDNF
and insulin-like growth factor-1 (IGF-1) [106].

In contrast to the aforementioned observations, one
study [85] reported no significant change of serum
BDNF in response to a resistance training intervention.
Yet evidence also suggests that increases in serum
neurotrophic factors appeared to be less responsive to
resistance training as compared to other exercise inter-
ventions; see [18] for a systematic review and meta-
analysis. Furthermore, inconsistencies in findings could
be attributed to differences in gender and intensity/dur-
ation of the intervention [18, 51, 107] or individual dif-
ference in baseline levels of BDNF [18, 108].

Notably, changes in levels BDNF (or other neuro-
trophic factors) could provide a general indication for
neuroplasticity, but cannot provide indications about the
exact brain regions or networks that were affected by
the intervention. For that reason, studies comparing two
or more modes of interventions against a single mode
(or controls) should also include pre/post measurements
of brain structures. Including neuroimaging data in fu-
ture studies will be important in order to examine
changes in gray or white matter, or brain metabolic pro-
files to examine the effect of an intervention on neuro-
transmitter concentration or integrity of brain tissue) at
specific brain regions. Some studies have already taken
this step [26, 32, 51, 53]. However, most studies reported
cross-sectional associations between self-reported phys-
ical activity and gray matter or white matter volume
(see, for review [20]). Therefore, in future studies, assess-
ments should be made of: (i) the extent to which the
brain structure and functions are influenced by different
types of interventions, and (ii) the extent to which brain
structural and functional changes occur along with pre-
to-post intervention changes in motor and cognitive
measurements assessed before and after exercise.

Limitations

The present systematic review has several limitations.
First, the included studies applied very heterogeneous
intervention protocols and test batteries, which limited
our ability to gain conclusive insights into the specific
training effect of each type of intervention — in particu-
lar, the lack of consistency among the outcome measures
tested in each study and the use of different test batter-
ies for assessment of the same outcome measure. In
addition, we found some mismatches between the phys-
ical fitness components of training and the reported out-
come measures, especially in studies where combined
physical-cognitive training protocols were used. For ex-
ample, nine of eleven studies included strength exercises
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in the combined-exercise training protocol, but only
three studies performed pre- and post-intervention tests
of strength [82, 90, 99]. Taken together, this large diver-
sity in methodology hindered our ability to compare re-
sults from different studies and perform a quantitative
meta-analysis.

Second, all included studies in the current review re-
ported pre-to-post intervention gains on multiple out-
come measures. But in none of the included studies
were adjustments for multiple testing across dependent
variables made; post-hoc comparisons for significant
main effects from analyses of variance or covariance, or
mixed model regressions within each dependent variable
were adjusted (for the most part) by using the Bonfer-
roni correction [82, 84, 86, 89-92, 95]. However, this
does not address the issue of Type-1 error for testing
across multiple dependent variables; see for example [82,
87, 89, 92-94, 99, 100]. Therefore, we encourage scien-
tists in this area to adapt a more conservative approach
for evaluating their findings; for example, to discuss
multivariate results at the p <.001 level or greater (e.g.
[109]) or to apply a false discovery rate procedure [110].

Other limitations may pertain to the use of a single
data-base source (PubMed) and/or the elimination of
studies which included patient groups. However,
PubMed is considered to be a reliable source, and offers
free access to most research articles, meta-analysis pa-
pers, and systematic reviews. Therefore, it is most likely
that very few studies, if at all, may be found in other sci-
entific sources. The inclusion of patient groups may, on
the one hand, allow more specific insights into mecha-
nisms or brain structures which may benefit from the
intervention. On the other hand, variability among pa-
tients regarding the type and severity of their patho-
logical conditions is expected, complicating the synthesis
of the search findings.

Conclusions

Findings from the nineteen included studies indicated
that the majority of training effects affected mobility.
The same training protocols also appeared to improve
attention, processing, and dual-task cost to a greater de-
gree than inhibition and memory. In line with findings
from other studies that examined the effects of multi-
modal combined training on cognitive functions, obser-
vations from the studies included in our systematic
review indicate that simultaneous training of cognitive
and physical abilities has the highest potential to induce
simultaneous gains in motor cognitive abilities. Unfortu-
nately, none of the included studies in this review exam-
ined a parallel effect of training on brain plasticity, albeit
findings from one study [98] reported a significant in-
crease in the levels of plasma BDNF as a result of the
intervention. More research is required to determine the
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exact effects of cognitive-physical training on structural
and functional changes in specific brain areas, as well as
on interactions between functionally interconnected
brain networks. Finally, we encourage scientists in this
area to develop specific and consistent test batteries for
assessing cognitive and motor effects of exercise. This
will enable a clearer picture of the effects of exercise,
and will make it possible to conduct reviews and draw
general conclusions.
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