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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

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.

cognitive function.! ? 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.* * 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.’

Exercise has profound effects on physical
health.® 7 However, increasing evidence suggests
that these effects extend beyond physical health,
positively influencing cognitive health® and mental
well-being.” 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
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Systematic review

populations (ie, older adults or children),'® ! particular condi-

tions (ie, Alzheimer’s disease'” or attention deficit disorder'® and
specific forms of exercise (ie, resistance exercise'* or yoga).'’
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.'® 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).'® This
umbrella review by Ciria et al'® 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 al'’ 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.'®

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’.®
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.’” 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’.'”” 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)."

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.”” 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.?!

Meta-analyses for general cognition, memory and executive
function were performed by pooling the effect sizes and 95% Cls
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 Assessment® was used to categorise the tests. Tests
of working memory were categorised as executive function.”?
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 (<30min,
30-60min and >60min), 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 I* statistic was used to quantify the
proportion of the overall outcome attributed to variability.**
The following values were used: 0%-29%: no heterogeneity;
30%-49%: moderate heterogeneity; 50%-74%: substantial
heterogeneity and 75%-100%: considerable heterogeneity.?
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.”® 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.?’”
Additionally, trim-and-fill analyses were conducted on meta-
analyses containing at least 10 studies to account for poten-
tial unpublished studies.”” 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 recommendations?® 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.”®

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 258279 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=35), Tai Chi (n=5), dance
(n=3), 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=82742 participants)
showed a significant effect of exercise for improving general
cognition (SMD=0.42, 95% CI 0.37 to 0.47, [2=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=50975 partici-
pants) showed a significant effect of exercise for improving
memory (SMD=0.26, 95% CI 0.20 to 0.32, 12=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,
1=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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[ .

Records identified from:
Databases (n = 6620)

[ Identification

l

Records screened

(n = 6020)

Reports sought for retrieval

(n =361)
!

Screening

Reports assessed for eligibility
(n=361)

screening.
— = Duplicate records removed (n
= 600)
».| Records excluded
(n =5631)
»| Reports not retrieved
(n=0)
——

Studies included in review
(n=133)

Included

Figure 1

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

Records removed before

Reports excluded (n=228):
n=67 Not 100% RCTs
n=58 Wrong study design
n=55 Wrong intervention/non-
physical activity interventions
n=24 No relevant outcomes
n=13 Wrong comparator
n=6 Physical activity
combined with another
intervention
n=5 Conference abstract

Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart. RCTs, randomised controlled trials.

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,
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Effect size
Study No. of studies with 95% ClI
Age
Adults 42 — 0.40[0.29, 0.51]
Children and adults 3 —— 0.28[0.15, 0.41]
Older adults 62 —— 0.42[0.37, 0.48]
Test of group differences: Q,(2) = 4.09, p = 0.13
Population
Cancer 3 — 0.37[0.21, 0.52]

Cognitive impairment and dementia 50

General population 20
Neurological disorders 16
Other chronic disease 13
Stroke 5

Test of group differences: Q,(5) = 3.93, p = 0.56

Random-effects REML model

—— 0.44[0.38, 0.50]

—_————— 0.47 [ 0.27, 0.67]
e 0.34 [ 0.19, 0.48]
e

0.41[0.23, 0.59]

0.28 [ 0.07, 0.50]

T

0.2

0.4 0.6 0.8

Figure 2 Subgroup analyses for age and population for general cognition. REML, restricted maximum likelihood.

Effect size
Study No. of studies with 95% Cl
Age
Adults 15 —— 0.20[ 0.11, 0.30]
Children and adults —— 0.18[ 0.08, 0.28]
Children/adolescents —_— 0.85[ 0.56, 1.15]
Older adults 42 —— 0.27 [ 0.20, 0.35]
Test of group differences: Qu(3) = 19.16, p = 0.00
Population
Cognitive Impairment and Dementia 27 S0 0.20[ 0.13, 0.26]
General population 24 —— 0.38[ 0.27, 0.49]
Neurological Disorders ———— 0.29[-0.01, 0.59]
Other chronic disease 2 — 0.13[-0.05, 0.31]
Stroke 1 — 0.24[ 0.03, 0.45]

Test of group differences: Qn(4) = 9.62, p = 0.05

Random-effects REML model

Figure 3 Subgroup analyses for age and population for memory. REML, restricted maximum likelihood.
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Effect size
Study No. of studies with 95% ClI
Age
Adults 27 — 0.23[0.13, 0.34]
Children and adults 6 —— 0.18[0.12, 0.23]
Children/adolescents 23 = 0.36[0.24, 0.49]
Older adults 64 - 0.23[0.20, 0.26]
Test of group differences: Q(3) = 8.19, p = 0.04
Population
ADHD 10 ———— 0.72[0.55, 0.88]
Cognitive impairment and dementia 38 == 0.25[0.20, 0.29]
Depression 3 —— 0.17[0.08, 0.25]
General population 50 —e— 0.23[0.18, 0.27]
Neurological Disorders —— 0.19[0.11, 0.26]
Other chronic disease —e— 0.14[0.07, 0.21]
Stroke 4 —— 0.13[0.05, 0.21]
Test of group differences: Q,(6) =48.09, p = 0.00

I 012 014 0.|6 0i8 1.|0

Random-effects REML model

Figure 4 Subgroup analyses for age and population for executive function. REML, restricted maximum likelihood.

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
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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 al*’ due to identified methodological issues
and inaccurate effect size.>® 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 (0), for general cognition,
memory and executive function were d=0.31, d=0.24and
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 250000
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,'® 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 11206
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=258279). 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,® increased vasculari-
sation of the brain,®' greater dendritic spine density,* enhanced
synaptic plasticity®® and reduced systemic inflammation.>*
Psychologically, the social and interactive aspects of exercise may
further catalyse cognitive improvements.”> 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.*® 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,’’” 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.’® *® 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.”” 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.’” *° 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.” One plausible explanation for this is the
higher attrition and lower adherence rates commonly associated

with lengthier interventions.*! 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.**™*
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.*® *’
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.*
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.*” *
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.’® 3! 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.

X Ben Singh @bensinghphd, Hunter Bennett @_HunterBennett_, Jacinta Brinsley
@jacintabrinsley and Christina L Ekegren @CLEkegren

Contributors BS led the project, drafted the manuscript and is the guarantor. BS,
HB, AM, DD, RC, TF, JB, KS, EE, CEMS, JMP, CG, CLE, AS, KIE and CM drafted the
initial study protocol. BS, HB, AM, DD, RC, TF, JB, KS, EE, CEMS, JMP, CG and CLE
conducted screening, extraction and risk of bias assessment. BS conducted statistical
analyses. CM, AS, and KIE provided supervision and mentorship. All authors reviewed
and approved the final manuscript. The corresponding author attests that all listed
authors meet authorship criteria and that no others meeting the criteria have been
omitted.

Funding This project received no specific funding.DD is supported by an Australian
Research Council Discovery Early Career Award (DE230101174) and by the Centre
of Research Excellence in Driving Global Investment in Adolescent Health funded

by NHMRC APP1171981.AM is supported by the Centre of Research Excellence in
Driving Global Investment in Adolescent Health funded by NHMRC APP1171981.CM
is supported by a Medical Research Future Fund Emerging Leader Grant
(GNT1193862).AES is supported by a Henry Brodaty Dementia Australia Research
Foundation mid-career fellowship.The other authors received no additional funding.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information. All data generated or analysed
during this study are included in this published article and its supplementary
information files.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which

permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Ben Singh http://orcid.org/0000-0002-7227-2406

Hunter Bennett http://orcid.org/0000-0002-8541-9104
Dorothea Dumuid http://orcid.org/0000-0003-3057-0963
Christina L Ekegren http://orcid.org/0000-0002-7656-6209

REFERENCES
1 Loprinzi PD, Blough J, Ryu S, et al. Experimental effects of exercise on memory
function among mild cognitive impairment: systematic review and meta-analysis. Phys

Sportsmed 2019;47:21-6.

Loprinzi PD, Frith E, Edwards MK, et al. The Effects of Exercise on Memory Function

Among Young to Middle-Aged Adults: Systematic Review and Recommendations for

Future Research. Am J Health Promot 2018;32:691-704.

3 Cowan N.Working Memory Underpins Cognitive Development, Learning, and

Education. £duc Psychol Rev 2014;26:197-223.

Lovdén M, Fratiglioni L, Glymour MM, et al. Education and Cognitive Functioning

Across the Life Span. Psychol Sci Public Interest 2020;21:6-41.

Murman DL. The Impact of Age on Cognition. Semin Hear 2015;36:111-21.

Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical

fitness: definitions and distinctions for health-related research. Public Health Rep

1985;100:126-31.

ACSM's guidelines for exercise testing and prescription. United Kingdom, Wolters

Kluwer Health, 2014.

Mandolesi L, Polverino A, Montuori S, et al. Effects of Physical Exercise on Cognitive

Functioning and Wellbeing: Biological and Psychological Benefits. Front Psychol

2018;9:509.

Singh B, Olds T, Curtis R, et al. Effectiveness of physical activity interventions for

improving depression, anxiety and distress: an overview of systematic reviews. BrJ

Sports Med 2023;57:1203-9.

10 XuL, GuH, Cai X, et al. The Effects of Exercise for Cognitive Function in Older Adults:
A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Int J Environ
Res Public Health 2023;20:1088.

11 SemberV, Jurak G, Kova¢ M, et al. Children’s Physical Activity, Academic Performance,
and Cognitive Functioning: A Systematic Review and Meta-Analysis. Front Public
Health 2020;8:307.

12 LiuW, Zhang J, Wang Y, et al. Effect of Physical Exercise on Cognitive Function of
Alzheimer's Disease Patients: A Systematic Review and Meta-Analysis of Randomized
Controlled Trial. front Psychiatry 2022;13:927128.

13 Song Y, Fan B, Wang C, et al. Meta-analysis of the effects of physical activity on
executive function in children and adolescents with attention deficit hyperactivity
disorder. PLoS ONE 2023;18:€0289732.

14 Coelho-Junior H, Marzetti E, Calvani R, et al. Resistance training improves cognitive
function in older adults with different cognitive status: a systematic review and Meta-
analysis. Aging Ment Health 2022;26:213-24.

15 Bhattacharyya KK, Andel R, Small BJ. Effects of yoga-related mind-body therapies
on cognitive function in older adults: A systematic review with meta-analysis. Arch
Gerontol Geriatr 2021;93:104319.

16 Ciria LF, Roman-Caballero R, Vadillo MA, et al. An umbrella review of randomized
control trials on the effects of physical exercise on cognition. Nat Hum Behav
2023;7:928-41.

17 Ciria LF, Roman-Caballero R, Vadillo MA, et al. Reply to: Do not underestimate the
cognitive benefits of exercise. Nat Hum Behav 2024;8:1464—6.

18 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ 2021;372:n71.

19 Shea BJ, Reeves BC, Wells G, et al. AMSTAR 2: a critical appraisal tool for systematic
reviews that include randomised or non-randomised studies of healthcare
interventions, or both. BM/ 2017;358:j4008.

20 Hennessy EA, Johnson BT. Examining overlap of included studies in meta-

reviews: Guidance for using the corrected covered area index. Res Synth Methods

2020;11:134-45.

Pieper D, Antoine S-L, Mathes T, et al. Systematic review finds overlapping reviews

were not mentioned in every other overview. J Clin Epidemiol 2014;67:368-75.

22 Gavelin HM, Dong C, Minkov R, et al. Combined physical and cognitive training
for older adults with and without cognitive impairment: A systematic review
and network meta-analysis of randomized controlled trials. Ageing Res Rev
2021;66:101232.

23 Diamond A, Ling D. Review of the evidence on, and fundamental questions about,
efforts to improve executive functions, including working memory. Cognitive and
Working Memory Training 2020;143-431.

24 Deeks J, Higgins J, Altman D, et al. Analysing data and undertaking meta-analyses. In:
Cochrane handbook for systematic reviews of interventions. 2019.

N

~

o Ul

~

(o)

o

2

10

Singh B, et al. Br J Sports Med 2025;0:1-11. doi: 10.1136/bjsports-2024-108589

'saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"1sanb Aq Gzoz ‘T (udy uo /wod fwqg wslgy/:dny woly papeojumod ‘5202 Ud4eN 9 UO 68G80T-¥202-s110ds[g/9eTT 0T se paysijgnd 1sily :psjN suods r 1g


https://x.com/bensinghphd
https://x.com/_HunterBennett_
https://x.com/jacintabrinsley
https://x.com/CLEkegren
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-7227-2406
http://orcid.org/0000-0002-8541-9104
http://orcid.org/0000-0003-3057-0963
http://orcid.org/0000-0002-7656-6209
http://dx.doi.org/10.1080/00913847.2018.1527647
http://dx.doi.org/10.1080/00913847.2018.1527647
http://dx.doi.org/10.1177/0890117117737409
http://dx.doi.org/10.1007/s10648-013-9246-y
http://dx.doi.org/10.1177/1529100620920576
http://dx.doi.org/10.1055/s-0035-1555115
https://pubmed.ncbi.nlm.nih.gov/3920711
http://dx.doi.org/10.3389/fpsyg.2018.00509
http://dx.doi.org/10.1136/bjsports-2022-106195
http://dx.doi.org/10.1136/bjsports-2022-106195
http://dx.doi.org/10.3390/ijerph20021088
http://dx.doi.org/10.3390/ijerph20021088
http://dx.doi.org/10.3389/fpubh.2020.00307
http://dx.doi.org/10.3389/fpubh.2020.00307
http://dx.doi.org/10.3389/fpsyt.2022.927128
http://dx.doi.org/10.1371/journal.pone.0289732
http://dx.doi.org/10.1080/13607863.2020.1857691
http://dx.doi.org/10.1016/j.archger.2020.104319
http://dx.doi.org/10.1016/j.archger.2020.104319
http://dx.doi.org/10.1038/s41562-023-01554-4
http://dx.doi.org/10.1038/s41562-024-01950-4
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1136/bmj.j4008
http://dx.doi.org/10.1002/jrsm.1390
http://dx.doi.org/10.1016/j.jclinepi.2013.11.007
http://dx.doi.org/10.1016/j.arr.2020.101232
http://dx.doi.org/10.1093/oso/9780199974467.003.0008
http://dx.doi.org/10.1093/oso/9780199974467.003.0008
http://bjsm.bmj.com/

Systematic review

25 Higgins), Chandler), Cumpston M, eds. Cochrane handbook for systematic reviews of

interventions version 6.4 (updated august 2023). In: Cochrane. 2023: 4. Available:
https://training.cochrane.org/handbook

26 Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a
practical primer for t-tests and ANOVAs. Front Psychol 2013;4:863.

27 Egger M, Davey Smith G, Schneider M, et al. Bias in meta-analysis detected by a
simple, graphical test. BMJ/ 1997;315:629-34.

28 University of Oxford. Oxford centre for evidence-based medicine. levels of evidence.
2009.

29 Stanmore E, Stubbs B, Vancampfort D, et a/. 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.

30 Sala G, Tatlidil KS, Gobet F. Still no evidence that exergames improve cognitive ability:

A commentary on Stanmore et al. (2017). Neuroscience & Biobehavioral Reviews
2021;123:352-3.

31 TarumiT, Zhang R. The Role of Exercise-Induced Cardiovascular Adaptation in Brain
Health. Exerc Sport Sci Rev 2015;43:181-9.

32 Ebrahimnejad M, Azizi P, Alipour V, et al. Complicated Role of Exercise in
Modulating Memory: A Discussion of the Mechanisms Involved. Neurochem Res
2022;47:1477-90.

33 Guo L, Yang X, Zhang Y, et al. Effect of exercise on cognitive function and synaptic

plasticity in Alzheimer's disease models: A systematic review and meta-analysis. Front

Aging Neurosci 2022;14:1077732.

34 Ayari S, Abellard A, Carayol M, et al. A systematic review of exercise modalities
that reduce pro-inflammatory cytokines in humans and animals” models with mild
cognitive impairment or dementia. Exp Gerontol 2023;175:112141.

35 Mann DTY, Williams AM, Ward P, et al. Perceptual-cognitive expertise in sport: a meta-

analysis. J Sport Exerc Psychol 2007,;29:457-78.

36 Yang Y, Wang K, Liu S, et al. Exergames improve cognitive function in older
adults and their possible mechanisms: A systematic review. J Glob Health
2023;13:04177.

37 Ye M, Wang L, Xiong J, et al. The effect of mind-body exercise on memory in older

adults: a systematic review and meta-analysis. Aging Clin Exp Res 2021;33:1163-73.

38 Wu G, YiQ, Zheng X, et al. Effects of Mind-Body Exercises on Cognitive Function in
Older Adults: A Meta-Analysis. / Am Geriatr Soc 2019;67:749-58.

39

40

41

)

44

45

46

48

49

50

51

Tse ACY, Wong TWL, Lee PH. Effect of Low-intensity Exercise on Physical and
Cognitive Health in Older Adults: a Systematic Review. Sports Med Open 2015;1:37.
Olson RL, Cleveland DJ, Materia M. Effects of Low-Intensity Aerobic Exercise on
Neurophysiological and Behavioral Correlates of Cognitive Function. Behav Sci (Basel)
2023;13:401.

Collado-Mateo D, Lavin-Pérez AM, Pefiacoba C, et al. Key Factors Associated with
Adherence to Physical Exercise in Patients with Chronic Diseases and Older Adults: An
Umbrella Review. Int J Environ Res Public Health 2021;18:2023.

Yin S, Zhu X, Li R, et al. Intervention-induced enhancement in intrinsic brain activity in
healthy older adults. Sci Rep 2014;4:7309.

Weyandt LL, Clarkin CM, Holding EZ, et al. Neuroplasticity in children and adolescents
in response to treatment intervention: A systematic review of the literature. Clinical
and Translational Neuroscience 2020;4:2514183X2097423.

Mrazek MD, Mooneyham BW, Mrazek KL, et al. Pushing the Limits: Cognitive,
Affective, and Neural Plasticity Revealed by an Intensive Multifaceted Intervention.
Front Hum Neurosci 2016;10:117.

May A, Hajak G, Génssbauer S, et al. Structural brain alterations following 5 days of
intervention: dynamic aspects of neuroplasticity. Cereb Cortex 2007;17:205-10.
Sanders LMJ, Hortobagyi T, la Bastide-van Gemert S, et al. Dose-response relationship
between exercise and cognitive function in older adults with and without cognitive
impairment: A systematic review and meta-analysis. PLoS ONE 2019;14:e0210036.
Chen M-L, Wotiz SB, Banks SM, et al. Dose-Response Association of Tai Chi and
Cognition among Community-Dwelling Older Adults: A Systematic Review and Meta-
Analysis. JERPH 2021;18:3179.

Craig F, Margari F, Legrottaglie AR, et al. A review of executive function deficits in
autism spectrum disorder and attention-deficit/hyperactivity disorder. Neuropsychiatr
Dis Treat 2016;12:1191-202.

Zhao X, Li H, Wang E, et al. Neural Correlates of Working Memory Deficits in Different
Adult Outcomes of ADHD: An Event-Related Potential Study. front Psychiatry
2020;11:348.

Gu C, Liu Z-X, Tannock R, et al. Neural processing of working memory in adults with
ADHD in a visuospatial change detection task with distractors. Peer/ 2018;6:¢5601.
Kofler MJ, Groves NB, Chan ESM, et al. Working memory and inhibitory control deficits
in children with ADHD: an experimental evaluation of competing model predictions.
Front Psychiatry 2024;15:1277583.

Singh B, et al. Br J Sports Med 2025;0:1-11. doi: 10.1136/bjsports-2024-108589

'saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"1sanb Aq Gzoz ‘T (udy uo /wod fwqg wslgy/:dny woly papeojumod ‘5202 Ud4eN 9 UO 68G80T-¥202-s110ds[g/9eTT 0T se paysijgnd 1sily :psjN suods r 1g


https://training.cochrane.org/handbook
http://dx.doi.org/10.3389/fpsyg.2013.00863
http://dx.doi.org/10.1136/bmj.315.7109.629
http://dx.doi.org/10.1016/j.neubiorev.2017.04.011
http://dx.doi.org/10.1016/j.neubiorev.2019.11.015
http://dx.doi.org/10.1249/JES.0000000000000063
http://dx.doi.org/10.1007/s11064-022-03552-w
http://dx.doi.org/10.3389/fnagi.2022.1077732
http://dx.doi.org/10.3389/fnagi.2022.1077732
http://dx.doi.org/10.1016/j.exger.2023.112141
http://dx.doi.org/10.1123/jsep.29.4.457
http://dx.doi.org/10.7189/jogh.13.04177
http://dx.doi.org/10.1007/s40520-020-01557-5
http://dx.doi.org/10.1111/jgs.15714
http://dx.doi.org/10.1186/s40798-015-0034-8
http://dx.doi.org/10.3390/bs13050401
http://dx.doi.org/10.3390/ijerph18042023
http://dx.doi.org/10.1038/srep07309
http://dx.doi.org/10.1177/2514183X20974231
http://dx.doi.org/10.1177/2514183X20974231
http://dx.doi.org/10.3389/fnhum.2016.00117
http://dx.doi.org/10.1093/cercor/bhj138
http://dx.doi.org/10.1371/journal.pone.0210036
http://dx.doi.org/10.3390/ijerph18063179
http://dx.doi.org/10.2147/NDT.S104620
http://dx.doi.org/10.2147/NDT.S104620
http://dx.doi.org/10.3389/fpsyt.2020.00348
http://dx.doi.org/10.7717/peerj.5601
http://dx.doi.org/10.3389/fpsyt.2024.1277583
http://bjsm.bmj.com/

	Effectiveness of exercise for improving cognition, memory and executive function:﻿﻿﻿﻿ a systematic umbrella review and meta-­meta-­analysis
	Abstract
	﻿Main outcome measures﻿
	Introduction﻿﻿
	Methods
	Protocol and registration
	Selection criteria and search strategy
	Data management and extraction
	Umbrella review synthesis methods
	Equity, diversity and inclusion statement
	Patient and public involvement

	Results
	Meta-﻿﻿analysis﻿﻿ results
	General cognition
	Memory
	Executive function
	Subgroup analyses

	Age group and population
	General cognition
	Memory
	Executive function

	Exercise mode
	General cognition
	Memory
	Executive function

	Exercise intensity
	General cognition, memory and executive function

	Intervention length
	General cognition, memory and executive function

	Session frequency
	General cognition, memory and executive function

	Session duration
	Cognition, memory and executive function

	Weekly duration
	General cognition, memory and executive function

	Risk of bias score
	General cognition, memory and executive function

	Sensitivity analyses and publication bias

	Discussion
	Clinical implications
	Strengths and limitations

	Conclusions
	References


