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A B S T R A C T

Activities running in community-based-settings offer a method of delivering multimodal interventions to older
adults beyond cognitive training programmes. This systematic review and meta-analysis investigated the impact
of randomised controlled trials (RCTs) of ‘real-world’ interventions on the cognitive abilities of healthy older
adults. Database searches were performed between October 2016 and September 2018. Forty-three RCTs were
eligible for inclusion with 2826 intervention participants and 2234 controls. Interventions to enhance cognitive
ability consisted of participation in activities that were physical (25 studies), cognitive (9 studies), or mixed (i.e.,
physical and cognitive; 7 studies), and two studies used other interventions that included older adults assisting
schoolchildren and engagement via social network sites. Meta-analysis revealed that Trail Making Test (TMT) A,
p= 0.05, M=0.43, 95% CI [-0.00, 0.86], digit symbol substitution, p= 0.05, M=0.30, 95% CI [0.00, 0.59],
and verbal fluency, p= 0.04, M=0.31, 95% CI [0.02, 0.61], improved after specific types of interventions
versus the control groups (which were either active, wait-list or passive controls). When comparing physical
activity interventions against all control groups, TMT A, p= 0.04, M=0.25, 95% CI [0.01, 0.48], and digit
span forward, p= 0.05, M=0.91, 95% CI [-0.00, 1.82], significantly improved. Results remained non-sig-
nificant for all outcomes when comparing cognitive activity interventions against all control groups. Results
therefore suggest that healthy older adults are more likely to see cognitive improvements when involved in
physical activity interventions. In addition, TMT A was the only measure that consistently showed significant
improvements following physical activity interventions. Visuospatial abilities (as measured by TMT A) may be
more susceptible to improvement following physical activity-based interventions, and TMT A may be a useful
tool for detecting differences in that domain.

1. Introduction

Cognitive decline can compromise the quality of life for older adults
and reduce or limit their independence (Bárrios et al., 2013). Cognitive
decline also predicts functional disability in later life (McGuire et al.,
2006), and is associated with increased health care costs (Albert et al.,
2002). Demographic trends towards increasingly older populations to-
gether with the increasing prevalence of cognitive decline with age
(Sheffield and Peek, 2011) highlights the importance of effective in-
terventions that might reduce or delay cognitive decline, or lead to
cognitive ability improvements, particularly for those at higher risk
(Adler, 2003).

Real-world interventions, defined as interventions that use activities
running in community-based settings rather than simulated environ-
ments or close-to-real settings such as gymnasiums in hospitals or

universities (e.g., Alves et al., 2013; Cassilhas et al., 2007), offer a
method of delivering varied, multimodal interventions to older adults
beyond cognitive training regimes that lack ecological validity and may
not generalise to daily cognitive demands (Papp et al., 2009). Utilising
real-world interventions might also offer opportunities to better un-
derstand how any cognitive benefits might transfer to other outcomes of
importance to older adults beyond cognitive abilities, such as quality of
life and functional health. In the literature, real-world interventions for
older adults have been delivered individually or in group settings,
within the home or in public locations (Mortimer et al., 2012; Nouchi
et al., 2012). Strategies that focus on physical, cognitive and social
activities, or combinations of these, have gained increased interest in
recent years (Fragala et al., 2014; Myhre et al., 2016; Park et al., 2013).

Real-world physical activity interventions include, but are not lim-
ited to, aerobic and/or resistance training, yoga and dance. To date,

https://doi.org/10.1016/j.arr.2019.01.006
Received 29 October 2018; Received in revised form 30 November 2018; Accepted 8 January 2019

⁎ Corresponding author at: Department of Psychology, Heriot-Watt University, Edinburgh, EH14 4AS, UK.
E-mail address: a.j.gow@hw.ac.uk (A.J. Gow).

Ageing Research Reviews 50 (2019) 110–130

Available online 29 January 2019
1568-1637/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/15681637
https://www.elsevier.com/locate/arr
https://doi.org/10.1016/j.arr.2019.01.006
https://doi.org/10.1016/j.arr.2019.01.006
mailto:a.j.gow@hw.ac.uk
https://doi.org/10.1016/j.arr.2019.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arr.2019.01.006&domain=pdf


most studies have used aerobic exercise perhaps because it improves
cardiovascular fitness (Angevaren et al., 2008). Cognitive activity in-
terventions for older adults who are relatively cognitively healthy ty-
pically aim to postpone or prevent cognitive decline by enhancing
current function (Acevedo and Loewenstein, 2007). Examples have
included computer (Slegers et al., 2009) and tablet training (Vaportzis
et al., 2017), and videogame interventions (Nouchi et al., 2012; Van
Muijden et al., 2012). Social interventions and productive activities
have also produced protective effects against cognitive ageing (Fried
et al., 2004). Although fewer randomized controlled trials (RCTs) of
social interventions have been conducted, there is some evidence that
increasing social engagement may result in cognitive improvements
(Mortimer et al., 2012).

Given the potential for activities in real-world settings to be used as
cognitively-beneficial interventions, it is important to understand what
activities might be advantageous, and for what cognitive abilities. Also,
the range of activities considered as potential interventions and/or the
cognitive abilities assessed suggests a summary might better direct fu-
ture research using real-world interventions. The aim of the current
review and meta-analysis was, therefore, to systematically review the
extant literature from RCTs of real-world interventions to determine
their impact on the cognitive abilities of healthy older adults.

2. Methods

2.1. Search strategy

PubMed, PsycINFO, Scopus, and Web of Science were systematically
searched for RCTs written in English. Search terms included “cognitive
ageing”, “healthy”, “older adults”, “RCT”, and “intervention” (Search
strategy, Appendix A). Additional articles were found from the re-
ference lists of review articles, the authors’ own literature files and
Google Scholar. We screened titles and abstracts to exclude articles that
did not meet the inclusion criteria. Full texts of remaining studies were
then screened for eligibility by two reviewers (E.V. and M.A.N), with
disagreements resolved through discussion (Fig. 1). Database searches
were performed between October 2016 and September 2018. The
protocol for this systematic review was registered on PROSPERO
(Central Registration Depository: CRD42017056024) and is available in
full on the University of York website (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=56024).

2.2. Selection criteria

We followed the PRISMA-statement (www.prisma-statement.org)
for reporting items of this systematic review (Liberati et al., 2009;
Moher et al., 2009). The selected studies were RCTs of real-world

Fig. 1. Study selection flow chart.
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interventions that ran for at least two consecutive weeks. The cut-off of
2 weeks allowed the exclusion of one-off interventions that investigated
immediate (acute) changes post-intervention. The studies assessed
cognitive ability using at least one standardised neuropsychological or
cognitive test, in healthy participants aged 60 years old and over. Real-
world interventions were physical, cognitive or social activities that
were either community-based or conducted within close-to-real settings
such as dedicated gyms within hospital or universities. In addition, only
articles that were written in English and had control groups were in-
cluded. Any type of control was deemed appropriate, including active
and passive control groups, for example. We excluded studies if parti-
cipants had been diagnosed with any cognitive impairment or other
significant medical, psychiatric, or neurological conditions, for example

mild cognitive impairment (Excluded studies table, Appendix B) and
studies that did not explicitly exclude participants with psychiatric or
neurological conditions. Two reviewers (E.V. and M.A.N.) in-
dependently evaluated the risk of bias in the included studies according
to the criteria for randomized intervention trials outlined in the Co-
chrane Handbook (Higgins and Green, 2011). Disagreements were
discussed between the reviewers until a consensus was reached (Risk of
bias table, Appendix C).

2.3. Statistical analyses

Data analyses were performed using Review Manager 5.1 software
(Review Manager, 2014). We calculated treatment effects based on

Fig. 2. Physical activity interventions versus active controls.
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pooled data from individual trials that were considered homogenous
based on the type of intervention used (e.g., physical, cognitive). We
note, however, that within intervention types (e.g., physical), a range of
activities were considered (e.g., yoga, aerobic exercise, Tai Chi). All
trials reported continuous data. The summary statistics required for
each outcome were the mean change from baseline, the standard de-
viation (SD) of the mean change, and the number of participants in the
intervention and control groups at baseline and post-intervention. In
cases where mean change scores were not provided, they were calcu-
lated based on baseline and post-intervention means and respective
SDs. As pooled trials used different rating scales or tests, we report the
standardised mean difference, which is the absolute mean difference

divided by the standard deviation.
To incorporate heterogeneity among studies, we used the inverse

variance random-effects method to combine individual effect sizes
(DerSimonian and Laird, 1986). The I² test was used to assess statistical
heterogeneity, which describes the percentage of variability among
effect estimates beyond that expected by chance. We compared physical
interventions against active controls, wait-list controls and passive
controls separately. In active control groups, participants received an
alternative intervention that allowed comparison to the main inter-
vention used. For example, stretching and balance classes are com-
monly used as a comparison to aerobic physical activity interventions;
these active controls are designed such that they are comparable in the
level of social engagement and time on task as the main intervention,
but that the activity is at a lower level of intensity. Participants in wait-
list control groups are generally treated as no-contact control groups for
the duration of a study, though usually receive the intervention on
completion of the study Passive control groups did not receive any kind
of intervention. Overall estimates of the intervention difference are
presented in forest plots (Figs. 2–4). Similarly, we compared cognitive
activity interventions and mixed interventions against active, wait-list
and passive controls separately (Figs. 5–7). We also conducted overall
analyses to compare all physical interventions against all controls
(Fig. 8), all cognitive activity interventions against all controls (Fig. 9)
and all interventions against all controls (Fig. 10). We contrasted only
studies that used the same measures. The figures of the overall analyses
present only new outcomes; we do not present overall analyses for
outcomes that were the same as those of analyses of separate control
groups. For example, Nishiguchi et al. (2015) and Vidoni et al. (2015)
compared physical interventions against passive controls using a logical
memory test. These two studies were the only studies that used a logical
memory measure. Therefore, this outcome is presented only once when
comparing physical interventions against passive control groups; we do
not present it when comparing physical interventions against all control
groups and all interventions against all control groups. A summary of
results from all individual trials are presented in Tables 1–9. To con-
sider the possibility of publication bias influencing the outcomes, we
contacted researchers to obtain additional information when necessary,
and generated funnel plots. Furthermore, we conducted a weight-
function model analysis (Vevea and Hedges, 1995; Vevea and Woods,
2005). The weight-function model analysis estimates a random-effects
meta-analytic model, followed by an estimate of an adjusted random-
effects meta-analytic model that includes weights for p-values intervals
(e.g., p < 0.05 and p > 0.05). Finally, we examined the relationship
between the duration of the interventions and effect size, and the fre-
quency of the interventions and effect size. To achieve this, we per-
formed mixed-effects meta-regression analyses using SPSS Macros
(Lipsey and Wilson, 2001; Wilson, 2010).

3. Results

3.1. Included studies

Forty-three RCTs were eligible for inclusion with 2826 intervention
participants (intervention Ns comprised physical= 2065; cognitive=
423; mixed physical-cognitive 232; other= 106) and 2234 controls
(control Ns comprised active= 1244; wait-list = 569; passive= 421).
The most common type of intervention was physical activity (25 stu-
dies). Physical interventions were diverse and included resistance
training, yoga, dance, aerobic exercise, water-based exercise and Tai
Chi. Cognitive activity interventions (9 studies) included video games,
computer training, reading and arithmetic problem solving, and brain-
computer interface (a communication method based on brain neural
activity; Lee et al., 2013). A few studies included a combination of
physical and cognitive interventions (7 studies). The remaining inter-
ventions (2 studies) included older adults assisting schoolchildren in
elementary school settings, and Facebook as a potential intervention to

Fig. 3. Physical activity interventions versus wait-list controls.
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Fig. 4. Physical activity interventions versus passive controls.
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maintain or enhance cognitive function in older adults.

4. Categories of included studies

4.1. Physical activity interventions

4.1.1. Physical activity interventions versus active controls
Of the 11 relevant studies to be considered, 8 reported significant

improvements after a physical activity intervention versus active con-
trols on at least one measure of cognitive ability (Table 1). Meta-ana-
lysis results revealed that compared to active controls, physical

interventions did not significantly improve performance on the execu-
tive function (interference) measure of Stroop (colour-word, p= 0.77,
N studies = 3, N intervention = 94, N control = 101, l2= 0%; colour-
word minus colour, p= 0.10, N studies = 2, N intervention = 172, N
control = 73, l2= 0%), the working memory measures of digit span
forward (p= 0.33, N studies = 2, N intervention = 61, N control =
48, l2= 99%) and digit span backward (p= 0.80, N studies = 3, N
intervention = 140, N control = 79, l2= 0%), and TMT B minus TMT
A (p= 0.32, N studies = 2, N intervention = 172, N control = 73,
l2= 43%; Fig. 2). Contrast was not possible for the remaining measures
(detailed in Table 1) because measures were either used by one study

Fig. 5. Cognitive activity interventions versus active controls.

Fig. 6. Cognitive activity interventions versus passive controls.
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only or authors did not respond to requests for additional information.

4.1.2. Physical activity interventions versus wait-list controls
Of the 6 relevant studies, 4 reported significant improvements after

a physical activity intervention versus wait-list controls on at least one
measure of cognitive ability (Table 2). Meta-analysis results revealed
that compared to wait-list controls, physical interventions did not sig-
nificantly improve performance on the executive function (inter-
ference) measure of Stroop (p= 0.90, N studies = 5, N intervention =
231, N control = 178, l2= 0%), the visuospatial processing measure of
Trail Making Test (TMT) A (p= 0.62, N studies = 3, N intervention =
286, N control = 273, l2= 0%), the cognitive flexibility measure of
TMT B (p= 0.94, N studies = 2, N intervention = 69, N control = 66,
l2= 0%), the reaction time measures of simple RT (p= 0.75, N studies
= 2, N intervention = 116, N control = 67, l2= 0%) and choice RT
(p= 0.62, N studies = 2, N intervention = 116, N control = 67,
l2= 0%), the auditory working memory measure of letter-number se-
quencing (p= 0.85, N studies = 2, N intervention = 116, N control =
67, l2= 0%), the working memory measure of digit span backward
(p= 0.75, N studies = 2, N intervention = 80, N control = 79,
l2= 0%), the verbal and memory measure of RAVLT (immediate recall,
p= 0.28, N studies = 2, N intervention = 80, N control = 79,
l2= 0%; delayed recall, p = 0.14, N studies= 2, N intervention=80,
N control= 79, l2= 0%), and the verbal fluency measure of the Con-
trolled Oral Word Association Test (p= 0.93, N studies = 2, N inter-
vention = 69, N control = 66, l2= 0%; Fig. 3). Contrast was not
possible for the remaining measures (detailed in Table 2) because
measures were used by one study only.

4.1.3. Physical activity interventions versus passive controls
Of the 8 relevant studies, 8 reported significant improvements after

a physical activity intervention versus passive controls on at least one
measure of cognitive ability (Table 3). Meta-analysis results revealed
that compared to passive controls, physical interventions significantly
improved performance on the visuospatial processing measure of TMT
A (p= 0.05, N studies = 3, N intervention = 225, N control = 106,
l2= 67%), digit symbol substitution (p= 0.05, N studies = 2, N in-
tervention = 149, N control = 72, l2= 0%), and verbal fluency (p=
0.04, N studies = 2, N intervention = 149, N control = 72, l2= 0%;
Fig. 4). There were no significant differences on logical memory (p=
0.45, N studies = 2, N intervention = 154, N control = 72, l2= 46%),
delayed logical memory (p= 0.41, N studies = 2, N intervention =
154, N control = 72, l2= 50%), and the working memory measure of
digit span forward (p = 0.26, N studies= 3, N intervention=257, N
control= 150, l2= 0%). Contrast was not possible for the remaining
measures (detailed in Table 3) because measures were used by one
study only.

4.2. Cognitive activity interventions

4.2.1. Cognitive activity interventions versus active controls
Of the 5 relevant studies, 3 reported significant improvements after

a cognitive activity intervention versus active controls on at least one
measure of cognitive ability (Table 4). Meta-analysis results revealed
that compared to active controls, cognitive interventions did not sig-
nificantly improve performance on the executive function (inter-
ference) measure of Stroop (p= 0.43, N studies = 2, N intervention =
210, N control = 58, l2= 0%) and the Frontal Assessment Battery (p=
0.20, N studies = 2, N intervention = 63, N control = 60, l2= 78%;
Fig. 5). Contrast was not possible for the remaining measures (detailed
in Table 4) because measures were either used by one study only or
authors did not respond to requests for additional information.

Fig. 7. Mixed physical-cognitive interventions versus active controls.
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4.2.2. Cognitive activity interventions versus wait-list controls
Of the 2 relevant studies, 1 reported significant improvement after a

cognitive activity intervention versus wait-list controls on at least one
measure of cognitive ability (Table 5). However, contrast was not

possible because the studies used different measures.

4.2.3. Cognitive activity interventions versus passive controls
Of the 2 relevant studies, 2 reported significant improvements after

a cognitive activity intervention versus passive controls on at least one
measure of cognitive ability (Table 6). Meta-analysis results revealed
that compared to passive controls, cognitive interventions did not sig-
nificantly improve performance on the working memory measure of
digit span (average of digit span forward and backward, p= 0.67, N
studies = 2, N intervention = 37, N control = 37, l2= 0%), the psy-
chomotor speed measure of digit symbol substitution (p= 0.58, N
studies = 2, N intervention = 37, N control = 37, l2= 0%), and the
visuospatial and non-verbal problem solving measure of block design
(p= 0.57, N studies = 2, N intervention = 37, N control = 37,
l2= 0%; Fig. 6). Contrast was not possible for the remaining measures
(detailed in Table 6) because measures were used by one study only.

4.3. Mixed interventions

4.3.1. Physical-cognitive interventions versus active controls
Of the 6 relevant studies, 5 reported significant improvements after

a mixed physical-cognitive intervention versus active controls on at
least one measure of cognitive ability (Table 7). Meta-analysis results
revealed that compared to active controls, mixed physical-cognitive
interventions did not significantly improve performance on the vi-
suospatial processing measure of TMT A (p = 0.47, N studies= 4, N
intervention= 187, N control= 83, l2= 0%; Fig. 7), the cognitive
flexibility measure of TMT B (p= 0.34, N studies = 2, N intervention
= 152, N control = 50, l2= 0%) and the psychomotor speed measure
of digit symbol substitution (p= 0.70, N studies = 2, N intervention =
115, N control = 55, l2= 0%). Contrast was not possible for the re-
maining measures (detailed in Table 7) because measures were either
used by one study only or authors did not respond to requests for ad-
ditional information.

4.3.2. Physical-cognitive interventions versus passive controls
One study used a mixed physical-cognitive intervention versus

passive controls, and found no significant differences in cognitive
measures between groups (Table 8).

4.3.3. Other interventions
Two studies used unique interventions. Carlson et al. (2008) used a

social activity in which older adults helped elementary school children
with reading achievement, library support and classroom behaviour.
Myhre et al. (2016) used a Facebook intervention to investigate its
potential to maintain or enhance older adults’ cognitive abilities. The
outcomes of these studies are presented in Table 9, suggesting that the
intervention groups significantly improved on at least one measure of
cognitive ability compared with controls.

4.4. Physical and cognitive activity interventions versus all controls

4.4.1. Physical activity interventions versus all controls
A meta-analysis revealed that compared to all controls, performance

was significantly improved for TMT A (p= 0.04, N studies = 7, N
intervention = 501, N control = 404, l2= 57%) and digit span forward
(p= 0.05, N studies = 5, N intervention = 306, N control = 217,
l2= 95%; Fig. 8) after physical interventions. Performance did not
significantly improve for verbal fluency (p= 0.10, N studies = 4, N
intervention = 218, N control = 138, l2= 0%), Stroop interference
(p= 0.73, N studies = 7, N intervention = 281, N control = 232,
l2= 0%), TMT B (p= 0.29, N studies = 3, N intervention = 108, N
control = 100, l2= 85%), digit span backward (p= 0.69, N studies =
5, N intervention = 220, N control = 158, l2= 0%), digit symbol
substitution (p= 0.58, N studies = 4, N intervention = 778, N control
= 639, l2= 42%), letter-number sequencing (p= 0.99, N studies = 3,

Fig. 8. Physical activity interventions versus all controls.
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N intervention = 246, N control = 115, l2= 0%), and simple (p=
0.73, N studies = 3, N intervention = 144, N control = 96, l2= 0%)
and choice RT (p= 0.44, N studies = 3, N intervention = 144, N
control = 96, l2= 0%).

4.4.2. Cognitive activity interventions versus all controls
A meta-analysis revealed that compared to all controls, cognitive

interventions did not significantly improve performance on TMT B (p=
0.34, N studies= 2, N intervention=29, N control= 30, l2= 60%),
digit symbol substitution (p = 0.18, N studies= 3, N intervention=
51, N control= 51, l2= 62%), and digit span forward and backward (p
= 0.87, N studies= 2, N intervention= 36, N control= 35, l2= 0%;
Fig. 9).

4.5. All interventions versus all controls

When all interventions were considered together, a meta-analysis
revealed that compared to all controls, performance was significantly
improved for TMT A (p= 0.01, N studies = 13, N intervention = 808,
N control = 549, l2= 32%) and TMT B (p= 0.02; N studies = 8, N
intervention = 379, N control = 210, l2= 59%; Fig. 10). Interventions
did not significantly improve performance on verbal fluency (p=0.21,
N studies = 9, N intervention = 629, N control = 379, l2= 43%),
Stroop interference (p=0.94, N studies = 12, N intervention = 784, N
control = 436, l2= 0%), digit span (forward: p=0.09, N studies = 7,
N intervention = 418, N control = 268, l2= 93%; backward: p= 0.43,
N studies = 8, N intervention = 346, N control = 223, l2= 0%),
RAVLT (immediate: p= 1.00; delayed recall: p= 0.30, N studies = 4,
N intervention = 165, N control = 196, l2= 0%), digit symbol sub-
stitution (p= 0.13, N studies = 10, N intervention = 988, N control =
793, l2= 39%), Rey-Osterrieth Complex Figure (copy: p=0.65; recall:
p=0.35, N studies = 2, N intervention = 129, N control = 53,
l2= 98%), similarities (p=0.17, N studies = 3, N intervention = 129,
N control = 53, l2= 71%), block design (p=0.11, N studies = 3, N

intervention = 182, N control = 101, l2= 38%), Useful Field of View
(divided attention: p= 0.83, N studies = 3, N intervention = 207, N
control = 126, l2= 0%; selective attention: p=0.18, N studies = 2, N
intervention = 116, N control = 82, l2= 0%), Frontal Assessment
Battery (p=0.12, N studies = 3, N intervention = 135, N control =
126, l2= 65%) and the Boston Naming Test (p=0.77, N studies = 2, N
intervention = 220, N control = 78, l2= 0%).

4.6. Publication bias

Funnel plots of some outcome measures were slightly asymmetric.
However, the weight-function model analysis only detected significant
publication bias in the effect of digit span backward (p=0.05; physical
activity against wait-list controls) and Stroop (p=0.05; physical ac-
tivity against passive controls). These significant outcomes disappeared
when physical activity interventions were compared against all controls
(Stroop p=0.13, digit span backward p=0.23). Therefore, the core
premises of this meta-analysis remain unchanged.

4.7. Meta-regression analyses

Meta-regression analyses were performed for Stroop, TMT A and
digit symbol substitution for all interventions against all controls. These
were the only cognitive outcomes that were reported in 10 or more
studies; the Cochrane Handbook (Higgins and Green, 2011) does not
recommend meta-regression for fewer than 10 studies. The results are
presented in Table 10. For the duration of the intervention, the re-
gression coefficients of Stroop and digit symbol substitution were po-
sitive, whereas the regression coefficient of TMT A was negative. For
the frequency of the intervention, the regression coefficients of Stroop,
TMT A and digit symbol substitution were positive. Positive coefficients
suggest better performance with increased duration and/or frequency.
However, only the regression coefficient for the frequency of inter-
vention and digit symbol substitution was statistically significant (p=

Fig. 9. Cognitive activity interventions versus all controls.
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0.01).

5. Discussion

TMT A, digit symbol substitution and verbal fluency were the only

outcomes for which performance was improved as a result of specific
types of interventions compared against the different types of control
groups (i.e., physical activity interventions vs passive controls). When
comparing physical activity interventions against all control groups,
TMT A and digit span forward performance significantly improved.
Results for the cognitive activity interventions compared to all control
groups suggested no improvement as a result of those activities. Finally,
TMT A and B were the only outcomes that improved when comparing
all interventions.

5.1. TMT

TMT is a cognitive measure that has been previously reported to
discriminate between cognitively-healthy individuals and those with
dementia, and has been found to be sensitive to the preclinical mani-
festations of Alzheimer’s (Chen et al., 2000) and Huntington’s disease
(O’Rourke et al., 2011). Shindo et al. (2013) reported that TMT A may
be a promising index of superior parietal dysfunction from their study
with 56 patients with mild Alzheimer’s. Ashendorf et al. (2008) re-
ported differences in performance on TMT B between groups of healthy
individuals and individuals with mild cognitive impairment and Alz-
heimer’s disease suggesting the clinical utility of this measure in as-
sessing dementia (N=526). A study with 168 donepezil-treated pa-
tients with subcortical vascular disease reported that the time to
complete TMT A and TMT B was the most sensitive measure of cogni-
tive change (Dichgans et al., 2008). Our results suggest that TMT may
also be a sensitive measure of cognitive change in healthy populations,
as a useful screening tool for cognitive dysfunction, and additionally, a
potential marker of initial cognitive improvements following brief in-
terventions. This is consistent with a longitudinal study with cogni-
tively-healthy participants (n= 385) that reported significant slowing
for TMT B, with older participants showing the greatest change
(Rasmusson et al., 1998). In the current review, TMT A, which is a
measure of visuospatial abilities, was the only measure that was con-
sistently improved following physical activity interventions. Visuospa-
tial abilities may be more susceptible to improvement following parti-
cipation in physical activities; TMT A may therefore be a particularly
useful tool for detecting changes in visuospatial abilities in the context
of intervention studies.

5.2. Physical activity interventions

Physical activity has substantial support in the literature as a factor
that might slow cognitive decline (Kennedy et al., 2017). A recent
systematic review of RCTs in community-dwelling adults aged 50 and
over found that physical activity interventions improved cognitive
outcomes regardless of participants’ baseline cognitive status (Northey
et al., 2018). A meta-analysis of 23 longitudinal studies reported that
physical activity was positively associated with healthy ageing
(Daskalopoulou et al., 2017). However, that meta-analysis focused on
health status rather than cognitive outcomes and did not exclude lab-
based interventions, making specific translation to more real-world
interventions difficult. Similarly, a meta-analysis of RCTs in people with
dementia found that physical activity interventions positively influ-
enced cognitive function independent of the clinical diagnosis and the
frequency of the intervention. Our results provide further support that
physical activity interventions in community-based settings may im-
prove cognitive function in healthy adults aged 60 years and older.

In addition to improvement on TMT A, we found that digit symbol
substitution and verbal fluency also improved when comparing physical
interventions against passive controls. A longitudinal study with 5888
participants reported that psychomotor speed, as measured by the Digit
Symbol Substitution Test, may be a biomarker for risk of cognitive
disorders and might provide insights into age-related cognitive changes
(Rosano et al., 2016). Regarding verbal fluency, our results are con-
sistent with a meta-analysis of physical activity training on the

Fig. 10. All interventions versus all controls.
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cognitive abilities of older adults with mild cognitive impairment that
found a significant benefit of exercise on verbal fluency (Gates et al.,
2013). When comparing physical activity interventions against all

control groups, a significant improvement on digit span forward
emerged. However, we found no significant differences on digit span
forward as well as digit span backward when comparing all

Fig. 10. (continued)
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interventions against all control groups. This latter finding is consistent
with Öhman et al. (2014), who systematically reviewed 22 studies that
investigated the effect of physical activity on cognitive performance in
older adults with mild cognitive impairment or dementia and reported
no significant differences on digit span test.

5.3. Cognitive and mixed interventions

Based on the meta-analyses we did not find any significant changes
in cognitive outcomes in studies that used cognitive or mixed inter-
ventions. This may be due to the limited number of cognitive and mixed
interventions that were included in this review. In addition, the types of
cognitive and mixed interventions varied considerably. A recent review
aimed to identify effective mixed interventions (for example, physical
and cognitive interventions), whether they might be superior to phy-
sical or cognitive interventions alone in improving cognitive functions
(and physical capacity), and whether the effects transfer to instru-
mental activities of daily living in older adults with normal cognition or
mild cognitive impairment (Bruderer-Hofstetter, Rausch-Osthoffa,
Meichtrya, Münzerc, & Niedermanna, 2018). Mixed interventions were
suggested as more effective when compared against active and passive
control groups. However, the Bruderer-Hofstetter et al. (2018) review
did not focus on real-world interventions and included studies with
healthy individuals as well as those with mild cognitive impairment.
Another review evaluated potential cumulative effects by comparing
cognitive outcomes following mixed physical and cognitive interven-
tions to physical activity interventions, cognitive interventions and
controls. The authors concluded that physical activity interventions
may have better cognitive benefits when combined with cognitive in-
terventions (Gheysen et al., 2018), although they included non-RCTs
and did not explicitly exclude individuals with psychiatric and neuro-
logical disorders. Stanmore et al. (2017) reported positive effects of
exergames on general cognitive ability and specific cognitive domains
in a meta-analysis of 17 RCTs. However, this study focused on ex-
ergames only, and included both healthy and clinical populations.

5.4. Limitations of the review

We included only published data and therefore there is a possibility
of overestimating intervention effects. However, 9 of the included in-
tervention studies showed no significant post-intervention cognitive
changes in older adults (Alves et al., 2013; Barnes et al., 2013; Espeland
et al., 2017; Lee et al., 2013; Merom et al., 2016; Oken et al., 2006;
Ordnung et al., 2017; Slegers et al., 2009; Williamson et al., 2009)
somewhat mitigating publication bias. Intervention effects should be
interpreted with caution as many of the effect sizes were small. These
effects may be smaller than those reported in other papers (e.g.,
Daskalopoulou et al., 2017); however, the current estimates perhaps
more accurately reflect how people would benefit via participating in
real-life activities versus those in more structured or lab-based settings.
The most noteworthy limitation was the divergence in methodologies
and cognitive measures used across studies making meta-analyses
challenging. For example, some studies reported findings from in-
dividual tests whereas others utilised composite domain scores. In ad-
dition, the tests that were used varied considerably. Methodological
differences are a commonly reported issue (Kueider et al., 2012; Martin
et al., 2006), emphasising the necessity of standardisation processes in
cognitive intervention studies. Finally, although we think it is of in-
terest to consider any physical activity as the parameter of interest, it
might be important to examine specific types of physical activities. This
was not possible in the current review, partly as the number of com-
parisons being reported was already extensive.

5.5. Conclusions

Overall, we found that TMT A was the only cognitive measure thatTa
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was consistently improved following physical activity interventions;
this finding remained significant when all interventions (physical,
cognitive and mixed) were compared against all control groups (active,
wait-list and passive). We did not find any significant effects of cogni-
tive and mixed interventions in the pooled analyses. Due to the variance
in measures and outcomes of cognitive interventions, we were unable to
include some studies and pooled estimates were not possible for mixed
interventions due to the limited number of studies. Standardised
training protocols and outcome measures are required to allow pooling
of homogenous data.

Conflicts of interest

All authors declare that we have no conflicts of interest.

Acknowledgements

This work was supported by Velux Stiftung, Switzerland, (Project
No. 1034) to A.J.G. E.V. is now in the Division of Psychology,
University of Bradford, Bradford, UK.

References

Acevedo, A., Loewenstein, D.A., 2007. Nonpharmacological cognitive interventions in
aging and dementia. J. Geriatr. Psychiatry Neurol. 20 (4), 239–249.

Adler, N.E., 2003. Community preventive services. Am. J. Prev. Med. 24 (3), 10–11.
Albert, S.M., Glied, S., Andrews, H., Stern, Y., Mayeux, R., 2002. Primary care ex-

penditures before the onset of Alzheimer’s disease. Neurology 59 (4), 573–578.
Alghadir, A.H., Gabr, S.A., Al-Eisa, E.S., 2016. Effects of moderate aerobic exercise on

cognitive abilities and redox state biomarkers in older adults. Oxidative medicine and
cellular longevity(2016).

Alves, C.R.R., Merege Filho, C.A.A., Benatti, F.B., Brucki, S., Pereira, R.M.R., de Sá Pinto,
A.L., et al., 2013. Creatine supplementation associated or not with strength training
upon emotional and cognitive measures in older women: a randomized double-blind
study. PLoS One 8 (10), e76301.

Angevaren, M., Aufdemkampe, G., Verhaar, H., Aleman, A., Vanhees, L., 2008. Physical
activity and enhanced fitness to improve cognitive function in older people without
known cognitive impairment. Cochrane Database Syst. Rev. 3 (3).

Ashendorf, L., Jefferson, A.L., O’Connor, M.K., Chaisson, C., Green, R.C., Stern, R.A.,
2008. Trail making Test errors in normal aging, mild cognitive impairment, and
dementia. Arch. Clin. Neuropsychol. 23 (2), 129–137.

Ballesteros, S., Mayas, J., Prieto, A., Ruiz-Marquez, E., Toril, P., Reales, J.M., 2017. Effects
of video game training on measures of selective attention and working memory in
older adults: results from a randomized controlled trial. Frontiers in Aging
Neuroscience 9, 354.

Barnes, D.E., Santos-Modesitt, W., Poelke, G., Kramer, A.F., Castro, C., Middleton, L.E.,
Yaffe, K., 2013. The Mental Activity and eXercise (MAX) trial: a randomized con-
trolled trial to enhance cognitive function in older adults. JAMA Intern. Med. 173 (9),
797–804.

Bárrios, H., Narciso, S., Guerreiro, M., Maroco, J., Logsdon, R., de Mendonça, A., 2013.
Quality of life in patients with mild cognitive impairment. Aging Ment. Health 17 (3),
287–292.

Best, J.R., Chiu, B.K., Hsu, C.L., Nagamatsu, L.S., Liu-Ambrose, T., 2015. Long-term ef-
fects of resistance exercise training on cognition and brain volume in older women:
Results from a randomized controlled trial. J. Int. Neuropsychol Soc. 21 (10),
745–756.

Bruderer-Hofstetter, M., Rausch-Osthoffa, A.-K., Meichtrya, A., Münzerc, T.,
Niedermanna, K., 2018. Eüective multicomponent interventions in comparison to
active control andno interventions on physical capacity, cognitive function and in-
strumentalactivities of daily living in elderly people with and without mild im-
pairedcognition: a systematic review and network meta-analysis. Ageing Res. Rev.
45, 1–14.

Bugos, J.A., Perlstein, W.M., McCrae, C.S., Brophy, T.S., Bedenbaugh, P., 2007.

Individualized piano instruction enhances executive functioning and working
memory in older adults. Aging and Mental Health 11 (4), 464–471.

Carlson, M.C., Saczynski, J.S., Rebok, G.W., Seeman, T., Glass, T.A., McGill, S., et al.,
2008. Exploring the effects of an “everyday” activity program on executive function
and memory in older adults: experience Corps®. Gerontologist 48 (6), 793–801.

Cassilhas, R.C., Viana, V.A., Grassmann, V., Santos, R.T., Santos, R.F., Tufik, S., Mello,
M.T., 2007. The impact of resistance exercise on the cognitive function of the elderly.
Med. Sci. Sports Exerc. 39 (8), 1401.

Chen, P., Ratcliff, G., Belle, S., Cauley, J., DeKosky, S., Ganguli, M., 2000. Cognitive tests
that best discriminate between presymptomatic AD and those who remain non-
demented. Neurology 55 (12), 1847–1853.

Daskalopoulou, C., Stubbs, B., Kralj, C., Koukounari, A., Prince, M., Prina, A., 2017.
Physical activity and healthy ageing: a systematic review and meta-analysis of
longitudinal cohort studies. Ageing Res. Rev. 38, 6–17.

Degé, F., Kerkovius, K., 2018. The effects of drumming on working memory in older
adults. Annals of the New York Academy of Sci. 1423 (2018), 242–250.

DerSimonian, R., Laird, N., 1986. Meta-analysis in clinical trials. Control. Clin. Trials 7
(3), 177–188.

Desjardins-Crépeau, L., Berryman, N., Fraser, S.A., Vu, T.T.M., Kergoat, M.-J., Li, K.Z.,
et al., 2016. Effects of combined physical and cognitive training on fitness and
neuropsychological outcomes in healthy older adults. Clinical Interventions in Aging
11, 1287.

Dichgans, M., Markus, H.S., Salloway, S., Verkkoniemi, A., Moline, M., Wang, Q., et al.,
2008. Donepezil in patients with subcortical vascular cognitive impairment: a ran-
domised double-blind trial in CADASIL. Lancet Neurol. 7 (4), 310–318.

Espeland, M.A., Lipska, K., Miller, M.E., Rushing, J., Cohen, R.A., Verghese, J., et al.,
2017. Effects of physical activity intervention on physical and cognitive function in
sedentary adults with and without diabetes. J. Gerontol. A Biol. Sci. Med. Sci. 72 (6),
861–866.

Falbo, S., Condello, G., Capranica, L., Forte, R., Pesce, C., 2016. (2016). Effects of phy-
sical-cognitive dual task training on executive function and gait performance in older
adults: a randomized controlled trial. BioMed Res. Int. 1–12.

Fragala, M.S., Beyer, K.S., Jajtner, A.R., Townsend, J.R., Pruna, G.J., Boone, C.H., et al.,
2014. Resistance exercise may improve spatial awareness and visual reaction in older
adults. J. Strength Cond. Res. 28 (8), 2079–2087.

Fried, L.P., Carlson, M.C., Freedman, M.M., Frick, K.D., Glass, T.A., Hill, M.J., et al., 2004.
A social model for health promotion for an aging population: initial evidence on the
Experience Corps model. J. Urban Health 81 (1), 64–78.

Gates, N., Singh, M.A.F., Sachdev, P.S., Valenzuela, M., 2013. The effect of exercise
training on cognitive function in older adults with mild cognitive impairment: a
meta-analysis of randomized controlled trials. Am. J. Geriatr. Psychiatry 21 (11),
1086–1097.

Gheysen, F., Poppe, L., DeSmet, A., Swinnen, S., Cardon, G., De Bourdeaudhuij, I., et al.,
2018. Physical activity to improve cognition in older adults: can physical activity
programs enriched with cognitive challenges enhance the effects? A systematic re-
view and meta-analysis. Int. J. Behav. Nutr. Phys. Act. 15 (1), 63.

Gill, D.P., Gregory, M.A., Zou, G., Shigematsu, R., Hachinski, V., Fitzgerald, C., Petrella,
R., 2016. The Healthy Mind, Healthy Mobility Trial: a novel exercise program for
older adults. Med. Sci. Sports and Exercise 48 (2), 297–306.

Hariprasad, V., Koparde, V., Sivakumar, P., Varambally, S., Thirthalli, J., Varghese, M.,
et al., 2013. Randomized clinical trial of yoga-based intervention in residents from
elderly homes: Effects on cognitive function. Ind. J. Psychiatry 55, S357–S363
(Suppl 3).

Higgins, J.P., Green, S., 2011. Cochrane Handbook for Systematic Reviews of
Interventions Vol. 4 John Wiley & Sons.

Jonasson, L.S., Nyberg, L., Kramer, A.F., Lundquist, A., Riklund, K., Boraxbekk, C.-J.,
2017. Aerobic exercise intervention, cognitive performance, and brain structure:
results from the physical influences on brain in aging (PHIBRA) study. Frontiers in
Aging Neurosci. 8, 336.

Kamegaya, T., Araki, Y., Kigure, H., Yamaguchi, H., 2014. Twelve‐week physical and
leisure activity programme improved cognitive function in community‐dwelling el-
derly subjects: a randomized controlled trial. Psychogeriatrics 14 (1), 47–54.

Kennedy, G., Hardman, R.J., Macpherson, H., Scholey, A.B., Pipingas, A., 2017. How does
exercise reduce the rate of age-associated cognitive decline? A review of potential
mechanisms. J. Alzheimer Dis. 55 (1), 1–18.

Klusmann, V., Evers, A., Schwarzer, R., Schlattmann, P., Reischies, F.M., Heuser, I.,
Dimeo, F.C., 2010. Complex mental and physical activity in older women and cog-
nitive performance: A 6-month randomized controlled trial. J. Gerontol. Series A: Bio.
Sci. Med. Sci. 65 (6), 680–688.

Kueider, A.M., Parisi, J.M., Gross, A.L., Rebok, G.W., 2012. Computerized cognitive
training with older adults: a systematic review. PLoS One 7 (7), e40588.

Langlois, F., Vu, T.T.M., Chassé, K., Dupuis, G., Kergoat, M.-J., Bherer, L., 2013. Benefits
of physical exercise training on cognition and quality of life in frail older adults. J.
Gerontol. Series B Psychol. Sci. Soc. Sci. 68 (3), 400–404.

Lee, T.-S., Goh, S.J.A., Quek, S.Y., Phillips, R., Guan, C., Cheung, Y.B., et al., 2013. A
brain-computer interface based cognitive training system for healthy elderly: a ran-
domized control pilot study for usability and preliminary efficacy. PLoS One 8 (11),
e79419.

Liberati, A., Altman, D.G., Tetzlaff, J., Mulrow, C., Gøtzsche, P.C., Ioannidis, J.P., et al.,
2009. The PRISMA statement for reporting systematic reviews and meta-analyses of
studies that evaluate health care interventions: explanation and elaboration. Ann.
Intern. Med. 151 (4), W-65–W-94.

Lipsey, M.W., Wilson, D.B., 2001. Practical Meta-analysis. Sage Publications, Inc.
Liu-Ambrose, T., Nagamatsu, L.S., Graf, P., Beattie, B.L., Ashe, M.C., Handy, T.C., 2010.

Resistance training and executive functions: A 12-month randomized controlled trial.
Archives of Intern. Med. 170 (2), 170–178.

Table 10
Meta-regression analyses for cognitive outcomes.

Moderator variables

Intervention duration Intervention frequency

Cognitive outcomes B z p B z p
Stroop 0.01 0.82 0.41 0.05 1.31 0.19
Trail Making Test A −0.01 −0.76 0.44 0.01 0.07 0.94
Digit symbol

substitution
0.00 −0.01 0.99 0.08 2.52 0.01

E. Vaportzis et al. Ageing Research Reviews 50 (2019) 110–130

129

http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0005
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0005
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0010
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0015
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0015
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0020
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0020
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0020
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0025
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0025
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0025
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0025
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0030
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0030
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0030
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0035
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0035
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0035
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0040
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0040
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0040
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0040
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0045
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0045
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0045
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0045
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0050
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0050
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0050
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0055
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0055
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0055
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0055
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0060
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0065
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0065
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0065
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0070
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0070
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0070
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0075
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0075
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0075
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0080
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0080
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0080
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0085
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0085
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0085
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0090
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0090
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0095
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0095
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0100
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0100
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0100
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0100
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0105
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0105
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0105
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0110
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0110
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0110
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0110
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0115
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0115
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0115
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0120
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0120
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0120
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0125
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0125
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0125
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0130
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0130
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0130
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0130
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0135
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0135
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0135
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0135
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0140
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0140
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0140
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0145
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0145
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0145
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0145
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0150
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0150
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0155
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0155
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0155
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0155
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0160
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0160
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0160
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0165
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0165
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0165
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0170
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0170
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0170
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0170
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0175
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0175
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0180
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0180
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0180
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0185
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0185
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0185
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0185
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0190
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0190
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0190
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0190
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0195
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0200
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0200
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0200


Martin, M., Clare, L., Altgassen, A.M., Cameron, M., 2006. Cognition-based interventions
for older people and people with mild cognitive impairment. Cochrane Database Syst.
Rev.

McGuire, L.C., Ford, E.S., Ajani, U.A., 2006. Cognitive functioning as a predictor of
functional disability in later life. Am. J. Geriatr. Psychiatry 14 (1), 36–42.

Merom, D., Mathieu, E., Cerin, E., Morton, R.L., Simpson, J.M., Rissel, C., et al., 2016.
Social dancing and incidence of falls in older adults: a cluster randomised controlled
trial. PLoS Med. 13 (8), e1002112.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group, T.P., 2009. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 6
(7), e1000097.

Mortimer, J.A., Ding, D., Borenstein, A.R., DeCarli, C., Guo, Q., Wu, Y., et al., 2012.
Changes in brain volume and cognition in a randomized trial of exercise and social
interaction in a community-based sample of non-demented Chinese elders. J.
Alzheimer Dis. 30 (4), 757–766.

Myhre, J.W., Mehl, M.R., Glisky, E.L., 2016. Cognitive benefits of online social net-
working for healthy older adults. J. Gerontol. B Psychol. Sci. Soc. Sci. 72 (5),
752–760.

Nishiguchi, S., Yamada, M., Tanigawa, T., Sekiyama, K., Kawagoe, T., Suzuki, M., et al.,
2015. A 12‐week physical and cognitive exercise program can improve cognitive
function and neural efficiency in community‐dwelling older adults: a randomized
controlled trial. J. Am. Geriatr. Soc. 63 (7), 1355–1363.

Nguyen, M.H., Kruse, A., 2012. A randomized controlled trial of Tai chi for balance, sleep
quality and cognitive performance in elderly Vietnamese. Clin. Internvention Aging
7, 185–190.

Northey, J.M., Cherbuin, N., Pumpa, K.L., Smee, D.J., Rattray, B., 2018. Exercise inter-
ventions for cognitive function in adults older than 50: a systematic review with
meta-analysis. Br. J. Sports Med. 52 (3), 154–160.

Nouchi, R., Taki, Y., Takeuchi, H., Hashizume, H., Akitsuki, Y., Shigemune, Y., et al.,
2012. Brain training game improves executive functions and processing speed in the
elderly: a randomized controlled trial. PLoS One 7 (1), e29676.

O’Rourke, J.J., Beglinger, L.J., Smith, M.M., Mills, J., Moser, D.J., Rowe, K.C., et al., 2011.
The Trail making Test in prodromal Huntington disease: contributions of disease
progression to test performance. J. Clin. Exp. Neuropsychol. 33 (5), 567–579.

Öhman, H., Savikko, N., Strandberg, T.E., Pitkälä, K.H., 2014. Effect of physical exercise
on cognitive performance in older adults with mild cognitive impairment or de-
mentia: a systematic review. Dement. Geriatr. Cogn. Disord. 38 (5-6), 347–365.

Oken, B.S., Zajdel, D., Kishiyama, S., Flegal, K., Dehen, C., Haas, M., et al., 2006.
Randomized, controlled, six-month trial of yoga in healthy seniors: effects on cog-
nition and quality of life. Altern. Ther. Health Med. 12 (1), 40.

Ordnung, M., Hoff, M., Kaminski, E., Villringer, A., Ragert, P., 2017. No overt effects of a
6-week exergame training on sensorimotor and cognitive function in older adults. A
preliminary investigation. Front. Hum. Neurosci. 11, 160.

Papp, K.V., Walsh, S.J., Snyder, P.J., 2009. Immediate and delayed effects of cognitive
interventions in healthy elderly: a review of current literature and future directions.
Alzheimer’s Dem. 5 (1), 50–60.

Park, D.C., Lodi-Smith, J., Drew, L., Haber, S., Hebrank, A., Bischof, G.N., Aamodt, W.,
2013. The impact of sustained engagement on cognitive function in older adults: the
Synapse Project. Psychol. Sci. 25, 103–112.

Predovan, D., Fraser, S.A., Renaud, M., Bherer, L., 2012. The effect of three months of
aerobic training on stroop performance in older adults. J. Aging Res.(2012).

Rasmusson, X.D., Zonderman, A.B., Kawas, C., Resnick, S.M., 1998. Effects of age and
dementia on the trail making test. Clin. Neuropsychol. 12 (2), 169–178.

Review Manager, 2014. Copenhagen: The Nordic Cochrane Centre. The Cochrane
Collaboration.

Rosano, C., Perera, S., Inzitari, M., Newman, A.B., Longstreth, W.T., Studenski, S., 2016.
Digit symbol substitution test and future clinical and subclinical disorders of

cognition, mobility and mood in older adults. Age Ageing 45 (5), 688–695.
Schättin, A., Arner, R., Gennaro, F., de Bruin, E.D., 2016. Adaptations of prefrontal brain

activity, executive functions, and gait in healthy elderly following exergame and
balance training: a randomized-controlled study. Frontiers in Aging Neurosci. 8, 278.

Sheffield, K.M., Peek, M.K., 2011. Changes in the prevalence of cognitive impairment
among older Americans, 1993–2004: overall trends and differences by race/ethnicity.
Am. J. Epidemiol. 174 (3), 274–283.

Shindo, A., Terada, S., Sato, S., Ikeda, C., Nagao, S., Oshima, E., et al., 2013. Trail making
test part a and brain perfusion imaging in mild Alzheimer’s disease. Dement. Geriatr.
Cogn. Dis. Extra 3 (1), 202–211.

Smiley-Oyen, A.L., Lowry, K.A., Francois, S.J., Kohut, M.L., Ekkekakis, P., 2008. Exercise,
fitness, and neurocognitive function in older adults: The “selective improvement” and
“cardiovascular fitness” hypotheses. Ann. Behav. Med. 36 (3), 280–291.

Slegers, K., van Boxtel, M., Jolles, J., 2009. Effects of computer training and internet
usage on cognitive abilities in older adults: a randomized controlled study. Aging
Clin. Exp. Res. 21 (1), 43–54.

Stanmore, E., Stubbs, B., Vancampfort, D., de Bruin, E.D., Firth, J., 2017. The effect of
active video games on cognitive functioning in clinical and non-clinical populations:
a meta-analysis of randomized controlled trials. Neurosci. Biobehav. Rev. 78, 34–43.

Sun, J., Kanagawa, K., Sasaki, J., Ooki, S., Xu, H., Wang, L., 2015. Tai chi improves
cognitive and physical function in the elderly: a randomized controlled trial. J. Phys.
Ther. Sci. 27 (5), 1467–1471.

Taylor-Piliae, R.E., Newell, K.A., Cherin, R., Lee, M.J., King, A.C., Haskell, W.L., 2010.
Effects of Tai Chi and Western exercise on physical and cognitive functioning in
healthy community-dwelling older adults. J. Aging Phys. Activity 18 (3), 261–279.

Uchida, S., Kawashima, R., 2008. Reading and solving arithmetic problems improves
cognitive functions of normal aged people: a randomized controlled study. Age 30
(1), 21–29.

Van Muijden, J., Band, G., Hommel, B., 2012. Online games training aging brains: limited
transfer to cognitive control functions. Front. Hum. Neurosci. 6 (221). https://doi.
org/10.3389/fnhum.2012.00221.

Vaportzis, E., Martin, M., Gow, A.J., 2017. A tablet for healthy ageing: the effect of a
tablet computer training intervention on cognitive abilities in older adults. Am. J.
Geriatr. Psychiatry 25 (8), 841–851.

Vaughan, S., Wallis, M., Polit, D., Steele, M., Shum, D., Morris, N., 2014. The effects of
multimodal exercise on cognitive and physical functioning and brain-derived neu-
rotrophic factor in older women: a randomised controlled trial. Age and Ageing 43
(5), 623–629.

Vevea, J.L., Hedges, L.V., 1995. A general linear model for estimating effect size in the
presence of publication bias. Psychometrika 60 (3), 419–435.

Vevea, J.L., Woods, C.M., 2005. Publication bias in research synthesis: sensitivity analysis
using a priori weight functions. Psychol. Methods 10 (4), 428.

Vidoni, E.D., Johnson, D.K., Morris, J.K., Van Sciver, A., Greer, C.S., Billinger, S.A., et al.,
2015. Dose-response of aerobic exercise on cognition: a community-based, pilot
randomized controlled trial. PLoS One 10 (7), e0131647.

Williams, P., Lord, S.R., 1997. Effects of group exercise on cognitive functioning and
mood in older women. Australian and New Zealand J. Public Health 21 (1), 45–52.

Williamson, J.D., Espeland, M., Kritchevsky, S.B., Newman, A.B., King, A.C., Pahor, M.,
et al., 2009. Changes in cognitive function in a randomized trial of physical activity:
Results of the lifestyle interventions and independence for elders pilot study. J.
Gerontol. A Biol. Sci. Med. Sci glp014.

Wilson, D.B., 2010. Meta-Analysis Macros for SAS, SPSS, and Stata (11 August 2010),
Retrieved 23 November 2018, from. http://mason.gmu.edu/∼dwilsonb/ma.html.

Yokoyama, H., Okazaki, K., Imai, D., Yamashina, Y., Takeda, R., Naghavi, N., et al., 2015.
The effect of cognitive-motor dual-task training on cognitive function and plasma
amyloid β peptide 42/40 ratio in healthy elderly persons: a randomized controlled
trial. BMC Geriatrics 15 (1), 60.

E. Vaportzis et al. Ageing Research Reviews 50 (2019) 110–130

130

http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0205
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0205
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0205
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0210
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0210
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0215
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0215
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0215
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0220
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0220
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0220
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0225
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0225
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0225
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0225
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0230
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0230
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0230
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0235
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0235
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0235
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0235
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0240
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0240
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0240
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0245
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0245
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0245
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0250
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0250
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0250
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0255
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0255
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0255
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0260
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0260
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0260
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0265
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0265
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0265
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0270
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0270
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0270
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0275
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0275
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0275
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0280
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0280
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0280
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0285
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0285
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0290
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0290
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0295
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0295
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0300
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0300
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0300
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0305
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0305
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0305
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0310
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0310
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0310
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0315
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0315
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0315
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0320
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0320
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0320
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0325
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0325
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0325
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0330
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0330
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0330
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0335
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0335
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0335
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0340
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0340
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0340
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0345
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0345
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0345
https://doi.org/10.3389/fnhum.2012.00221
https://doi.org/10.3389/fnhum.2012.00221
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0355
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0355
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0355
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0360
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0360
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0360
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0360
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0365
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0365
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0370
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0370
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0375
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0375
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0375
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0380
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0380
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0385
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0385
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0385
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0385
http://mason.gmu.edu/~dwilsonb/ma.html
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0395
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0395
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0395
http://refhub.elsevier.com/S1568-1637(18)30284-8/sbref0395

	repository_cover_sheet
	Vaportzis_Ageing_Research_Reviews



