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Abstract
Background
Aging-related cognitive decline and cognitive impairment greatly impacts older adults’ daily life. The worldwide ageing of the population and associated wave of dementia urgently calls for prevention strategies to reduce the risk of cognitive decline. Physical activity (PA) is known to improve cognitive function at older age through processes of neuroplasticity. Yet, emerging studies suggest that larger cognitive gains may be induced when PA interventions are combined with cognitive activity (CA). This meta-analysis evaluates these potential synergistic effects by comparing cognitive effects following combined PA + CA interventions to PA interventions (PA only), CA interventions (CA only) and control groups.

Methods
Pubmed, Embase, PsycInfo, CINAHL and Sportdiscus were searched for English peer-reviewed papers until April 2018. Data were extracted on cognition and factors potentially influencing the cognitive effects: mode of PA + CA combination (sequential or simultaneous), session frequency and duration, intervention length and study quality. Differences between older adults with and without mild cognitive impairments were also explored.

Results
Forty-one studies were included. Relative to the control group, combined PA + CA intervention showed significantly larger gains in cognition (g = 0.316; 95% CI 0.188–0.443; p < .001). Studies that compared combined PA + CA with PA only, showed small but significantly greater cognitive improvement in favor of combined interventions (g = 0.160; 95% CI 0.041–0.279; p = .008). No significant difference was found between combined PA + CA and CA only interventions. Furthermore, cognitive effects tended to be more pronounced for studies using simultaneous designs (g = 0.385; 95%CI 0.214–0.555; p < .001) versus sequential designs (g = 0.114; 95%CI -0.102- 0.331, p = .301). Effects were not moderated by session frequency, session duration, intervention length or study quality. Also, no differences in effects were found between older adults with and without mild cognitive impairments.

Conclusion
Findings of the current meta-analysis suggest that PA programs for older adults could integrate challenging cognitive exercises to improve cognitive health. Combined PA + CA programs should be promoted as a modality for preventing as well as treating cognitive decline in older adults. Sufficient cognitive challenge seems more important to obtain cognitive effects than high doses of intervention sessions.
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Background
Cognitive impairment including dementia is now the leading cause of disablement and death in later life. Worldwide, 47 million people are living with dementia and this will almost triple by 2050 [1]. The decline in cognitive function impacts individuals as well as their families and significantly reduces independence, quality of life and daily life functional abilities. Today we are in front of unprecedented pressure from ageing of the population and the associated tidal wave of dementia to develop prevention strategies that reduce the risk of cognitive decline.
Recent literature suggests that cognitive decline is preventable as the brain retains plasticity in later life [2, 3]. Physical activity (PA, especially aerobic and strength exercise) is known to play an important role in the protection against cognitive decline and dementia [4–6] through processes of neuroplasticity. PA intervention studies in older adults have demonstrated effects on brain structure, function and connectivity [7–10]. Yet, novel evidence suggests that enriching PA interventions with cognitive challenge might maximize the neuroplastic properties of the brain that could enhance the potential of prevention and treatment programs for alleviating cognitive decline.
Laboratory animal studies have shown that combining PA with cognitive training induces larger effects on neurocognitive functioning than PA interventions alone [11–13]. Two systematic reviews [14, 15] and two meta-analyses [16, 17] suggest that this might also be the case in humans and that combined physical and cognitive training (PA + CA) strategies could be used as a modality to improve cognition in older adults. Yet, many research questions remain. To date, the superiority of combined PA + CA interventions over PA interventions alone and CA interventions alone is still questionable and calls for more evidence from well-performed interventions studies. Also, there is currently a huge gap in knowledge with respect to how such interventions should be delivered and whether this modality can also be used for treating cognitive decline in a population with already some mild cognitive impairment.
So far, the evidence for combined PA + CA reported in previous reviews [14–17] rests on controlled, rather artificially designed dual-tasking exercises (e.g. walking and learning new sequences of word lists) difficult to introduce into sustainable real world interventions. The question remains whether existing activity programs such as dance and tai chi that have a stronger inherent nature of combined physical and cognitive training can also elicit cognitive benefits. Dancing has been reported to be an enjoyable activity leading to high adherence rates and typically requires a simultaneous engagement of both endurance and coordination as well as executive functions, learning and memorizing new step sequences [18, 19]. Likewise, tai chi or related martial arts offer a unique combination of moderate-intense aerobic exercise [20] with cognitive training: learning new sequences of movement patterns which involve e.g., visuospatial processing, episodic memory and attentional control [21, 22]. The current meta-analysis integrates evidence from more experimental dual-tasks with that on interventions with more naturally combined PA + CA (such as dance and tai chi programs) to better understand if combined PA + CA training is more beneficial than PA or CA interventions alone.
Furthermore, the current meta-analysis explores potential dose-response relationships. An important question is whether the cognitive effects of combined PA + CA interventions are influenced by the frequency with which the sessions are delivered or might be influenced by the duration of the sessions and/or the total length of the intervention. Another crucial question is whether PA and CA should be delivered simultaneously or as separate sessions one after the other (i.e. sequentially). To induce interactive, synergistic cognitive effects, it has been suggested that both activities are preferably conducted simultaneously [11]. This is because the effect of PA on neuroplasticity facilitation (e.g. the release of neurotrophic factors) is restricted in time and returns to baseline 10–60 min after the physical activity [23]. Yet the evidence from combined PA + CA human intervention studies so far was inconclusive with respect to this latter question [16].
Finally it is important to understand if combined PA + CA programs can be used only as a preventive modality or whether it also has beneficial treatment effect such as improving cognition in cognitively impaired older adult population. A recent meta-analysis on exergame studies reported cognitive benefits for clinical populations with conditions related to neurocognitive impairments [17]. The current meta-analysis further explores potential differences in cognitive effects between healthy older adults and older adults with mild cognitive impairments, now also including more naturally combined PA + CA such as dance and tai chi programs.

Methods
This work complies with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines (see Additional file 1). The study protocol is detailed in Additional file 2.
Eligibility criteria
Studies were considered eligible when fulfilling the following criteria:	Study population: Independently living older adults (overall mean age ≥ 65 years) with or without mild cognitive impairments at baseline but without dementia, and without other mental health issues or neurological disease (e.g. stroke, depression, parkinson).

	Combined PA + CA intervention: PA sessions including aerobic or strength training components or a combination of both. CA sessions must involve cognitive training exercises aimed to train single or multiple domains of cognitive function. The combination could be sequential with separate sessions of PA before or after separate sessions of CA or simultaneous with sessions including PA and CA concurrently through for instance exergames, dual-task exercises, dance, tai chi or related martial arts. Studies were only included when they were intentionally designed and clearly described as a multimodal physically and cognitively effortful intervention. For instance, when dance or tai chi classes were described rather as social activities and had no explicit focus on continuous physical stimulation and new cognitive learning/training elements, such studies were excluded.

	Comparison interventions: Studies were only considered when at least one of the following comparison groups was included: passive or active control group (e.g. no intervention/usual care or classes comprising e.g. stretching exercises, i.e. not comprising any aerobic/strength training or cognitive training), PA only group (including aerobic (e.g. walking, cycling) or strength training (e.g. leg presses, seated rowing) or a combination of both) or CA only group (e.g. computer based cognitive games, memorization or visual search tasks). When there were some CA training elements in the PA only group or PA training elements in the CA only group these comparison groups were not included in the analyses.

	Study outcomes: objectively measured cognitive functions (e.g. memory, attention, executive control)

	Study design: pre-post intervention trials with comparison group; randomized controlled trial (RCT), cluster-RCT, non-randomized controlled trial. Studies evaluating the effects of a single bout of exercise were not considered. Studies were also excluded when the combined PA + CA intervention included an additional lifestyle intervention (e.g. diet or dietary supplements, psychological group counseling).





Search strategy and study selection
Pubmed, Embase, PsycInfo, CINAHL and Sportdiscus were searched for English peer-reviewed publications since the start of the database until the 20th of April 2018.Keywords were used including a combination of PA search terms (e.g., physical OR aerobic OR strength) AND CA terms (cognitive OR mental OR mind) OR terms related to combination of elements (e.g., multimodal OR tai chi OR dual task OR dance OR exergame) together with terms related to intervention designs (e.g., training OR exercise OR program) AND terms related to older adult participants (e.g., aging OR senior OR mild cognitive impairment) AND terms related to cognition (e.g., cognitive OR memory OR executive control). See Additional file 2 for full search terms. References and citation lists of papers and published reviews were additionally searched. Authors were contacted when necessary data for effect size calculation (raw cognitive outcome measures and/or positive/negative scoring of cognitive tests) were missing. Initial screening based on title and abstract was performed by the first author (FG). After this first selection full texts were screened independently by two reviewers (FG and LP) in accordance with the eligibility criteria set forth in the study protocol. Consensus was used to resolve disagreement regarding inclusion of the studies. When doubt regarding study eligibility persisted, this was resolved by a third reviewer (WF).

Data extraction and analysis
Data extraction (cognitive outcomes, moderator variables) was done by FG and LP independently. Consensus was used to resolve disagreement; when doubt persisted this was resolved by including a third reviewer (WF). For the meta-analyses, cognitive outcome data were extracted in the form of means and standard deviations of each group for both pre and post assessment (or mean changes and SD differences or F values for group differences between changes). An effect size was calculated for each study with Hedges’ formula correcting for small samples [24]. Comprehensive Meta-analysis (CMA) software version 3.3.070 (Biostat Inc., Englewood, NJ, USA) was used to compute effect sizes and conduct all analyses. For each study, effect sizes were averaged across all cognitive measures to determine the effect of combined PA + CA intervention versus the comparison groups on overall cognition. Random effects models were used with a positive Hedges’ g or a negative Hedges’ g indicating that the combined PA + CA intervention induced respectively higher or lower gains in cognition versus the comparison intervention. Where the cognitive outcome measure was negatively scored (higher scores reflect decline of cognitive function), the computed sign of the effect size was reversed so all positive differences reflected a higher improvement in cognition for the combined PA + CA intervention than for the comparison group. Heterogeneity between studies was assessed using the Cochran’s Q-value and I2 statistic with a significant p value indicating large variability of effect sizes between studies. Moderator analyses were conducted to test whether the heterogeneity could be explained by differences in session duration, session frequency, intervention length, cognitive status of participants (cognitively healthy versus cognitively impaired) and mode of combination (sequential versus simultaneous). Moderator analysis also evaluated whether study quality (3 categories: weak-moderate-strong) explained differences in effect sizes. The quality of each study was evaluated independently by two raters (LP and AD) using the Effective Public Health Practice Project (EPHPP) assessment tool for public health interventions (https://​merst.​ca/​ephpp/​) (see Additional file 3). FG was consulted to resolve disagreement and reach a consensus quality score.

Sensitivity analyses
Additional analyses were performed to identify possible outliers (mean Hedges’ g effect size ±3SD). All analyses (combined PA + CA versus control; combined PA + CA versus PA only; combined PA + CA versus CA only) were repeated for randomized controlled trials only (i.e., excluding non-randomized controlled trials) and for pre–posttest correlations set at lower (0.20) and higher (0.80) values than the standard assumption of 0.50. Finally, potential publication bias was evaluated via a funnel plot and Egger’s regression test.


Results
Included studies
The flow of the study selection process is summarized in Fig. 1. Altogether, 41 articles were included in the review (see Table 1 for an overview and characteristics of included studies) [19, 21, 25–63]. Nine studies combined PA and CA sessions using a sequential design; 29 studies used a simultaneous design and three studies had both sequential and simultaneous components. Simultaneously integrated PA + CA interventions consisted of exergames (n = 6), dance (n = 5), tai chi (n = 6), karate (n = 2), or dual-tasks (n = 12), and one study included both an exergame and dual-task program. Thirty studies included a population with cognitively healthy older adults. Eleven studies included a population with older adults with mild cognitive impairments (MCI). Out of these eleven studies, seven studies [31, 33, 35, 39, 51, 52, 63] included a population with a diagnosis of MCI based on the commonly used criteria of Petersen (2004), i.e., memory impairment based on both subjective and objective testing, in the absence of dementia and without significant loss of daily functioning [64]. Three studies [41, 58, 62] defined cognitive impairment based on Mini-Mental State Examination (MMSE) criteria only, and another study [26] included older adults with cognitive complaints based on self-reports. In this meta-analysis, the latter study was also categorized as a study on a cognitively impaired population. Previous neuroimaging studies have demonstrated that older adults with cognitive complaints display changes in grey matter density and white matter integrity that are similar to older adults with diagnosed MCI; patterns of brain changes that are different from cognitively healthy older adults [65, 66].[image: A12966_2018_697_Fig1_HTML.png]
Fig. 1Flow chart of study selection process



Table 1Characteristics of included studies


	Authors
	Year
	Country
	Mode of PA + CA combination
	Type of sim
	Comparison groups
	Cognitive status
	Intervention length
	Session duration
	Session frequency
	EPHPP study quality
	Study design

	Fabre et al.
	2002
	France
	seq
	n/a
	control, PA, CA
	healthy
	short
	long
	high
	weak
	RCT

	Oswald et al.
	2006
	Germany
	seq
	n/a
	control, CAa
	healthy
	long
	long
	low
	weak
	non-RCT

	Taylor-Piliae et al.
	2010
	US
	sim
	tai chi
	control, PA
	healthy
	long
	n/a
	high
	weak
	RCT

	Kim et al.
	2011
	South Korea
	sim
	dance
	control
	healthy
	long
	medium
	medium
	strong
	non-RCT

	Legault et al.
	2011
	US
	seq
	n/a
	control, PA, CA
	healthy
	medium
	n/a
	n/a
	weak
	RCT

	Hiyamizu et al.
	2012
	Japan
	sim
	dual-task
	PA
	healthy
	medium
	medium
	medium
	strong
	RCT

	Jansen et al.
	2012
	Germany
	sim
	karate
	control, PA, CA
	healthy
	medium
	medium
	n/a
	moderate
	non-RCT

	Maillot et al.
	2012
	France
	sim
	exergame
	control
	healthy
	medium
	medium
	medium
	moderate
	RCT

	Lam et al.
	2012
	Hong Kong
	sim
	tai chi
	control
	impaired
	long
	short
	high
	strong
	cRCT

	Barnes et al.
	2013
	US
	seq
	n/a
	PAb
	impaired
	medium
	medium
	high
	moderate
	RCT

	Kattenstroth et al.
	2013
	Germany
	sim
	dance
	control
	healthy
	long
	medium
	low
	weak
	RCT

	Schoene et al.
	2013
	Australia
	sim
	exergame
	control
	healthy
	short
	short
	medium
	moderate
	RCT

	Suzuki et al.
	2013
	Japan
	sim
	dual-task
	control
	impaired
	long
	long
	medium
	strong
	RCT

	Theill et al.
	2013
	Switzerland
	sim
	dual-task
	control, CA
	healthy
	short
	short
	medium
	weak
	non-RCT

	Teixeira et al.
	2013
	Brazil
	sim
	dual-task
	control
	healthy
	medium
	short
	high
	moderate
	non-RCT

	Fiatarone et al.
	2014
	Australia
	seq
	n/a
	control, PA, CA
	impaired
	long
	long
	medium
	moderate
	RCT

	Hughes et al.
	2014
	US
	sim
	exergame
	control
	impaired
	long
	long
	low
	strong
	RCT

	Shah et al.
	2014
	Australia
	seq
	n/a
	control, PA, CA
	healthy
	medium
	medium
	high
	moderate
	non-RCT

	van het Reve et al.
	2014
	Switzerland+Germany
	seq
	n/a
	PA
	healthy
	medium
	short
	high
	weak
	RCT

	Li et al.
	2014
	US
	sim
	tai ji quan
	control
	impaired
	medium
	medium
	medium
	moderate
	non-RCT

	Hackney et al.
	2015
	US
	sim
	dance
	control
	healthy
	medium
	long
	n/a
	strong
	non-RCT

	Eggenberger et al.
	2015
	Switzerland
	sim
	exergame and dual taskc
	PA
	healthy
	long
	medium
	medium
	weak
	RCT

	Yokoyama et al.
	2015
	Japan
	sim
	dual-task
	PA
	healthy
	medium
	medium
	high
	moderate
	RCT

	Sato et al.
	2015
	Japan
	sim
	dual-task
	PA
	healthy
	short
	medium
	low
	moderate
	RCT

	Nishiguchi et al.
	2015
	Japan
	sim + seq
	dual-task
	control
	healthy
	medium
	long
	n/a
	strong
	RCT

	Styliadis et al.
	2015
	Greece
	sim + seq
	exergame
	control, CAa,d
	impaired
	short
	medium
	high
	weak
	non-RCT

	Kitazawa et al.
	2015
	Japan
	sim
	dual-task
	control
	healthy
	short
	medium
	low
	moderate
	RCT

	Leon et al.
	2015
	Spain
	sim
	dual-task
	control, PA
	healthy
	medium
	medium
	medium
	moderate
	RCT

	Ansai et al.
	2016
	Brazil
	sim
	dual-task
	PA
	healthy
	medium
	medium
	high
	weak
	cRCT

	Desjardins-Crépeau et al.
	2016
	Canada
	seq
	n/a
	control, PA, CA
	healthy
	medium
	medium
	high
	moderate
	RCT

	Eggenberger et al.
	2016
	Switzerland
	sim
	exergame
	control
	healthy
	short
	short
	high
	weak
	RCT

	Falbo et al.
	2016
	Italy
	sim
	dual-task
	PA
	healthy
	medium
	medium
	medium
	strong
	RCT

	Hagovska et al.
	2016
	Slovac Republic
	sim + seq
	dual-task
	PA
	impaired
	short
	short
	high
	strong
	RCT

	Lu et al.
	2016
	Hong Kong
	sim
	tai chi
	control
	healthy
	medium
	long
	high
	moderate
	RCT

	Witte et al.
	2016
	Germany
	sim
	karate
	control, PA
	healthy
	medium
	medium
	medium
	moderate
	RCT

	Merom et al.
	2016
	Australia
	sim
	dance
	PA
	healthy
	long
	medium
	medium
	moderate
	RCT

	Schättin et al.
	2016
	Switzerland
	sim
	exergame
	control
	healthy
	short
	short
	high
	moderate
	RCT

	Müller et al.
	2017
	Germany
	sim
	dance
	PA
	healthy
	long
	long
	medium
	weak
	RCT

	Sungkarat et al.
	2017
	Thailand
	sim
	tai chi
	control
	impaired
	medium
	medium
	high
	strong
	RCT

	Damirchi et al.
	2018
	Iran
	seq
	n/a
	control, PA, CA
	impaired
	short
	medium
	high
	moderate
	RCT

	Siu et al.
	2018
	Hong Kong
	sim
	tai chi
	control
	impaired
	medium
	medium
	medium
	weak
	cRCT


seq Sequential, sim Simultaneous, PA Only physical activity program, CA Only cognitive activity program, intervention length: short (< 12 weeks), medium (12–23 weeks), or long (≥ 24 weeks); session duration: short (≤ 45 min), medium (> 45 to ≤60 min) or long (> 60 min); session frequency: low (1 session/week), medium (2 sessions/week) or high (≥ 3 sessions/week). RCT Randomized controlled trial, non-RCT Non-randomized controlled trial, cRCT Cluster randomized controlled trial
athe comparison with the PA group was removed from present meta-analysis because this program also included forms of cognitive training which was a priori defined as a potential bias in our protocol
bthe CA and control group were removed from present meta-analysis because these programs also included strength training which was a priori defined as a potential bias in our protocol
ceffect sizes were combined for both simultaneous programs following Higgings and Green, 2011 (cf. study protocol)
dthe active (not passive) control group was included (cf. study protocol)
n/a = type of simultaneous combination could not be defined given the sequential design, or moderator variable could not be clearly defined and hence, was removed from moderator analysis




Overall effects on cognitive function
Combined PA + CA versus control group
For one study [41] effect sizes of all outcomes exceeded the outlier threshold of 3SD above the average effect size. This study was therefore removed from all further analyses. The average effect size across the remaining studies (n = 29) indicated that combined PA + CA intervention induced significantly larger gains in cognitive functioning compared to the control intervention (g = 0.316; 95% CI 0.188–0.443; p < .001) (Fig. 2). Significant heterogeneity was found across studies (Q(28) = 41.524; p = .048; I2 = 32.569).[image: A12966_2018_697_Fig2_HTML.png]
Fig. 2Forest plot of effect sizes for combined PA + CA versus control





Combined PA + CA versus PA only group
For one study [41] effect sizes of all outcomes exceeded the outlier threshold (> 3SD above average effect size); this study was therefore removed from all further analyses. For the remaining studies (n = 20), the averaged effect size indicated that combined PA + CA interventions induced significantly larger gains in cognitive functioning than the PA interventions alone (g = 0.160; 95% CI 0.041–0.279; p = .008) (Fig. 3). No significant heterogeneity was found across studies (Q(19) = 17.964; p = .525; I2 = 0%).[image: A12966_2018_697_Fig3_HTML.png]
Fig. 3Forest plot of effect sizes for combined PA + CA versus PA only





Combined PA + CA versus CA only group
For two studies [30, 54] the effect size of one outcome exceeded the outlier threshold (> 3SD above average effect size); these outcomes were therefore removed from further analyses. The averaged effect size across the ten studies indicated that overall there were no differences in changes of cognitive functioning between combined PA + CA versus CA interventions alone (g = − 0.020; 95% CI -0.212-0.171; p = 0.836) (Fig. 4). No significant heterogeneity was found across studies (Q(9) = 2.168; p = .989; I2 = 0%).[image: A12966_2018_697_Fig4_HTML.png]
Fig. 4Forest plot of effect sizes for combined PA + CA versus CA only






Sensitivity analyses
The above main analyses were repeated for randomized controlled trials only (i.e., RCTs and cluster-RCTs). Excluding the non-randomized controlled trials did not influence conclusions for all three comparisons (combined PA + CA versus control; combined PA + CA versus PA only; combined PA + CA versus CA only) and revealed similar effect sizes (see Additional file 4).
Since none of the included studies reported exact pre-post test correlation values, the standard approximation of r = .50 was used. For all three comparisons, a sensitivity analysis was then conducted for lower (r = 0.20) and higher (r = 0.80) pre-post test correlation values. This revealed that effect sizes largely remained within the 95% confidence interval. Also, funnel plots and Egger’s Tests indicated that potential publication bias could be ruled out (see Additional file 4).

Moderator analyses
Because significant heterogeneity was found only for the comparison of combined PA + CA versus control, the effect of potential moderating variables was focused on this comparison only. Table 2 summarizes the results of the moderator analyses. A trend towards significance was found for the mode of PA + CA combination (Q = 3.699; p = .054). The largest effects were found for the interventions using a simultaneous design (g = 0.385; 95%CI 0.214–0.555; p < .001) and smaller, non-significant effects were found for studies using sequential designs (g = 0.114; 95%CI -0.102- 0.331, p = .301). Effects did not significantly depend on the cognitive status of participants (Q = 0.427; p = .514). Studies with cognitively healthy and cognitively impaired participants showed significant positive effects (healthy: g = 0.282; 95%CI 0.148–0.416, p < .001 and impaired: g = 0.389; 95%CI 0.095–0.684, p = .009). Analyses revealed no significant influence of intervention length (Q = 2.235; p = .327); session duration (Q = 3.955; p = .138), session frequency (Q = 4.398; p = .111) or EPHPP study quality scores (Q = 2.080; p = .353) (see Additional file 5 for EPHPP quality rating scores).Table 2Moderator analyses of effect sizes for combined PA + CA versus control


	Moderator
	n
	k
	Hedges’g (95%CI)
	p
	Q
	p

	Mode of combinationa
	1620
	27
	 	 	3.699
	.054

	 sequential
	367
	7
	0.114 [−0.102; 0.331]
	.301
	 	 
	 simultaneous
	1253
	20
	0.385 [0.214; 0.555]
	<.001
	 	 
	Cognitive status
	1696
	29
	 	 	0.427
	.514

	 healthy
	947
	20
	0.282 [0.148; 0.416]
	<.001
	 	 
	 impaired
	749
	9
	0.389 [0.095; 0.684]
	.009
	 	 
	Intervention length
	1696
	29
	 	 	2.235
	.327

	 short (< 12 weeks)
	257
	8
	0.335 [0.092; 0.577]
	.007
	 	 
	 medium (12–23 weeks)
	725
	13
	0.405 [0.144; 0.666]
	.002
	 	 
	 long (≥ 24 weeks)
	714
	8
	0.194 [0.038; 0.349]
	.015
	 	 
	Session durationb
	1568
	27
	 	 	3.955
	.138

	 short (≤ 45 min)
	433
	6
	0.248 [0.055; 0.441]
	.012
	 	 
	 medium (> 45 to ≤60 min)
	679
	13
	0.474 [0.231; 0.716]
	<.001
	 	 
	 long (> 60 min)
	456
	8
	0.159 [−0.041; 0.358]
	.12
	 	 
	Session frequencyc
	1518
	25
	 	 	4.398
	.111

	 low (1×/week)
	236
	4
	0.379 [0.092; 0.667]
	.010
	 	 
	 medium (2×/week)
	545
	9
	0.542 [0.217; 0.867]
	.001
	 	 
	 high (≥3×/week)
	737
	12
	0.190 [0.043; 0.336]
	.011
	 	 
	EPHPP study quality
	1696
	29
	 	 	2.080
	.353

	 weak
	560
	9
	0.280 [0.106; 0.454]
	.002
	 	 
	 moderate
	537
	13
	0.454 [0.176; 0.733]
	.001
	 	 
	 strong
	599
	7
	0.215 [0.046; 0.383]
	.013
	 	 

n = combined sample size; k = number of studies; Hedges’g (random effects); CI confidence interval, Q = homogeneity statistic (mixed effects)
aTwo studies were excluded because the mode of PA + CA combination had both sequential and simultaneous components [46, 51]
bTwo studies were excluded because average session duration (particularly, of home-based sessions) was not clearly reported [21, 40]
cFour studies were excluded because session frequency was not clearly reported [32, 36, 40, 46]





Discussion
This meta-analysis investigated effects of combined physical and cognitive training interventions on the cognitive functioning of older adults. Results from 40 studies were included in final analyses and effect sizes of combined PA + CA intervention were compared to control groups (n = 29), groups with PA interventions alone (n = 20), and groups with CA interventions alone (n = 10). To our knowledge this is the first meta-analysis on this topic using a more comprehensive approach: on top of the typically structured dual-tasking programs we included existing intervention programs having strong intrinsic combination of physical and cognitive training such as dance and tai chi classes. Also, this meta-analysis further explored differences between cognitively healthy older adults and older adults with mild cognitive impairment.
Overall, results indicated that interventions combining physical and cognitive activity could improve cognitive functioning in older adults. Larger effects were found for combined PA + CA versus control and PA interventions alone. Yet, no additive effects were found when comparing combined interventions to CA interventions alone. Gains in cognitive functioning tended to be larger for interventions consisting of simultaneously versus sequentially combined PA + CA. Additionally, the results showed that gains in cognition can be expected following combined PA + CA interventions for both cognitively healthy and mildly impaired older adults.
Our findings support recent views that the human brain retains a lifelong capacity to reorganize and change and that cognitive functioning, even at older age, can be improved [2, 3]. Although the additive effects of combined interventions compared to PA interventions alone were small, they are in line with current theories of enriched environments [67]. Within an enriched environment PA is considered the key trigger for the upregulation of neurotrophic factors and neurogenesis [68, 69]. Furthermore, it has been suggested that additional cognitively demanding conditions are necessary to promote synaptic plasticity and the survival and functional integration of the newly formed neurons into neural networks [70, 71]. In rodents, combining PA (e.g., voluntary wheel-running) with challenging cognitive tasks (e.g., maze training) showed larger and longer-lasting gains in learning and memory abilities relative to single activity interventions [12, 13]. A previous meta-analysis on healthy older adults [16] reported similarly small but significant positive effects for combined PA + CA interventions compared to PA interventions alone. Also, they showed similar null results for the comparison with CA only interventions. A first plausible explanation for this latter finding could be that generally the cognitive effort during simultaneously combined PA + CA is lower compared to CA interventions alone. The effect of cognitive training during simultaneous PA + CA could have been underestimated because neural resources have to be shared during the performance of concurrent cognitive-motor tasks [72]. Hence, synergistic neuroplastic effects following simultaneously combined PA + CA may need more time to establish than following CA interventions alone. Another explanation could be that for the comparison between combined PA + CA versus CA only, the majority of studies in our meta-analysis used a sequential design in which the combined PA + CA groups participated in twice as many sessions than the intervention groups with only CA. In several studies these sessions were even added on the same day [31, 40, 47]. It has been suggested that such high frequencies of training sessions might induce too much stress and fatigue [16]; factors that have been demonstrated to negatively moderate the effects of PA on cognition and neuroplasticity [73]. This potentially negative effect of sequentially designed studies may not have influenced the overall effect size as much in our comparisons between combined PA + CA versus control and PA only, since these latter analyses included relatively less sequentially designed studies. Yet, the above hypotheses for the lack of differential changes in cognitive functioning between combined PA + CA interventions and CA interventions alone remain speculative. Given that this comparison included only 10 studies (of which 6 non-RTCs), there is high need for more well designed studies focusing on this research question. Also, the fact that combined PA + CA interventions in this meta-analysis revealed similar cognitive benefits versus CA interventions alone, does not necessarily call for the promotion of single CA interventions because one should not forget the important physical health benefits following the PA component in the combined interventions.
The idea that observed differences in cognitive effects are (partly) related to the mode of combination has also been claimed before by Zhu et al. (2016) who reported larger effects for simultaneous versus sequential combinations [16]. Yet, the lack of a significant difference in their meta-analysis [16] was suggested to result from limited power. In our current meta-analysis, which included 18 more studies, we did find a trend towards significantly superior benefits for simultaneous versus sequential intervention programs. One potential explanation for superior cognitive effects following simultaneously combined PA + CA interventions is the temporary nature of the increase of peripheral brain-derived neurotrophic factor (BDNF). It has been shown that the BDNF increase returns to baseline 10–60 min after physical activity [23]. This transient nature of BDNF increase calls for a temporarily close succession of CA to optimally benefit from these neurotrophic effects.
Furthermore, moderator analyses showed that effects did not significantly depend on the intervention characteristics such as total intervention length, session duration and session frequency. For all three categories of intervention length (i.e., < 12 weeks, 12–23 weeks, ≥24 weeks) significant positive effects were found. Studies conducting combined PA + CA sessions of a short (≤ 45 min) as well as medium duration (> 45 to ≤60 min) revealed significant effect sizes in comparison with studies with long session durations (> 60 min) that were not statistically significant. Also, although no significant difference in effect size was found for intervention sessions conducted once per week, twice per week, or three or more times per week effect sizes were on average smaller for the highest frequency of delivery. These tentative findings are in line with results from the meta-analysis by Zhu et al. (2016) who reported less efficacy for combined interventions scheduled five or more times per week compared to interventions administrated less than five times per week [16]. Also, a meta-analysis by Northey et al. (2017) [4] and Colcombe & Kramer (2003) [74] on the cognitive effects of physical exercise interventions in older adults concluded that high doses (high frequency, long intervention and long session duration) are not required to produce higher efficacy. Alltogether, current evidence seems to suggest that combined PA + CA interventions of any frequency and duration are beneficial to cognitive functioning. The lack of a dose-response relation contradicts with evidence from epidemiological studies showing higher engagement in cognitive and physical exercise to be associated with better cognitive performance at later age [75]. Convincing statements about dose-response relations however can currently not be made since studies on combined PA + CA explicitly manipulating these factors and investigating broader ranges of session frequency, duration and intervention length are currently lacking.
Our moderation analyses further revealed that differences in cognitive effects were not influenced by the presence/absence of mild cognitive impairment. The fact that cognitive gains can also be expected for older adults who already have some mild cognitive problems is very promising and in line with previous reviews [14, 17, 76]. Mild cognitive impairment is often an intermediate stage in the progression towards dementia and hence, considered a crucial stage with opportunities to intervene in the neurocognitive disease. Combined PA + CA programs could therefore be used as a modality for treating as well as preventing cognitive decline in older adults. In the future, research should explore the feasibility and effects of combined programs in the treatment of more advanced stages of impairment such as dementia.
Strengths and limitations of the review
The current meta-analysis adds to the existing knowledge on combined PA + CA interventions by updating and extending the literature search, for the first time with the explicit inclusion of more ecologically valid types of combined interventions such as dance and tai chi programs. This is considered a strength for further implementation purposes as it can better inform health actors on which existing activities to promote in order to keep older adults cognitively healthy. However, this also implied considerable heterogeneity among intervention programs with respect to the content and complexity of PA and CA training elements.
A second strength of this meta-analysis is the inclusion of studies on cognitively healthy older adults as well as on populations with mild cognitive impairment. We aimed to explore if any onset of cognitive impairment might attenuate the effect. Therefore, we used broad inclusion criteria for populations with mild cognitive impairment, i.e., assessments for cognitive impairment could be based on both subjective and objective reports. As such, the mildly cognitively impaired subpopulation in our meta-analysis involves a heterogeneous group. A distinction between different subtypes of cognitive impairment was not the purpose of the current study, nor was it feasible given the lack of power.
Another limitation of the included studies is the lack of long-term interventions and follow-ups. Also, methodological details were often missing, so that the influence of other potentially moderating factors could not be determined (e.g., baseline levels of physical/cognitive fitness, physical/cognitive training intensity). Furthermore, cognitive intervention components could include single-domain or multi-domain cognitive training. Moreover, many different cognitive tests were used to measure outcomes on different cognitive functions and could involve trained or untrained tasks (resulting in near or far transfer effects). For instance, some interventions specifically targeted the training of executive functioning [49, 59] or memory [40, 54] whereas other studies trained participants on a mix of executive control, memory, language and visuospatial functions [30, 31, 47, 58]. Some studies evaluated cognitive benefits using measures of global cognition, such as the well known ADAS-cog [39, 52] or MMSE scales [51, 62]. Other studies evaluated changes specifically on executive control using e.g. the Trail making test [27, 44, 61] or visual learning using e.g. the Rey Auditory Verbal learning test [26, 27, 50] or memory function using different versions of digit/visual/spatial span tests [30, 44, 54]. Especially for the different dance and tai chi interventions, clear information on the trained cognitive domains was lacking and therefore did not allow critical analyses of the effects on different cognitive subfunctions.


Conclusions
Evidence from this meta-analysis suggests that PA programs for older adults can yield superior cognitive benefits when cognitive tasks are integrated into the programs. Consequently, older adults should be made aware of the plastic properties of their brain, the potential to maintain/improve their cognitive functioning and the importance to engage in mentally challenging physical activity (e.g. learn new routes for neighborhood walks). Also, the promotion of activities that intrinsically combine PA and CA (e.g. dance, tai-chi) should receive more attention. Overall, more research resources should be invested in further unravelling dose-response and lasting effects; to identify the optimal programs that maximally take advantage of the neuroplastic properties of the human brain.

Acknowledgements
The authors wish to thank Anne Loyen for conducting searches in the PsychInfo database and all authors of the included studies for providing supplementary information when requested.
Funding
LP and AD are supported by the Research Foundation Flanders (FWO; grants 11Z4718N; 12H6717N).

Availability of data and materials
The dataset is available from the corresponding author on reasonable request.


Authors’ contributions
All authors read, critically reviewed and approved the final manuscript. FG conducted the database searches, screened titles, abstracts and full-texts for eligibility, performed data extraction, data-analysis and wrote the manuscript. LP reviewed full texts for eligibility criteria, performed data extraction and study quality assessments. AD performed study quality assessments and assisted in the data-analyses.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

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

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


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
World Health Organization. Governments commit to advancements in dementia research and care. Geneva, Switzerland; 2015.

2.
Gutchess A. Plasticity of the aging brain: new directions in cognitive neuroscience. Science. 2014;346(6209):579–82.CrossrefPubMed

3.
Reuter-Lorenz PA, Park DC. Human neuroscience and the aging mind: at old problems a new look. J Gerontol B Psychol Sci Soc Sci. 2010;65(4):405–15.CrossrefPubMed

4.
Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise interventions for cognitive function in adults older than 50: a systematic review with meta-analysis. Br J Sports Med. 2017;0:1–9.

5.
Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for primary prevention of Alzheimer’s disease: an analysis of population-based data. Lancet Neurol. 2014;13(8):788–94.CrossrefPubMed

6.
Panza GA, Taylor BA, MacDonald HV, Johnson BT, Zaleski AL, Livingston J, et al. Can exercise improve cognitive symptoms of Alzheimer's disease? A meta-analysis. In: J am Geriatr Soc; 2018. https://​doi.​org/​10.​1111/​jgs.​15241.

7.
Colcombe SJ, Erickson KI, Scalf PE, Kim JS, Prakash R, McAuley E, et al. Aerobic exercise training increases brain volume in aging humans. J Gerontol A Biol Sci Med Sci. 2006;61(11):1166–70.CrossrefPubMed

8.
Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al. Exercise training increases size of hippocampus and improves memory. PNAS. 2011;(7):3017–22.

9.
Voelcker-Rehage C, Godde B, Staudinger UM. Cardiovascular and coordination training differentially improve cognitive performance and neural processing in older adults. Front Hum Neurosci. 2011;5:26.CrossrefPubMedPubMedCentral

10.
Voss MW, Prakash RS, Erickson KI. Plasticity of brain networks in a randomized intervention trial of exercise training in older adults. Front Aging Neurosci. 2010;2:1–17.

11.
Fissler P, Küster O, Schlee W, Kolassa I-T. Novelty interventions to enhance broad cognitive abilities and prevent dementia: synergistic approaches for the facilitation of positive plastic change. Prog Brain Res. 2013;207:403–34.CrossrefPubMed

12.
Langdon KD, Corbett D. Improved working memory following novel combinations of physical and cognitive activity. Neurorehabil Neural Repair. 2012;26(5):523–32.CrossrefPubMed

13.
Smith AM, Spiegler KM, Sauce B, Wass CD, Sturzoiu T, Matzel LD. Voluntary aerobic exercise increases the cognitive enhancing effects of working memory training. Behav Brain Res. 2013;256:626–35.CrossrefPubMed

14.
Law LLF, Barnett F, Yau MK, Gray MA. Effects of combined cognitive and exercise interventions on cognition in older adults with and without cognitive impairment: a systematic review. Ageing Res Rev. 2014;15:61–75.CrossrefPubMed

15.
Lauenroth A, Ioannidis AE, Teichmann B. Influence of combined physical and cognitive training on cognition: a systematic review. BMC Geriatr. 2016;16:141.CrossrefPubMedPubMedCentral

16.
Zhu X, Yin S, Lang M, He R, Li J. The more the better? A meta-analysis on effects of combined cognitive and physical intervention on cognition in healthy older adults. Ageing Res Rev. 2016;31:67–79.CrossrefPubMed

17.
Stanmore E, Stubbs B, Vancampfort D, de Bruin ED, Firth J. 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. 2017;78:34–43.CrossrefPubMed

18.
Dhami P, Moreno S, DeSouza JFX. New framework for rehabilitation - fusion of cognitive and physical rehabilitation: the hope for dancing. Front Psychol. 2014;5:1478.PubMed

19.
Kattenstroth J-C, Kalisch T, Holt S, Tegenthoff M, Dinse HR. Six months of dance intervention enhances postural, sensorimotor, and cognitive performance in elderly without affecting cardio-respiratory functions. Front Aging Neurosci. 2013;5:5.CrossrefPubMedPubMedCentral

20.
Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr, Tudor-Locke C, et al. 2011 compendium of physical activities: a second update of codes and MET values. Med Sci Sports Exerc. 2011;43(8):1575–81.CrossrefPubMed

21.
Taylor-Piliae RE, Newell KA, Cherin R, Lee MJ, King AC, Haskell WL. Effects of tai chi and Western exercise on physical and cognitive functioning in healthy community-dwelling older adults. J Aging Phys Act. 2010;18(3):261–79.CrossrefPubMedPubMedCentral

22.
Wayne PM, Walsh JN, Taylor-Piliae RE, Wells RE, Papp KV, Donovan NJ, et al. Effect of tai chi on cognitive performance in older adults: systematic review and meta-analysis. J Am Geriatr Soc. 2014;62(1):25–39.CrossrefPubMedPubMedCentral

23.
Knaepen K, Goekint M, Heyman EM, Meeusen R. Neuroplasticity – exercise-induced response of peripheral brain-derived neurotrophic factor. Sports Med. 2010;40(9):765–801.CrossrefPubMed

24.
Hedges L. Distribution theory for Glass’s estimator of effect size and related estimators. J Educ Stat. 1981;6:128.Crossref

25.
Ansai JH, de Andrade LP, de Souza Buto MS, de Vassimon Barroso Carmelo V, Farche AC, Rossi PG, et al. Effects of the addition of a dual task to a supervised physical exercise program on older adults’ cognitive performance. J Aging Phys Act. 2016;25:234–9.CrossrefPubMed

26.
Barnes DE, Santos-Modesitt W, Poelke G, Kramer AF, Castro C, Middleton LE, et al. The mental activity and exercise (MAX) trial: a randomized controlled trial to enhance cognitive function in older adults. JAMA Intern Med. 2013;173(9):797–804.CrossrefPubMedPubMedCentral

27.
Desjardins-Crepeau L, Berryman N, Fraser SA, Vu TT, Kergoat MJ, Li KZ, et al. Effects of combined physical and cognitive training on fitness and neuropsychological outcomes in healthy older adults. Clin Interv Aging. 2016;11:1287–99.CrossrefPubMedPubMedCentral

28.
Eggenberger P, Schumacher V, Angst M, Theill N, de Bruin ED, Author A, et al. Does multicomponent physical exercise with simultaneous cognitive training boost cognitive performance in older adults? A 6-month randomized controlled trial with a 1-year follow-up. Clin Interv Aging. 2015;10:1335–49.PubMedPubMedCentral

29.
Eggenberger P, Wolf M, Schumann M, de Bruin ED. Exergame and balance training modulate prefrontal brain activity during walking and enhance executive function in older adults. Front Aging Neurosci. 2016;8:66.CrossrefPubMedPubMedCentral

30.
Fabre C, Chamari K, Mucci P, Masse-Biron J, Prefaut C. Improvement of cognitive function by mental and/or individualized aerobic training in healthy elderly subjects. Int J Sports Med. 2002;23(6):415–21.CrossrefPubMed

31.
Fiatarone Singh MA, Gates N, Saigal N, Wilson GC, Meiklejohn J, Brodaty H, et al. The study of mental and resistance training (SMART) study-resistance training and/or cognitive training in mild cognitive impairment: a randomized, double-blind, double-sham controlled trial. J Am Med Dir Assoc. 2014;15(12):873–80.CrossrefPubMed

32.
Hackney ME, Byers C, Butler G, Sweeney M, Rossbach L, Bozzorg A, et al. Adapted tango improves mobility, motor-cognitive function, and gait but not cognition in older adults in independent living. J Am Geriatr Soc. 2015;63(10):2105–13.CrossrefPubMed

33.
Hagovska M, Nagyova I. The transfer of skills from cognitive and physical training to activities of daily living: a randomised controlled study. Eur J Ageing. 2016;14:133–42.CrossrefPubMedPubMedCentral

34.
Hiyamizu M, Morioka S, Shomoto K, Shimada T. Effects of dual task balance training on dual task performance in elderly people: a randomized controlled trial. Clin Rehabil. 2012;26(1):58–67.CrossrefPubMed

35.
Hughes TF, Flatt JD, Fu B, Butters MA, Chang CCH, Ganguli M, et al. Interactive video gaming compared with health education in older adults with mild cognitive impairment: a feasibility study. Int J Geriatr Psychiatry. 2014;29(9):890–8.CrossrefPubMedPubMedCentral

36.
Jansen P, Dahmen-Zimmer K. Effects of cognitive, motor, and karate training on cognitive functioning and emotional well-being of elderly people. Front Psychol. 2012;3:40.CrossrefPubMedPubMedCentral

37.
Kim SH, Kim M, Ahn YB, Lim HK, Kang SG, Cho JH, et al. Effect of dance exercise on cognitive function in elderly patients with metabolic syndrome: a pilot study. J Sports Sci Med. 2011;10(4):671–8.PubMedPubMedCentral

38.
Kitazawa K, Showa S, Hiraoka A, Fushiki Y, Sakauchi H, Mori M. Effect of a dual-task net-step exercise on cognitive and gait function in older adults. J Geriatr Phys Ther. 2015;38(3):133–40.CrossrefPubMed

39.
Lam LCW, Chau RCM, Wong BML, Fung AWT, Tam CWC, Leung GTY, et al. A 1-year randomized controlled trial comparing mind body exercise (tai chi) with stretching and toning exercise on cognitive function in older Chinese adults at risk of cognitive decline. J Am Med Dir Assoc. 2012;13(6):568.e15-.e20.Crossref

40.
Legault C, Jennings JM, Katula JA, Dagenbach D, Gaussoin SA, Sink KM, et al. Designing clinical trials for assessing the effects of cognitive training and physical activity interventions on cognitive outcomes: the seniors health and activity research program pilot (SHARP-P) study, a randomized controlled trial. BMC Geriatr. 2011;11:27.CrossrefPubMedPubMedCentral

41.
León J, Ureña A, Bolaños MJ, Bilbao A, Oña A. A combination of physical and cognitive exercise improves reaction time in persons 61-84 years old. J Aging Phys Activ. 2015;23(1):72–7.Crossref

42.
Li F, Harmer P, Liu Y, Chou LS, et al. Tai Ji Quan and global cognitive function in older adults with cognitive impairment: a pilot study. Arch Gerontol Geriatr. 2014;58(3):434–9.CrossrefPubMed

43.
Lu X, Siu KC, Fu SN, Hui-Chan CWY, Tsang WWN. Effects of tai chi training on postural control and cognitive performance while dual tasking - a randomized clinical trial. J Complement Integr Med. 2016;13(2):181–7.CrossrefPubMed

44.
Maillot P, Perrot A, Hartley A, et al. Effects of interactive physical-activity video-game training on physical and cognitive function in older adults. Psychol Aging. 2012;27(3):589–600.CrossrefPubMed

45.
Merom D, Grunseit A, Eramudugolla R, Jefferis B, Mcneill J, Anstey KJ. Cognitive benefits of social dancing and walking in old age: the dancing mind randomized controlled trial. Front Aging Neurosci. 2016;8:26.CrossrefPubMedPubMedCentral

46.
Nishiguchi S, Yamada M, Tanigawa T, Sekiyama K, Kawagoe T, Suzuki M, et al. 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. 2015;63(7):1355–63.CrossrefPubMed

47.
Oswald WD, Gunzelmann T, Rupprecht R, Hagen B. Differential effects of single versus combined cognitive and physical training with older adults: the SimA study in a 5-year perspective. Eur J Ageing. 2006;3(4):179–92.CrossrefPubMedPubMedCentral

48.
Sato D, Seko C, Hashitomi T, Sengoku Y, Nomura T. Differential effects of water-based exercise on the cognitive function in independent elderly adults. Aging Clin Exp Res. 2015;27(2):149–59.CrossrefPubMed

49.
Schättin A, Arner R, Gennaro F, de Bruin ED. Adaptations of prefrontal brain activity, executive functions, and gait in healthy elderly following Exergame and balance training: a randomized-controlled study. Front Aging Neurosci. 2016;8:278.PubMedPubMedCentral

50.
Shah T, Verdile G, Sohrabi H, Campbell A, Putland E, Cheetham C, et al. A combination of physical activity and computerized brain training improves verbal memory and increases cerebral glucose metabolism in the elderly. Transl Psychiatry. 2014;4:e487.CrossrefPubMedPubMedCentral

51.
Styliadis C, Kartsidis P, Paraskevopoulos E, Ioannides AA, Bamidis PD, et al. Neuroplastic effects of combined computerized physical and cognitive training in elderly individuals at risk for dementia: an eLORETA controlled study on resting states. Neural Plast. 2015;2015:172192.CrossrefPubMedPubMedCentral

52.
Suzuki T, Shimada H, Makizako H, Doi T, Yoshida D, Ito K, et al. A randomized controlled trial of multicomponent exercise in older adults with mild cognitive impairment. PLoS One. 2013;8:e61483.CrossrefPubMedPubMedCentral

53.
Teixeira CVL, Gobbi S, Pereira JR, Vital TM, Hernandéz SSS, Shigematsu R, et al. Effects of square-stepping exercise on cognitive functions of older people. Psychogeriatrics. 2013;13(3):148–56.CrossrefPubMed

54.
Theill N, Schumacher V, Adelsberger R, Martin M, Jäncke L, Author A, et al. Effects of simultaneously performed cognitive and physical training in older adults. BMC Neurosci. 2013;14:103.CrossrefPubMedPubMedCentral

55.
van het Reve E, de Bruin ED. Strength-balance supplemented with computerized cognitive training to improve dual task gait and divided attention in older adults: a multicenter randomized-controlled trial. BMC Geriatr. 2014;14:134.CrossrefPubMedPubMedCentral

56.
Witte K, Kropf S, Darius S, Emmermacher P, Böckelmann I, Author A, et al. Comparing the effectiveness of karate and fitness training on cognitive functioning in older adults-a randomized controlled trial. J Sport Health Sci. 2016;5:484–90.Crossref

57.
Yokoyama H, Okazaki K, Imai D, Yamashina Y, Takeda R, Naghavi N, et al. The effect of cognitive-motor dual-task training on cognitive function and plasma amyloid beta peptide 42/40 ratio in healthy elderly persons: a randomized controlled trial. BMC Geriatr. 2015;15:60.CrossrefPubMedPubMedCentral

58.
Damirchi A, Hosseini F, Babaei P. Mental training enhances cognitive function and BDNF more than either physical or combined training in elderly women with MCI: a small-scale study. Am J Alzheimers Dis Other Demen. 2018;33(1):20–9.CrossrefPubMed

59.
Falbo S, Condello G, Capranica L, Forte R, Pesce C. Effects of physical-cognitive dual task training on executive function and gait performance in older adults: a randomized controlled trial. Biomed Res Int. 2016;2016:5812092.CrossrefPubMedPubMedCentral

60.
Müller P, Rehfeld K, Schmicker M, Hökelmann A, Dordevic M, Lessmann V, et al. Evolution of neuroplasticity in response to physical activity in old age: the case for dancing. Front Aging Neurosci. 2017;9:56.PubMedPubMedCentral

61.
Schoene D, Lord SR, Delbaere K, Severino C, Davies TA, Smith ST. A randomized controlled pilot study of home-based step training in older people using videogame technology. PLoS One. 2013;8(3):e57734.CrossrefPubMedPubMedCentral

62.
Siu M-Y, Lee DTF. Effects of tai chi on cognition and instrumental activities of daily living in community dwelling older people with mild cognitive impairment. BMC Geriatr. 2018;18(1):37.CrossrefPubMedPubMedCentral

63.
Sungkarat S, Boripuntakul S, Chattipakorn N, Watcharasaksilp K, Lord SR. Effects of tai chi on cognition and fall risk in older adults with mild cognitive impairment: a randomized controlled trial. J Am Geriatr Soc. 2017;65(4):721–7.CrossrefPubMed

64.
Petersen RC. Mild cognitive impairment as a diagnostic entity. J Intern Med. 2004;256:183–94.CrossrefPubMed

65.
Saykin AJ, Wishart HA, Rabin LA, Santulli RB, Flashman LA, West JD, et al. Older adults with cognitive complaints show brain atrophy similar to that of amnestic MCI. Neurology. 2006;67:834–42.CrossrefPubMedPubMedCentral

66.
Wang Y, Risacher SL, West JD, McDonald BC, MaGee TR, Farlow MR, et al. Altered default mode network connectivity in older adults with cognitive complaints and amnestic mild cognitive impairment. J Alzheimers Dis. 2013;35:751–60.CrossrefPubMedPubMedCentral

67.
Hannan AJ. Environmental enrichment and brain repair: harnessing the therapeutic effects of cognitive stimulation and physical activity to enhance experience-dependent plasticity. Neuropathol Appl Neurobiol. 2014;40(1):13–25.CrossrefPubMed

68.
van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning and hippocampal neurogenesis in aged mice. J Neurosci. 2005;25(38):8680–5.CrossrefPubMed

69.
Mustroph ML, Chen S, Desai SC, Cay EB, DeYoung EK, Rhodes JS. Aerobic exercise is the critical variable in an enriched environment that increases hippocampal neurogenesis and water maze learning in male C57BL/6J mice. Neuroscience. 2012;219:62–71.CrossrefPubMedPubMedCentral

70.
Fabel K. Additive effects of physical exercise and environmental enrichment on adult hippocampal neurogenesis in mice. Front Neurosci. 2009;3:50.PubMedPubMedCentral

71.
Shors TJ, Anderson ML, Curlik DM, Nokia MS. Use it or lose it: how neurogenesis keeps the brain fit for learning. Behav Brain Res. 2012;227(2):450–8.CrossrefPubMed

72.
Boisgontier MP, Beets IAM, Duysens J, Nieuwboer A, Krampe RT, Swinnen SP. Age-related differences in attentional cost associated with postural dual tasks: increased recruitment of generic cognitive resources in older adults. Neurosci Biobehav Rev. 2013;37(8):1824–37.CrossrefPubMed

73.
Cotman C, Berchtold NC. Exercise: a behavioral intervention to enhance brain health and plasticity. Trends Neurosci. 2002;25(6):295–301.CrossrefPubMed

74.
Colcombe S, Kramer AF. Fitness effects on the cognitive function of older adults: a meta-analytic study. Psychol Sci. 2003;14(2):125–30.CrossrefPubMed

75.
Nithianantharajah J, Hannan AJ. The neurobiology of brain and cognitive reserve: mental and physical activity as modulators of brain disorders. Prog Neurobiol. 2009;89(4):369–82.CrossrefPubMed

76.
Zheng G, Xia R, Zhou W, Tao J, Chen L. Aerobic exercise ameliorates cognitive function in older adults with mild cognitive impairment: a systematic review and meta-analysis of randomised controlled trials. Br J Sports Med. 2016;50:1443–50.Crossref




OEBPS/sidebar.gif





OEBPS/A12966_2018_697_Fig2_HTML.png
Mm

Damirchi etal., 2017
Desjardins-Crépeau et al., 2016
Eggenberger et al., 2016
Fabre et al, 2002
Fiatarone et al, 2014
Hackney et a, 2015
Hughes et al, 2014
Jansenetal, 2012
Kattenstroth et al, 2013
Kimeta, 2011
Kitazawa et al., 2015
Lametal., 2012
Legault et al, 2011
Lietal, 2014

Luetal., 2016
Maillot et al, 2012
Nishiguchi et al, 2015
QOswald et al, 2006
Schattinet al., 2016
Schoene et al., 2013
Shaheta, 2014
Sivetad., 2018
Styliadis et al, 2015
Sungkarat et al., 2017
Suaik eta., 2013
Taylor-Piliae etal, 2010
Teieiraet al, 2013
Theill etal, 2014
Witte et al., 2016
Average (Random)

Hedges's
9
0,260
0,040
0,150
0248
0,003
0,191
0,192
0,255
0528
0,281
0,550
0,166
0,007
1,956
0,053
1,075
0,550
0244
0,506
0,599
0,091
0467
0,106
0417
0,183
0213
0510

0379
0,316

stics for each

Lower  Upper
limt  limt pValue
0570 1091 0539
0572 0652 0899
0827 0526 0664
069 118 0604
0524 0530 099
0804 0423 0542
0654 1037 0657
0588 1098 0563
0204 1259 0,158
039 0985 0414
0041 105 0034
0089 0420 0201
0659 0646 0984
1261 2651 0,000
0739 0633 0880
0315 183% 0,006
0017 1118 0057
0206 0693 0288
0241 1252 0184
0097 12% 0092
035 0532 068
0156 0780 0,003
0614 085 0774
0066 0900 0,091
0223 050 037
0201 0628 0313
0101 1121 0102
0277 098 0277
0153 0911 0162
0188 0443 0,000

Sample
size

582528388 IRS3LER

Hedges's g and 95% Cl

2,00 1,00

Favours control

0,00

*
1,00 2,00

Favours PA+CA





OEBPS/cc-by.png
() _®





OEBPS/A12966_2018_697_Fig4_HTML.png
Study name

Danirchi etd., 2017
Desjardns-Crépeauetd., 2016
Fareetd, 202
Fidaraneetd, 2014
Jarsenetd, 2012
Legaiteta, 2011
Oswddetd, 2006
Sehetd, 014
Sliads etd, 2015
Thell etd, 214
Average (Random)

Statistics for each study
Hedges's Lower Upper

9

-0281
-0007
0127
-0100
0004
0047
-0001
0082
030
00
-0020

limit

-1,061
068
1080
0643
0687
0612
040
0483
03%
062
0212

limit

040
049
0807
0442
0874
077
0488
0319
1117
0807
017

p-Value

0480
07
070
0717
084
088
07
06
022
07®
086

Sample
size

EuRBKRIRAZ/R

2,00

Hedges's g and 95% CI

-1,00

Favours CA

0,00

1,00 2,00

Favours PA+CA





OEBPS/contact.gif





OEBPS/A12966_2018_697_Fig3_HTML.png
Study name

Ansa etd., 016
Bamesetd, 2013
Darirchi etd., 2017

Desjardns-Crépeauet d., 2016

Eggenberger et d, 2015
Fareetd, 2002
Faboetd., 2016
Fidarcreetd, 2014
Hagoskaetd., 2016
Hiyamizuetd, 2012
Jarsenetd, 2012
Legautetd, 2011
Merametd., 2016
Miler etd., 017
Saoetd, 015
Sehetd, 2014
Taylor-Plliaeet d, 2010
\enhet Reeetd, 2014
Witteetd., 2016
Yooamaetd, 2015

Average (Random)

Statistics for each study
Hedges's Lower Upper

-0108

limit
-054
-03%
-0541
062
-0513
-087M
045
-07%
0001
-0891
-0674
-0619
-0.30
-0850
-0%67
0367
-0,080
-0077
021
-02%
0o

limit

037
06%
1023
0614
04582
100
1851

p-Value

066
0510
0546
0983
0901
088
0,001
0531
0050
0449
073
090
0729
oo
091
0767
0082
0150
0231
00
0008

Sample
size

16

RIBERNIRRYBEY

gBR

-2,00

Hedges's g and 95% CI

JR—1 —

-

.
—=
—e
——

|

-1,00

Favours PA

0,00

1,00 2,00

Favours PA+CA





OEBPS/A12966_2018_697_Fig1_HTML.png
17,564 records identified through 8 additional records through
database searching reference lists of retrieved articles
and related review articles

¥

v

| 13,373 records after duplicates removed |

I

13,373 titles and abstracts

13,243 records excluded

!

41 studies included in
qualitative synthesis

!

40 studies included in
quantitative synthesis
(final results meta-
analysis)

screened —»
130 full-text articles 89 full-text articles excluded, with reasons
assessed for eligibility o

- same or interim data set (n=8)

- no (appropriate) comparison group (n=14)
- not combined PA+CA intervention (n=8)

- not study population (n=9)

- additional health intervention component
(n=13)

- no clear cognitive effortful tasks in combined
intervention (n=14)

- no (single) cognitive outcomes (n=10)

- no intervention (n=5)

- insufficient info to calculate all effect sizes
(n=8)






