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ABSTRACT
Objective  To evaluate systematic reviews of 
randomised controlled trials (RCTs) on the effects of 
exercise on general cognition, memory and executive 
function across all populations and ages.
Methods  Systematic reviews and meta-analyses of 
RCTs evaluating the effects of exercise on general 
cognition, memory and executive function were eligible. 
Data extraction and risk of bias scoring were conducted 
in duplicate. The A MeaSurement Tool to Assess 
systematic Reviews (AMSTAR-2) was used to assess 
the risk of bias. Effect sizes were pooled using random 
effects models and reported as standardised mean 
differences (SMD). Subgroup analyses were conducted 
for participant and intervention characteristics.
MAIN OUTCOME MEASURES
General cognition, memory and executive function.
Data sources  CINAHL, The Cochrane Library, Embase, 
MEDLINE via OVID, Emcare, ProQuest Central, ProQuest 
Nursing and Allied Health Source, PsycINFO, Scopus, 
Sport Discus and Web of Science.
Results  133 systematic reviews (2,724 RCTs 
and 258 279 participants) were included. Exercise 
significantly improved general cognition (SMD=0.42), 
memory (SMD=0.26) and executive function 
(SMD=0.24). Memory and executive function 
improvements from exercise were greater for children 
and adolescents than for adults and older adults. Those 
with attention-deficit/hyperactivity disorder exhibited 
greater improvement in executive function than other 
populations. Effects were generally larger for low- and 
moderate-intensity interventions. Shorter interventions 
(1–3 months) and exergames (video games that require 
physical movement) had the largest effects on general 
cognition and memory. Findings remained statistically 
significant after excluding reviews rated as low and 
critically low quality.
Conclusions  These findings provide strong evidence 
that exercise, even light intensity, benefits general 
cognition, memory and executive function across all 
populations, reinforcing exercise as an essential, inclusive 
recommendation for optimising cognitive health.
Trial registration number  PROSPERO ID: 
CRD42023468991.

INTRODUCTION
In recent decades, an increasing body of research 
has evaluated the relationship between exercise and 

cognitive function.1 2 Cognitive function encom-
passes a broad spectrum of mental processes, 
including memory, attention and executive func-
tions, all of which play pivotal roles in an individ-
ual’s daily life and overall well-being.3 4 Cognitive 
decline and related neurodegenerative diseases 
have become global health concerns, underscoring 
the urgency of identifying effective strategies to 
preserve and enhance cognitive function across the 
lifespan.5

Exercise has profound effects on physical 
health.6 7 However, increasing evidence suggests 
that these effects extend beyond physical health, 
positively influencing cognitive health8 and mental 
well-being.9 The relationship between exercise 
and cognitive function has become an important 
area of research due to its relevance to healthcare 
and the broader community. Given the growing 
interest in the topic area, many systematic reviews 
have emerged in recent years, each with its own 
unique scope and methodology. While each of 
these reviews has provided valuable insight into the 
impact that exercise can have on cognitive func-
tion and memory, they are often limited to specific 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Cognitive decline and related 
neurodegenerative diseases are global health 
concerns.

	⇒ Effective strategies to preserve and enhance 
cognitive function across the lifespan are 
urgently required.

WHAT THIS STUDY ADDS
	⇒ Exercise interventions significantly improved 
general cognition, memory and executive 
function across all populations and ages.

	⇒ Those with attention-deficit/hyperactivity 
disorder exhibited greater improvement in 
executive function from exercise interventions 
than the general population and other clinical 
groups.

	⇒ Effects were generally larger for low- and 
moderate-intensity interventions.

	⇒ These results offer compelling evidence that 
exercise, even at a lighter intensity, positively 
impacts overall cognitive function, memory and 
executive skills in all demographic groups.
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populations (ie, older adults or children),10 11 particular condi-
tions (ie, Alzheimer’s disease12 or attention deficit disorder13 and 
specific forms of exercise (ie, resistance exercise14 or yoga).15 
There is a need to comprehensively evaluate the impact of all 
exercises on general cognition, memory and executive function 
across all populations.

To the authors’ knowledge, only one systematic review of 
systematic reviews (ie, an umbrella review) has examined the 
effect of exercise on cognition.16 Results indicate that exercise 
had a small positive effect on cognition (d=0.22, 95% CI 0.16 to 
0.28), although this effect became negligible after correcting 
for publication bias (d=0.05, 95% CI −0.09 to 0.14).16 This 
umbrella review by Ciria et al16 provided valuable insights into 
the effects of aerobic and resistance exercise on cognition in 
healthy populations, employing innovative statistical techniques 
to address publication bias and focusing on primary randomised 
controlled trials (RCT) data. In a subsequent letter to the editor, 
Ciria et al17 performed additional analyses that extended their 
original work, examining moderators such as participant char-
acteristics (eg, age, sex and baseline activity levels), intervention 
characteristics (eg, intensity, type and duration) and cognitive 
domains. These analyses reinforced their conclusion that the 
effects of exercise on cognition are inconclusive, even when 
accounting for these moderators. Their findings, while valuable, 
remain limited in scope, as the review exclusively focused on 
healthy populations and excluded individuals who might derive 
the greatest benefit from exercise interventions, such as those 
with cognitive impairment or chronic diseases. Moreover, the 
analyses did not encompass mind-body exercises like yoga or Tai 
Chi, which may confer unique cognitive benefits. These limita-
tions underscore the need for a larger, more comprehensive 
synthesis of systematic reviews to evaluate the effects of various 
exercise modalities across both clinical and non-clinical popula-
tions and all age groups. Therefore, this umbrella review seeks 
to systematically evaluate all existing systematic reviews and 
meta-analyses on the effects of exercise on general cognition, 
memory and executive function across all populations, including 
children, adolescents and adults, and clinical and non-clinical 
populations.

METHODS
Protocol and registration
The protocol for this umbrella review was preregistered on 
PROSPERO (ID: CRD42023468991), and the findings are 
reported in accordance with Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.18

Selection criteria and search strategy
The inclusion criteria were developed using the population, 
intervention, comparison, outcomes and study type (PICOS) 
framework. Population: any human population (children, 
adolescents, adults, healthy and clinical); Intervention: reviews 
that evaluated exercise interventions were included. The 
following definition of exercise was used: ‘a type of physical 
activity consisting of planned, structured and repetitive bodily 
movement done to improve and/or maintain physical fitness’.6 
Reviews were included if ≥75% of the included RCTs focused 
solely on exercise, including (but not limited to) aerobic or resis-
tance exercise, yoga, dance, Tai Chi and exergames, which were 
not combined with any other intervention. Reviews evaluating 
regular exercise training of at least 4 weeks were included irre-
spective of exercise mode, supervision, delivery, intensity or 
weekly duration. Comparator: reviews were eligible if ≥75% of 

the included RCTs compared exercise to no intervention, wait-
list, usual care, nothing, a sham intervention, an equal attention 
non-exercise intervention arm or a lower/lesser exercise interven-
tion. Outcomes: any assessment of general cognition, memory or 
executive function. Study type: systematic reviews that included 
meta-analyses. Reviews were excluded if they included any non-
RCTs or studies assessing single bouts of exercise.

Databases were searched (CINAHL, The Cochrane Library, 
Embase via OVID, MEDLINE via OVID, Emcare via OVID, 
ProQuest Central, ProQuest Nursing and Allied Health Source, 
PsycINFO, Scopus, Sport Discus via Ebscohost and Web of 
Science) using subject heading, keyword and MeSH term 
searches for ‘systematic review’, ‘meta-analysis’, ‘cognitive func-
tion’, ‘memory’, ‘executive function’, and ‘exercise’ (see online 
supplemental table 1 for the full search strategy). Database 
searches were limited to peer-reviewed journal articles published 
in English-language from inception to 1 November 2023.

Data management and extraction
All search results were imported into EndNote X9 (Clarivate, 
Philadelphia, Pennsylvania, USA) to remove duplicates. Records 
were then exported to Covidence (Veritas Health Innovation, 
Melbourne, Australia) for title/abstract and full-text screening, 
data extraction and risk of bias scoring. All screening was 
completed in duplicate by two independent reviewers, with 
disagreements resolved by discussion and consultation with a 
third reviewer.

Data extraction and risk of bias scoring were conducted in 
duplicate by two independent reviewers, and discrepancies 
were resolved through discussion and consultation with a third 
reviewer. A standardised extraction form was used to extract 
information on study details, population characteristics, inter-
vention characteristics, outcomes of interest and results. The A 
MeaSurement Tool to Assess systematic Reviews (AMSTAR-2) 
tool was used to assess the risk of bias of the included reviews 
by two independent reviewers in duplicate.19 The AMSTAR-2 
consists of 16 items, each scored as ‘Yes’, ‘Partial Yes’ or ‘No’, 
of which seven items are considered ‘critical’ and nine are 
‘non-critical’.19 The following items are considered critical: 
protocol registration, adequacy of search strategy, justification 
for excluding individual studies, risk of bias assessment, appro-
priateness of meta-analysis methods, use of risk of bias during 
interpretation and assessment of publication bias. Reviews were 
scored as ‘high confidence’ (no critical weakness and <3 non-
critical weaknesses), ‘moderate’ (1 critical weakness and <3 
non-critical weaknesses), ‘low’ (>1 critical weakness and <3 
non-critical weaknesses) or ‘critically low’ (>1 critical weakness 
and ≥3 non-critical weaknesses).19

Umbrella review synthesis methods
The Corrected Covered Area (CCA) method was used to 
assess overlap in the RCTs that were included across all eligible 
reviews.20 A CCA score of 0% indicates that every included 
review consisted of entirely unique RCTs, while a score of 100% 
indicates that every eligible review included the same RCTs. 
The following cut-offs were used: 0%–5%: ‘slight overlap’; 
6%–10%: ‘moderate’; 11%–15%: ‘high’ and >15%: ‘very high’ 
overlap.21

Meta-analyses for general cognition, memory and executive 
function were performed by pooling the effect sizes and 95% CIs 
reported in each review, using a random effects model. Meta-
analyses were conducted using standardised mean differences 
(SMD) as the primary effect measure. Meta-analyses were also 
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performed using mean differences (MD) if sufficient data were 
available. The Cattell-Horn-Carroll-Miyake Model of Cognition 
for Clinical Assessment22 was used to categorise the tests. Tests 
of working memory were categorised as executive function.23 
Results of all meta-analyses were displayed visually using forest 
plots. Subgroup analyses were performed for age group (chil-
dren/adolescents, adults and older adults (aged 65 years and 
older)), population (general population, ie, individuals who are 
otherwise healthy and not diagnosed with any cognitive impair-
ment, chronic illnesses, or medical conditions, cognitive impair-
ment status, clinical condition or chronic disease status), exercise 
mode (aerobic, resistance, mixed mode, mind-body (yoga and 
Tai Chi)), dance, exergames, other (which consisted of a variety 
of sports and martial arts)), exercise intensity (low, moderate, 
moderate-to-vigorous and vigorous, based on the intensity 
reported in the systematic reviews), intervention length (1–3 
months, 4–6 months and >6 months), session frequency (1–2/
week, 3–5/week and 6–7/week), session duration (<30 min, 
30–60 min and >60 min), weekly duration (<150 min/week 
and ≥150 min/week) and risk of bias score (critically low, low, 
moderate and high confidence). We defined a systematic review 
and meta-analysis as focusing on ‘adults’ if more than 75% of the 
included RCTs recruited participants aged 18–65 years, regard-
less of cognitive status. The I2 statistic was used to quantify the 
proportion of the overall outcome attributed to variability.24 
The following values were used: 0%–29%: no heterogeneity; 
30%–49%: moderate heterogeneity; 50%–74%: substantial 
heterogeneity and 75%–100%: considerable heterogeneity.25 
The following classifications for the magnitude of effect for 
SMD were used: <0.20: small effect; 0.20–0.50: medium effect 
and >0.50: large effect.26 A p value of <0.05 was considered 
statistically significant. Funnel plots were created to investigate 
publication bias by assessing for the presence of asymmetries.27 
Additionally, trim-and-fill analyses were conducted on meta-
analyses containing at least 10 studies to account for poten-
tial unpublished studies.27 The trim-and-fill analyses were not 
prespecified in the registered protocol but were conducted post 
hoc to address potential publication bias. All meta-analyses were 
performed using Stata/MP (V.16, Stata Corp, College Station, 
Texas, USA).

The Oxford Centre for Evidence-based Medicine levels of 
evidence and grades for recommendations28 were used to clas-
sify the overall level of evidence as follows: A: consistent Level 
1 studies (systematic reviews of RCTs); B: consistent Level 2 
(systematic reviews of cohort studies) or Level 3 studies (system-
atic reviews of case-control studies) or extrapolations from Level 
1 studies; C: Level 4 studies (case series) or extrapolations from 
Level 2 or Level 3 studies or D: Level 5 evidence (expert opinion 
without critical appraisal) or inconclusive evidence.28

Equity, diversity and inclusion statement
The author team is comprised of student and senior researchers 
across various disciplines. A wide range of demographic, socio-
economic and cultural backgrounds were included in the study 
populations, including from low- and middle-income countries.

Patient and public involvement
There was no patient or public involvement in this umbrella 
review.

RESULTS
A total of 6620 results were identified following a database 
search, of which 133 reviews were included. The PRISMA 

flowchart, including reasons for exclusions, is shown in figure 1. 
A full list of reasons for full-text exclusions is shown in online 
supplemental table 2. The 133 included reviews comprised 2724 
unique (component) RCTs and a total of 258 279 participants. 
The overall CCA was 0.78%, indicating a slight overlap.

An overview of age groups, populations and exercise inter-
vention characteristics is shown in online supplemental table 
3. Over half (n=77) of the included reviews were from China 
(affiliation of the first author). Mean participant age ranged 
between 6.8 and 89.2 years, and most reviews (n=130) included 
both female and male participants. 72 reviews focused on older 
adults, 47 focused on adults, 11 on children and 3 involved chil-
dren and adults. Most reviews evaluated mixed-mode exercise 
(n=103), while 30 evaluated single types of exercise. These 
included aerobic (n=7), resistance (n=5), Tai Chi (n=5), dance 
(n=5), exergames (n=4), yoga (n=2) and Baduanjin (n=2). 
Most reviews (n=94) had a critically low AMSTAR-2 score (low: 
n=19 and high: n=20, online supplemental table 4). Common 
limitations included not providing a list of full-text exclusions 
(n=123) and not describing the funding sources (n=116).

Meta-analysis results
General cognition
Pooled analysis of 107 meta-analyses (n=82 742 participants) 
showed a significant effect of exercise for improving general 
cognition (SMD=0.42, 95% CI 0.37 to 0.47, I2=82.73%, 
p<0.01, online supplemental figure 1). There were sufficient 
MD data for the following instruments: Mini-Mental State 
Examination (MMSE), Montreal Cognitive Assessment (MOCA) 
and the Alzheimer’s Disease Assessment Scale-Cognitive 
Subscale (ADAS-Cog; online supplemental table 5). Effect sizes 
for each instrument were: MMSE=1.54 (95% CI 1.11 to 1.98), 
MOCA=2.31 (95% CI 1.98 to 2.64), ADAS-Cog=−1.48 (95% 
CI −2.54 to 0.41; note negative values for ADAS-cog represent 
an improvement; test of subgroup differences: Qb(2)=47.10, 
p<0.01).

Grade of recommendation: (A) Consistent level 1 studies.

Memory
Pooled results from 62 meta-analyses (n=50 975 partici-
pants) showed a significant effect of exercise for improving 
memory (SMD=0.26, 95% CI 0.20 to 0.32, I2=78.16%, 
p<0.01, online supplemental figure 2). Most of the tests 
included in this domain are traditionally referred to as 
short-term memory or episodic memory. There were suffi-
cient MD data for the Wechsler Memory Scale and the 
Verbal Learning Test (online supplemental table 5). MD 
effect sizes were: Wechsler Memory Scale=10.71 (95% CI 
4.22 to 17.21) and the Verbal Learning Test: 1.08 (95% CI 
0.73 to 1.43) (test of subgroup differences: Qb(4)=28.46, 
p<0.01).

Grade of recommendation: (A) Consistent level 1 studies.

Executive function
Pooled results from 117 meta-analyses (n=107, 242 partici-
pants) showed a significant effect of exercise for improving 
executive function (SMD=0.24, 95% CI 0.21 to 0.27, 
I2=70.34%, p<0.01, online supplemental figure 3). There 
were sufficient MD data for the following instruments: 
Digit Span Test, Digit Span-Backward, Digit Span-Forward, 
Trail Making Test Part A and B (TMT-A and TMT-B; see 
online supplemental table 5). MD effects were: Digit Span 
Test: 0.92 (95% CI 0.29 to 1.55); Digit Span-Backward: 
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0.15 (95% CI −0.14 to 0.43); Digit Span-Forward=0.40 
(95% CI 0.22 to 0.58); TMT-A=−2.03 (95% CI −5.47 to 
1.41) and TMT-B=−8.68 (95% CI −15.48 to –1.88; note 
negative values for TMT-A and B represent an improve-
ment; test of subgroup differences: Qb(1)=2.92, p=0.09, 
online supplemental table 5).

Grade of recommendation: (A) Consistent level 1 studies.

Subgroup analyses
Results of subgroup analyses for age and population are 
shown in figure  2 (general cognition), figure  3 (memory) 
and figure  4 (executive function). Results of subgroup 

analyses for exercise mode, intensity, intervention length, 
session frequency, session duration and weekly duration are 
shown in online supplemental table 6 (general cognition), 7 
(memory) and 8 (executive function).

Age group and population
General cognition
Exercise was associated with improvements in general cognition 
across all age groups, with no significant differences observed 
between studies involving adults, children and older adults 
(SMD range=0.28–0.42; test of group differences: Qb(2)=4.09, 

Figure 1  Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart. RCTs, randomised controlled trials.
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Figure 2  Subgroup analyses for age and population for general cognition. REML, restricted maximum likelihood.

Figure 3  Subgroup analyses for age and population for memory. REML, restricted maximum likelihood.
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p=0.13, figure 2). Similarly, cognitive benefits were consistent 
across various clinical populations, with no significant differ-
ences between groups (SMD range=0.28–0.47; test of group 
differences: Qb(5)=3.93, p=0.56, figure 2).

Memory
Differences were observed for age, with children/adoles-
cents showing larger improvements in memory (SMD=0.85) 
compared with studies involving adults and older popula-
tions (SMD range=0.18–0.27; test of group differences: 
Qb(3)=19.16, p<0.01, figure  3). Memory benefits were 
consistent across various clinical populations, with no signif-
icant differences between groups (SMD range=0.13 to 0.38; 
test of group differences: Qb(4)=9.62, p=0.05, figure 3).

Executive function
Exercise was associated with improvements in executive func-
tion across all age groups, with the largest benefits observed 
in children/adolescents (SMD=0.36) compared with other 
ages (SMD range=0.18–0.23; test of group differences: 
Qb(3)=8.19, p=0.04, figure  4). Tests of subgroup differ-
ences showed that exercise interventions were most effec-
tive for improving executive function in attention-deficit/
hyperactivity disorder (ADHD; SMD=0.72) compared with 
cognitive impairment and dementia, depression, the general 
population, neurological disorders, other chronic disease 
and stroke (SMD range=0.13–0.25; test of group differ-
ences: Qb(6)=48.09, p<0.01, figure 4).

Exercise mode
General cognition
Significant subgroup effects were observed for exercise mode, with 
moderate-to-large effects observed for exergames on general cogni-
tion (SMD=0.61), while small-to-moderate effects were observed 
for aerobic, dance, mind-body, mixed mode, resistance exercise 
and other (SMD range=0.25–0.44; test of subgroup differences: 
Qb(6)=19.38, p<0.01, online supplemental table 6).

Memory
Exercise mode also had significant effects on memory, with large 
effects observed for exergames (SMD=0.58) and small-to-medium 
effects observed for aerobic, dance, mind-body, mixed mode and 
resistance exercise (SMD range=0.13–0.51; test of subgroup differ-
ences: Qb(5)=28.02, p<0.05, online supplemental table 7).

Executive function
The positive effects of exercise on executive function differed based 
on exercise mode, with other forms of exercise (SMD=0.45) having 
a greater effect compared with aerobic, dance, exergames, mind-
body, mixed mode and resistance exercise (SMD range=0.12–0.37; 
test of subgroup differences: Qb(6)=13.29, p=0.04, online supple-
mental table 8).

Exercise intensity
General cognition, memory and executive function
The beneficial effect of exercise on general cognition (test of 
subgroup differences: Qb(3)=2.61, p=0.46, online supplemental 

Figure 4  Subgroup analyses for age and population for executive function. REML, restricted maximum likelihood.
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table 6), memory (test of subgroup differences: Qb(2)=1.40, 
p=0.50, online supplemental table 7) or executive function (test 
of subgroup differences: Qb(3)=3.69, p=0.30, online supple-
mental table 8) did not differ based on exercise intensity.

Intervention length
General cognition, memory and executive function
Interventions that were 1–3 months had the greatest effect on 
general cognition (SMD=0.39), compared with 4–6 month and 
>6 month interventions (SMD range=0.20–0.30; Qb(2)=7.53, 
p=0.02, online supplemental table 6). The beneficial effect 
of exercise on memory and executive function was consistent 
across different intervention durations, with no significant 
differences observed for memory (Qb(2)=2.12, p=0.35, online 
supplemental table 7) or executive function (test of subgroup 
differences: Qb(2)=0.67, p=0.72, online supplemental table 8).

Session frequency
General cognition, memory and executive function
The beneficial effects of exercise across cognitive domains did 
not significantly differ based on session frequency for general 
cognition (test of subgroup differences: Qb(2)=6.02, p=0.05, 
online supplemental table 6), memory (test of subgroup differ-
ences: Qb(2)=0.76, p=0.68, online supplemental table 7) and 
executive function (test of subgroup differences: Qb(2)=0.95, 
p=0.62, online supplemental table 8).

Session duration
Cognition, memory and executive function
The beneficial effect of exercise across cognitive domains did 
not significantly differ based on session duration (general cogni-
tion: test of subgroup differences: Qb(2)=5.68, p=0.06, online 
supplemental table 6; memory: test of subgroup differences: 
Qb(2)=1.91, p=0.75, online supplemental table 7; executive 
function: test of subgroup differences: Qb(2)=0.81, p=0.67, 
online supplemental table 8).

Weekly duration
General cognition, memory and executive function
The beneficial effect of exercise across cognitive domains did 
not differ based on weekly exercise duration for general cogni-
tion (test of subgroup differences: Qb(1)=0.10, p=0.75, online 
supplemental table 6) or executive function (test of subgroup 
differences: Qb(1)=2.88, p=0.09, online supplemental table 8). 
There was an insufficient number of studies to assess differences 
in memory.

Risk of bias score
General cognition, memory and executive function
Subgroup analyses for the risk of bias score are shown in online 
supplemental table 9. There was a consistent pattern for the bene-
fits of exercise to be larger in critically low-confidence studies 
relative to low- and high-confidence studies. For instance, the 
impact of exercise on general cognition, the SMD based on crit-
ically low studies, was 0.43 versus 0.23–0.38 for low- and high-
confidence studies (test of subgroup differences: Qb(2)=25.26, 
p<0.01). For memory, the SMD from critically low-confidence 
studies was 0.30 versus 0.13–0.22 for low- and high-confidence 
studies (test of subgroup differences: Qb(2)=9.46, p=0.01). For 
executive function, the SMD from critically low studies was 0.26 
versus 0.16–0.19 for low- and high-confidence studies (test of 
subgroup differences: Qb(2)=7.32, p=0.03).

Sensitivity analyses and publication bias
We conducted unplanned sensitivity analyses by excluding the 
study by Stanmore et al29 due to identified methodological issues 
and inaccurate effect size.30 After excluding this study, the effect 
size for general cognition changed from 0.61 to 0.70 and exec-
utive function changed from 0.37 to 0.26. Visual inspection of 
the funnel plots for general cognition, memory and executive 
function (online supplemental figure 4) each displayed a degree 
of asymmetry with a gap in the bottom left quadrants, suggesting 
a lack of smaller studies reporting negative effect sizes. The 
estimated true effect sizes, or theta (θ), for general cognition, 
memory and executive function were d=0.31, d=0.24 and 
d=0.20, respectively.

DISCUSSION
This is the first study examining the effects of various exercise 
modalities on general cognition, memory and executive function 
across all populations. It included 133 systematic reviews and 
meta-analyses comprising over 2700 RCTs and over 250 000 
participants. Overall, exercise interventions improved general 
cognition, memory and executive function with a small-to-
moderate effect across the lifespan and health status. Children/
adolescents and those with ADHD experienced the greatest 
improvements in memory and executive function, respectively. 
All exercise modalities were effective, with exergames benefiting 
cognition most and mind-body exercises benefiting memory 
most. Gains were unaffected by frequency, duration or intensity, 
but 1–3 month interventions showed larger cognitive improve-
ments than longer ones. Higher study quality suggested more 
modest yet significant cognitive benefits than lower-quality 
studies.

Our umbrella review provides compelling evidence that exer-
cise provides benefits across general cognition, memory and 
executive function. Importantly, these significant benefits hold 
even when critically low- and low-quality studies are excluded 
from estimates and when publication bias is considered. For 
example, in our study, the SMD for general cognition was 
small to medium (d=0.42), remaining small to medium after 
accounting for publication bias (d=0.30) and reducing to small 
(d=0.23) when only high-quality studies were meta-analysed. 
This contrasts with the findings of Ciria et al,16 which reported 
smaller overall effects (d=0.22) that became negligible after 
accounting for publication bias (d=0.05).

The differences in estimates between the two studies may be 
attributed to their different samples: Ciria et al’s review was 
limited to healthy participants and included 24 meta-analyses 
encompassing a total of 109 primary studies involving 11 206 
participants. In contrast, our umbrella review included fivefold 
more meta-analyses (133 systematic reviews), encompassing 
25-fold more primary studies (2724 RCTs) and 23-fold more 
participants (n=258 279). Furthermore, our meta-analyses of 
MD showed significant improvement in general cognition based 
on MMSE and MOCA; however, these tests generally focused 
on adults. Tests conducted with children included the Wechsler 
Intelligence Scale for Children, the Kaufman Assessment Battery 
for Children, the Stroop Colour-Word Test, the Digit Span 
Test, the Wisconsin Sorting Test and the Verbal Learning Test. 
However, there was insufficient data to perform meta-analyses 
using MD. It is important to note that many of the cognitive 
assessment tools used in these studies, particularly the MMSE, 
MoCA and ADAS-Cog, are primarily designed to detect cogni-
tive impairment rather than differentiate between levels of 
cognitive function in healthy middle-aged adults. As such, these 
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measures likely exhibit ceiling effects in cognitively intact popu-
lations, potentially limiting their sensitivity to exercise-induced 
changes in this demographic. Given the comprehensive nature 
and scale of this umbrella review, which includes a vast number 
of studies and participants across diverse populations and exer-
cise modalities, our findings underscore the robust nature of 
exercise as a modifier of cognitive function.

The mechanisms underpinning the cognitive benefits of exer-
cise are likely physiological and psychological. Physiologically, 
exercise may bolster cognition through mechanisms such as the 
augmented release of neurotrophic factors,8 increased vasculari-
sation of the brain,31 greater dendritic spine density,32 enhanced 
synaptic plasticity33 and reduced systemic inflammation.34 
Psychologically, the social and interactive aspects of exercise may 
further catalyse cognitive improvements.35 While our analysis 
revealed that all exercise modalities confer significant improve-
ments in general cognition, memory and executive function, 
certain modalities impart greater cognitive benefits. Our find-
ings highlight the cognitive potency of exergaming, which likely 
merges physical exertion with cognitively stimulating tasks, 
enhancing general cognition through the dual demands of phys-
ically and mentally demanding tasks that require participants to 
recall movements, recognise visual and verbal cues and memorise 
sequences and steps.36 Similarly, the practice of mind-body exer-
cises (including yoga, Tai Chi and Baduanjin), which requires a 
high degree of attention in conjunction with the memorisation of 
coordinated movement sequences,37 was found to be particularly 
beneficial for memory enhancement. While our findings indicate 
that low-intensity exercise had the greatest effect on cognitive 
outcomes, it is important to consider that many low-intensity 
interventions, such as Tai Chi, yoga and exergaming, incorpo-
rate significant cognitive components.36 38 These activities often 
involve complex movement patterns, mindfulness practices and 
mental engagement that may contribute to cognitive stimulation 
independently of physical exertion. For instance, Tai Chi requires 
memorisation of sequences and spatial awareness, yoga empha-
sises mind-body connection and breath control, and exergaming 
typically involves problem-solving and quick decision-making. 
Therefore, the consistent effectiveness of cognitively engaging 
low-intensity exercises across various cognitive outcomes raises 
the question of whether the benefits are primarily due to the 
physical intensity or the cognitive engagement inherent in these 
activities.39 Several mechanisms may contribute to the cognitive 
benefits observed in low-intensity exercise interventions. These 
include increased cerebral blood flow, enhanced neuroplasticity, 
improved neurotransmitter function and the cognitive demands 
of complex movement patterns.39 40 Future research should aim 
to disentangle the effects of exercise intensity from the cognitive 
engagement inherent in these activities to better understand the 
mechanisms driving cognitive improvements. This could involve 
comparing low-intensity exercises with varying levels of cogni-
tive demand or isolating the physical and cognitive components 
of these interventions. Additionally, longitudinal studies exam-
ining the long-term cognitive effects of different types of low-
intensity exercise could provide valuable insights into the relative 
contributions of physical intensity versus cognitive engagement 
in promoting cognitive health.

Interestingly, our analysis indicates that interventions of 
shorter duration (≤3 months) were more efficacious than those 
extending beyond 6 months for general cognition and memory. 
Although this finding may seem counterintuitive, similar findings 
were reported in an umbrella review of the effects of exercise on 
depression and anxiety.9 One plausible explanation for this is the 
higher attrition and lower adherence rates commonly associated 

with lengthier interventions.41 Alternatively, a lack of exercise 
progression over the long term may be a factor contributing to 
the diminishing benefits of an exercise regimen. Similarly, it is 
possible that the novelty of an exercise regimen, which dimin-
ishes with time, may be crucial for eliciting cognitive improve-
ments. As participants adapt to the regimen, its cognitive and 
physiological challenges—and hence its benefits—may wane due 
to the lack of progression or increased difficulty in the exer-
cise routine. Neuroimaging studies have demonstrated that even 
short-term interventions of 1–3 months can elicit significant 
changes in brain structure and function, including alterations 
in grey matter volume, functional connectivity and activation 
patterns in regions associated with cognitive functions.42–45 
How these structural and functional brain changes related to 
behavioural outcomes require further appropriately powered 
studies. Notably, the beneficial cognitive outcomes of exercise 
documented in this study were independent of session frequency, 
duration or intensity. This corroborates existing evidence that 
negates a dose-response relationship between exercise volume 
and cognitive enhancements, underscoring the potential for even 
minimal, low-intensity exercise to confer cognitive benefits.46 47 
This insight is significant as it promotes the inclusivity and feasi-
bility of a range of exercise interventions across diverse popula-
tions and settings. The finding that exercise interventions of 1–3 
months duration appear to be most efficacious may also be influ-
enced by potential learning effects, as well as the type of compar-
ator group used in these studies. Many shorter-term RCTs tend 
to use “do-nothing” or waitlist control groups, which, while 
minimising dropout rates, may also introduce biases that affect 
the interpretation of the results. Furthermore, it is important to 
note that shorter-term studies, particularly those with durations 
of 1–3 months, often have a higher risk of bias due to the use 
of less rigorous control groups and the potential for learning 
effects. These factors must be considered when interpreting the 
positive findings observed in these studies, as longer-term trials 
with more robust control conditions are needed to confirm the 
long-term efficacy of exercise interventions. While our findings 
indicate that low-intensity exercise had the greatest effect on 
cognitive outcomes, this result requires careful interpretation. 
Many low-intensity interventions, such as tai chi, yoga and exer-
gaming, incorporate significant cognitive components that may 
contribute to cognitive stimulation independently of physical 
exertion. The effect may be most pronounced in sedentary indi-
viduals, for whom even small increases in physical activity can 
lead to significant cognitive gains. However, it remains unclear 
whether the benefits are primarily due to the physical intensity 
or the cognitive engagement inherent in these activities. The 
cognitive benefits for those who are already active may be more 
limited. Future research should aim to disentangle the effects of 
exercise intensity from cognitive engagement, clarify the differ-
ential effects across various baseline activity levels and explore 
the specific neurobiological mechanisms underlying these cogni-
tive improvements. This approach will help us better understand 
the relative contributions of physical intensity versus cognitive 
engagement in promoting cognitive health.

While three studies in our analysis reported brain changes 
following exercise interventions, it is crucial to examine the 
specific characteristics of these studies. These studies focused 
on specific populations, such as children and adolescents, whose 
neuroplasticity differs from that of older adults, which may 
explain the observed effects in these studies. One of the three 
studies that reported brain changes did not include between-
group comparisons but rather assessed within-group changes, 
which limits the generalisability of the findings. The absence of 
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a direct comparison between the exercise and control groups 
reduces the ability to draw conclusions about the relative efficacy 
of the intervention. The majority of the included studies were 
rated as critically low in quality, which limits the strength of the 
conclusions that can be drawn from this analysis based on our 
synthesis of the systematic reviews. However, it is important to 
note that our assessment focused on the quality of the systematic 
reviews themselves, not the RCTs within each review. Therefore, 
this does not imply that the RCTs were of low quality. When 
focusing on high-confidence studies only (based on the risk of 
bias score), the effect sizes were 0.23 (95% CI 0.17 to 0.29) for 
general cognition, 0.22 (95% CI 0.12 to 0.32) for memory and 
0.16 (95% CI 0.10 to 0.23) for executive function. Emphasising 
high-quality evidence ensures that clinical recommendations and 
interventions are grounded in robust research, enhancing the 
potential for meaningful improvements in cognitive outcomes.

While exercise was seen to have a moderate and similar 
positive impact across all populations with respect to general 
cognition and memory, benefits for executive function were 
particularly marked in individuals with ADHD. This subgroup 
was unique in demonstrating a large effect size. This could be 
attributed to the task selection and the fact that many ADHD 
studies involved children. While the exact reason for this finding 
is unclear, there is evidence to suggest that impairments in exec-
utive function are common among individuals with ADHD.48 
As such, it is plausible that this population may have a greater 
capacity for improvement due to starting from a lower baseline, 
compared with those with ‘normal’ executive function. Memory 
tests in studies involving children with ADHD primarily included 
validated working memory tasks such as digit span and n-back 
tasks. Proposed mechanisms for working memory deficits in 
ADHD include altered neural activity in frontoparietal systems 
and reduced working memory task-specific brain activation.49 50 
Exercise may improve these deficits through enhanced cerebral 
blood flow and neuroplasticity, though more research is needed 
to confirm this in ADHD populations. ADHD-specific factors, 
such as differences in neural processing efficiency and potential 
dopamine dysregulation, may contribute to working memory 
deficits.50 51 Exercise interventions could potentially address 
these factors, suggesting distinct benefits for ADHD populations. 
Additionally, exercise may indirectly improve cognitive function 
by enhancing behavioural factors often impaired in ADHD, such 
as attention, impulse control and hyperactivity. These improve-
ments could lead to better task engagement and performance on 
cognitive tests.

Future research should aim to differentiate the direct neurobi-
ological effects of exercise from its indirect behavioural benefits 
in ADHD, potentially through comparative longitudinal studies 
with non-ADHD populations. This approach could help clarify 
whether improvements in working memory result from phys-
ical activity, cognitive engagement or changes in ADHD-specific 
behavioural symptoms. Additionally, studies should examine 
whether cognitive benefits are mediated by improvements in 
attention, impulse control and hyperactivity, or if they occur 
independently of these changes. Furthermore, exploring how 
factors such as age, control group type, adherence and attri-
tion moderate the effectiveness of exercise interventions will 
be crucial for understanding the variability in outcomes across 
different populations and intervention durations. There is also 
a need for well-designed studies examining the effects of exer-
cise on cognition in healthy middle-aged adults using assessment 
tools sensitive enough to detect subtle differences in cognitive 
performance. Such studies should employ cognitive measures 
specifically validated for use in healthy populations, such as 

computerised cognitive batteries or more challenging execu-
tive function tasks, rather than relying solely on screening tools 
designed to detect cognitive impairment.

Clinical implications
This comprehensive umbrella review highlights several key 
implications for future research and clinical practice. For future 
studies, there is a critical need for more high-quality systematic 
reviews and meta-analyses, given the predominantly low meth-
odological quality of included reviews. Additionally, further 
research should explore optimal exercise modalities, intensi-
ties, frequencies and durations tailored to maximising cognitive 
benefits across different populations and age groups. The use of 
consistent, validated cognitive assessment tools is also warranted 
to facilitate improved synthesis of findings. In terms of clinical 
implications, this review provides robust evidence for healthcare 
practitioners to confidently recommend exercise as an effective 
intervention for enhancing general cognition, memory and exec-
utive function in patients of all ages and health statuses. Exercise 
prescriptions can be individualised based on patient preferences 
and abilities, as cognitive gains were observed across various 
exercise types, intensities, frequencies and durations. Exergaming 
and mind-body exercises like yoga and Tai Chi may particularly 
benefit general cognition and memory, respectively. Importantly, 
even light-intensity exercise can confer substantial cognitive 
benefits, rendering it an accessible option for diverse popula-
tions. Overall, the integration of exercise recommendations into 
standard clinical care is warranted to optimise cognitive func-
tion and holistic health across the lifespan. While supporting the 
promotion of exercise for cognitive enhancement, this review 
underscores the need for higher-quality research to further 
refine tailored exercise prescriptions.

Strengths and limitations
A key strength of our study is that it is the first umbrella review to 
assess the impact of a wide array of exercise modalities on cogni-
tive function across all age groups, encompassing both general 
and specific clinical populations. Our methodology was strin-
gent, complying with the PRISMA 2020 and AMSTAR-2 guide-
lines and involved a search of 11 databases. The vast number of 
included studies enabled us to perform detailed subgroup anal-
yses to discern the effects across different ages, health conditions 
and exercise types.

This study is not without limitations. First, the tools used to 
assess cognitive function varied substantially across and within 
the included studies. This variability may influence the consis-
tency of the observed results, impacting the final effect sizes 
reported. Second, it is important to note that many cognitive 
tests were designed primarily to identify impairments, rather 
than to differentiate performance among healthy adults, leading 
to ceiling effects that limit their sensitivity within non-impaired 
populations. There was also variability in cognitive assessment 
tools used across studies. Some meta-analyses combined data 
from studies that employed different cognitive tests, which may 
measure distinct cognitive domains, introducing heterogeneity 
into pooled estimates. Another limitation is the poor method-
ological quality of most reviews, as highlighted by the critically 
low AMSTAR-2 scores for 71% of the included reviews. This 
raises concerns about potential biases and lack of transparency 
in the systematic reviews and meta-analyses included. It is worth 
noting that the AMSTAR-2 scores of the included reviews do not 
necessarily imply that the RCTs within those reviews were also 
of poor quality. Importantly, sensitivity analyses indicated that 
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the exclusion of lower-quality studies did not significantly alter 
the direction or significance of the pooled effects, suggesting 
that our overall findings are robust. Another limitation of the 
current evidence is the lack of studies specifically examining the 
effects of exercise on cognition in healthy middle-aged adults, 
compounded by the use of cognitive assessment tools like the 
MMSE, MoCA and ADAS-Cog, which are designed to detect 
cognitive impairment rather than subtle differences in healthy 
individuals. This can lead to ceiling effects, masking the true 
impact of exercise. Furthermore, many studies combine data 
from middle-aged and older adults or focus on clinical popu-
lations, making it difficult to isolate the effects of exercise on 
cognition in healthy middle-aged individuals.

CONCLUSIONS
Our comprehensive umbrella review synthesises the current 
evidence on the cognitive benefits of exercise, highlighting its 
positive effects on general cognition, memory and executive 
function across diverse populations and exercise modalities. 
Importantly, these findings suggest that clinicians and public 
health practitioners can confidently recommend regular phys-
ical activity as a strategy to support cognitive health across the 
lifespan. Most forms of exercise appear effective, including light-
intensity activities, exergaming and mind-body practices such as 
yoga and Tai Chi, making exercise an accessible and versatile 
intervention. While the evidence base highlights the need for 
further high-quality studies to confirm and refine these findings, 
this review provides strong support for the role of exercise in 
promoting cognitive function and overall health.
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