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Abstract

Introduction: Physical activities (PA) may lead to improved cognition in mild cognitive

impairment (MCI), Alzheimer’s disease (AD), and dementia. Themechanismsmediating

potential PA effects are unknown. Assessment of PA effects on relevant biomarkers

may provide insights intomechanisms underlying potential PA effects on cognition.

Methods:We systematically reviewed randomized controlled trials (RCTs) that stud-

ied PA effects on biomarkers in MCI, AD, and dementia populations. We examined

whether biological mechanisms were hypothesized to explain associations among PA,

biomarkers, and cognitive functions. We used the PubMed database and searched for

RCTs with PA until October 31, 2019.

Results: Of 653 studies examining changes in biomarkers in PA trials, 18 studies met

inclusion criteria for the present review. Some studies found favorable effects of PA

on neurotrophic and inflammatory biomarkers. AD pathological markers were rarely

investigated, with inconclusive results. Most studies were relatively small in sam-

ple size, of limited duration, and not all studies compared the changes in biomarkers

between the control and experimental groups.

Discussion: There is only limited use of potentially informative biomarkers in PA tri-

als for MCI, AD, and dementia. Most studies did not examine the role of biomarkers to

study associations betweenPAand cognitive functions in their analyses. Several poten-

tial biomarkers remain uninvestigated. Careful use of biomarkers may clarify mecha-

nisms underlying PA effects on cognition. Our review serves as a useful resource for
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developing future PA RCTs aimed at improving cognitive functions in MCI, AD, and

dementias.
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1 INTRODUCTION

Physical activity (PA) is a promising neuroprotective lifestyle inter-

vention, with emerging evidence supporting beneficial effects on

brain health.1–4 Because of rapid population aging, age-related

cognitive disorders including mild cognitive impairment (MCI),

Alzheimer’s disease (AD), and dementias are major global public

health threats.5,6 The absence of curative treatments7,8 for these

disorders led to interest in nonpharmacological interventions,

such as PA, to prevent or mitigate these age-related cognitive

disorders.9,10

Recent evidence suggests that PA, in combination with cognitive

training, has beneficial or protective effects on brain health, improving

cognitive functions among healthy adults as well as subjects with MCI,

AD, and other dementias.1–3,11–20

Putative biomarkers examined in animal models and cognitively

intact humans may provide insight into the underlying mechanisms

through which PA may exert cognitive benefits.21–24 Among these

are neurotrophic factors, including brain-derived neurotrophic fac-

tor (BDNF), insulin-like growth factor (IGF-1), vascular endothelial

growth factor (VEGF), fibroblast growth factor 21 (FGF21), and nerve

growth factor (NGF). Other potentially informative biomarkers include

a variety of inflammatory markers, as well as measures of cerebral

blood flow (CBF), irisin, salivary and serum cortisol, cathepsin B,

myostatin, kynurenic acid, tau protein metabolism, and amyloid beta

(Αβ) metabolism.

The effects of PA on these putative biomarkers in subjects with

MCI, AD, or dementias are largely unknown. A prior systematic

review investigating the biochemical effects of PA in subjects with

MCI and dementia used a low sensitive search strategy25 and

reported results on a limited spectrum of potential biomarkers.

Additional studies examining a wider range of biomarkers were

subsequently published. To clarify the status of research on PA

effects on potentially relevant biomarkers, we systematically sum-

marized past randomized controlled trials (RCTs) that assessed

changes in potentially relevant biomarkers in MCI, AD, and other

dementias.

2 METHODS

Based on the Preferred Reporting Items for Systematic Reviews

and Meta-Analysis (PRISMA) guidelines, we systematically reviewed

published RCTs which aimed to improve cognitive functions through

PA interventions among patients with MCI, AD, or dementias. We

selected RCTswhich examined changes in potential biomarkers (either

as primary, secondary, or exploratory outcomes of RCTs) for this

review.

2.1 Search strategies to identify relevant RCTs

We performed a literature search in the PubMed database to identify

relevant RCTs published from PubMed inception to October 31, 2019,

limited to publications in English, using three separate search terms

(a, b, and c). Search terms under “a” were explicitly built for identify-

ing relevant RCTs targeted for patients with dementias, whereas “b”

and “c”were built to identify RCTswhich included patientswithADand

MCI, respectively.

(a). (“exercise”[MeSH Terms] OR “exercise”[All Fields] OR (“phys-

ical”[All Fields] AND “activity”[All Fields]) OR “physical activity”[All

Fields]) AND (“dementia”[MeSH Terms] OR “dementia”[All Fields])

AND (“randomized controlled trial”[Publication Type] OR “random-

ized controlled trials as topic”[MeSH Terms] OR “randomized con-

trolled trial”[All Fields] OR “randomised controlled trial”[All Fields])

AND “humans”[MeSH Terms];

(b). (“exercise”[MeSH Terms] OR “exercise”[All Fields] OR

(“physical”[All Fields] AND “activity”[All Fields]) OR “physical

activity”[All Fields]) AND (“alzheimer disease”[MeSH Terms] OR

(“alzheimer”[All Fields] AND “disease”[All Fields]) OR “alzheimer

disease”[All Fields] OR (“alzheimer’s”[All Fields] AND “disease”[All

Fields]) OR “alzheimer’s disease”[All Fields]) AND (“randomized con-

trolled trial”[Publication Type] OR “randomized controlled trials as

topic”[MeSH Terms] OR “randomized controlled trial”[All Fields] OR

“randomised controlled trial”[All Fields]) AND “humans”[MeSHTerms];

and

(c). ((“exercise”[MeSH Terms] OR “exercise”[All Fields] OR (“phys-

ical”[All Fields] AND “activity”[All Fields]) OR “physical activity”

[All Fields]) AND (“cognitive dysfunction”[MeSH Terms] OR (“cogni-

tive”[All Fields] AND “dysfunction”[All Fields]) OR “cognitive dysfunc-

tion”[All Fields] OR (“mild”[All Fields] AND “cognitive”[All Fields] AND

“impairment”[All Fields]) OR “mild cognitive impairment”[All Fields]))

AND (“randomized controlled trial”[Publication Type] OR “randomized

controlled trials as topic”[MeSH Terms] OR “randomized controlled

trial”[All Fields] OR “randomised controlled trial”[All Fields]) AND

“humans”[MeSH Terms].
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2.2 Selection criteria and data extraction

First, we retrieved all papers from the above-mentioned searches,

and then removed duplicates to compile an exhaustive list of papers.

Second, we screened the titles and abstracts of all papers to identify

the relevant papers for full-text reviews. We performed screening

based on two criteria: (1) title or abstract mentioned any interventions

related to PA or exercise, and (2) changes in any biomarker(s) exam-

ined. Third, we collected full text for all relevant papers, identified

from the initial screening, and reviewed them thoroughly for final

eligibility.

Eligibility criteria included: (1) papers must be PA RCTs targeting

participants with MCI, AD, or dementias, and (2) papers must report

results on PA-induced changes in biomarker(s). We excluded papers

if they: (1) used other study designs such as observational studies

including cross-sectional, case-control, or cohort; (2) were RCT pro-

tocols (did not have results); (3) were RCTs and reported results but

targeted healthy population (ie, cognitively intact) or special popu-

lation groups (eg, nonagenarians or with other clinical conditions or

disorders such as diabetes, Parkinson’s disease, multiple sclerosis, can-

cer survivors, etc.); and (4) were animal models. We also retrieved and

reviewed relevant papers, if any, from the reference lists of retrieved

papers.

Fourth, we extracted necessary information (presented in Table 1)

from the eligible papers. Two independent reviewers (MM and MSA)

conducted data extraction. When discrepancies arose between the

two reviewers, they were resolved by consensus and, in case of

uncertainty, we contacted study authors to clarify uncertainties. We

used a reference manager program—EndNote X8—for retrieving,

reviewing, and removing duplications of references for this systematic

review.26

We also calculated, where possible, the percent (%) change(s) in

biomarker(s) in response to intervention using this formula: (follow-up

– baseline)/baseline*100 (Table 1).

3 RESULTS

3.1 Search results

We identified 653 papers after removal of duplicates. From these, we

selected 58 papers for full-text assessment. Eighteen papers fulfilled

our inclusion criteria for this review.27–44 The detailed selection pro-

cess is shown in Figure 1.

3.2 Characteristics of included RCTs

Of the included 18 RCTs, 11 studies recruited participants with

MCI and 7 with AD. Of note, six papers were published from two

RCTs; the ADEX study35,40,41,44 and the Train the Brain study.37,43

RESEARCH INCONTEXT

1. Systematic review: We systematically reviewed (using

PubMed) published randomized controlled trials (RCTs)

that examined the effects of physical activities (PA) on

relevant biomarkers among mild cognitive impairment,

Alzheimer’s disease, or dementia populations. We sum-

marized the changes in PA biomarkers and their mediat-

ing effects on cognitive functions,which are yet to be clar-

ified.

2. Interpretation:Our systematic reviewconcludesanover-

all favorable effect of PA on neurotrophic and inflamma-

tory biomarkers. None of the included RCTs examined

the potential mediating effects of biomarkers between

PA and cognition. Some concerns for the methodology

were raised, and potential candidate biomarkers uninves-

tigated. Currently, there are no guidelines on PA RCTs in

terms of the intensity, frequency, and duration of inter-

vention.

3. Future directions: We believe that our review will serve

as a useful resource for developing future PA RCTs aimed

to improve cognitive functions and clarify their underly-

ingmechanisms.

Included studies were from nine countries: United States (4),

Denmark (4), Italy (2), Japan (2), Brazil (2), Canada (1), China (1),

Iran (1), and Saudi Arabia (1). All studies targeted participants

aged > 50 years. Sample size (n) used in these studies ranged from

22 to 113 (n < 50 [8 studies], between 50 and 100 [8 studies], and

n > 100 [n = 113 in 2 studies from the same RCT]) as shown in

Table 1.

The duration of PA interventions included: single bout of acute exer-

cise in 2 studies,29,31 <3months in 3 studies,28,36,42 3 to 6months in 11

studies,27,30,32–35,38–41,44 and as long as 7months in 2 studies from the

same RCT.37,43

Twelve studies used moderate- or moderate-to-high–intensity

aerobic exercise as an intervention;27,29,31–33,35,36,38–41,44 five

studies used aerobic exercise in combination with other types of

training or stimulation (multidomain), including cognitive, social,

and music;30,34,37,42,43 and one study investigated the influence

of high-intensity PA on diet-induced effects (diet intervention) on

cerebrospinal fluid (CSF) amyloid levels.28

The frequency of PA intervention performed in the included stud-

ies varied from two to four times a week and the duration of sessions

varied from 40 minutes to 90 minutes. The most commonly reported

frequencyanddurationof a sessionwas three timesaweekand60min-

utes per session, respectively. Three studies included a single bout of

acute exercise29,31 and a diet intervention.28
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F IGURE 1 Flowchart of study selection

3.3 Biomarkers investigated in the included
studies

More than two thirds of these studies (66.7%) examined dementia-

related biomarker(s) as a primary outcome and the rest as a secondary

outcome. Studies included in this review examined the effect of PA on

several biomarkers. These include:

1. Neurotrophic factors: Seven studies investigated neurotrophic fac-

tors including BDNF,27,30–32,38,39,42 IGF-1,27 and VEGF30 based on

either plasma27,31,32 or serum30,38,39,42 levels;

2. Inflammatory markers: Three studies investigated inflammatory

markers based on plasma,32 serum,36 and CSF28 levels. These

include interleukin-6 (IL-6),32,36 IL-8,28 and tumor necrosis-alpha

(TNF-α);32,36

3. AD pathological markers: Two studies investigated AD patho-

logical markers using blood samples and examined plasma-based

Aβ40,27 Aβ42,27 and Aβ42/Aβ40 ratio,34 whereas another two

studies investigated CSF Aβ38,35 Aβ40,35 Aβ42,28,35 total tau (t-

tau),28,35 phosphorylated tau (p-tau),35 and soluble amyloid precur-

sor protein α and β (sAAP α and sAAP β).35 A single study investi-

gated cortical Aβ burden assessed by positron emission tomogra-

phy (PET) imaging;44

4. Other biomarkers: One study investigated biomarkers of neu-

ronal and synaptic integrity measured by CSF concentrations

of neurofilament light chain (NFL), neurogranin (Ng), visinin-like

protein-1 (VILIP-1), and chitinase-3–like protein 1 (YKL-40).40

One study investigated plasma cortisol;27 one study investi-

gated salivary alpha-amylase (sAA);29 one study investigated cir-

culating hematopoietic CD34+ and endothelial progenitor cells
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(EPC);43 two studies investigated CBF;37,41 and four studies also

investigated markers of cardiovascular health including insulin

sensitivity,27 total cholesterol,27,30,33 triglyceride,27,33 low density

lipoprotein,27,33 high density lipoprotein,27 apolipoprotein a1 (apo-

a1),33 irisin,42 and glycated hemoglobin (HbA1c).30

3.4 Effects of PA on neurotrophic factors
(BDNF, IGF, and VEGF)

3.4.1 Effects on BDNF

Five of seven studies reported PA-induced effects on increasing

plasma/serum BDNF.27,31,32,38,39 An acute aerobic exercise interven-

tion study by Coelho et al.31 found significantly increased plasma

BDNF in AD patients (22%) and also healthy controls (16%). They also

found moderate correlation between plasma BDNF and level of phys-

ical activity (Pearson correlation, r = 0.33, P = 0.04). In a 4-month

multimodal aerobic exercise intervention study byNascimento et al.,32

plasma BDNF significantly increased in both MCI trained (20.4%)

and cognitively normal trained (26.7%) groups, compared to MCI and

healthy controls, respectively (P < 0.001). In a 6-month intervention

study with amnestic MCI (aMCI) participants by Baker et al.,27 aero-

bic exercise increased plasma BDNF levels in men relative to stretch-

ing controls but reduced levels in women. Another 6-month interven-

tion study with vascular cognitive impairment (VCI) participants by

Barha et al.38 reported that aerobic training significantly increased

serum BDNF levels in women but reduced serum BDNF levels in men

among those in the aerobic training group. A 6-month intervention

study in MCI participants by Allard et al.39 reported mean increases in

serum BDNF, albeit non-significant and possibly due to small sample

size (total n = 22), in both stretch (46.3%) and aerobic (15.1%) groups

compared to baseline measures. These trends were similar in men and

women.

Conversely, a study by Damirchi et al.42 reported non-significant

reduction of serumBDNF compared to baseline in the physical training

group after a 2-month duration aerobic exercise intervention targeted

at women with MCI. This study also showed non-significant between-

group changes (PA vs control group) in serum BDNF. The sample size

was relatively small (44 participants).

One study by Suzuki et al.30 showed significant beneficial effects

of exercise intervention for cognitive function in aMCI participants.

This study did not report PA-induced changes in serum BDNF

but did report that higher serum BDNF at baseline significantly

associated with improved general cognitive functions in the MCI

participants.

3.4.2 Effects on IGF-1

Only one study investigated IGF-1,which showed a significant increase

in plasma IGF-1 in men (P = 0.02) after a 6-month aerobic exercise

intervention, compared to stretching controls.27

3.4.3 Effects on VEGF

In a single study, serum VEGF levels at baseline were used in mul-

tiple logistic regression models for determining the potential predic-

tors of improvements in cognitive function. This study reported a non-

significant relationship.30

3.5 Effects of PA on inflammatory markers (IL-6,
IL-8, and TNF-α)

Two studies showed significant reduction of IL-6 levels; plasma IL-6 in

MCI participants (–11.1%; P < 0.001),32 and serum IL-6 in AD partici-

pants (–19.4%;P<0.05)36 in response toaerobic exercise, compared to

MCI andAD controls, respectively. These two studies32,36 also showed

a significant reduction of plasma and serum TNF-α (P < 0.05), respec-

tively.

Another study examined cross-sectional associations at baseline

and showed high-intensity PA significantly associated with lower CSF

levels of IL-8 in participants with normal cognition (P = 0.025) but not

in participants withMCI (P= 0.98).28

3.6 Effects of PA on AD pathological markers

3.6.1 Plasma amyloid-beta species

In a 6-month intervention study in aMCI participants by Baker et al.,27

mean plasma levels of Aβ42 decreased in the aerobic exercise group

(–6%) whereas levels increased in the control group (+24%). This dif-

ference was not statistically significant. Total sample size was 33 par-

ticipants. This study also assessed plasma Aβ40 but did not report any

results on this measure.

One study assessed the plasmaAβ42/Aβ40 ratio in amixture of cog-

nitively healthy and impaired participants. Both groups received 60

minutes of aerobic training for 4 months34 with a single-task group

performing only exercise and a dual-task group performing exercise

and concurrent cognitive tasks. Results showed significant decreases

in the Aβ42/Aβ40 ratio in both single-task (–74.6%, 0.63± 0.13 to 0.16

± 0.03, P = 0.001) and dual-task (–58.3%, 0.60 ± 0.12 to 0.25 ± 0.06,

P = 0.044) training groups. This study was targeted at sedentary sub-

jects.

3.6.2 CSF Aβ species, t-tau, p-tau, sAAP α, and
sAAP β, and PET cortical Aβ

In a 1-month dietary intervention study by Baker et al.,28 baseline lev-

els of high-intensity PA modulated diet-induced effects on CSF Aβ42.
There were differential effects on participants with normal cognition

and MCI (analysis of variance, P = 0.039). In the MCI group, increased

minutes/week of high-intensity PA significantly potentiated (r = 0.64,

P = 0.034) the effects of a LOW diet (low saturated fat/low glycemic
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index) in increasingCSFAβ42 levels. In cognitively normal participants,

PA tended to attenuate (r = –0.61, P = 0.11) the negative effect of a

HIGH diet (high saturated fat/high glycemic index) on increasing CSF

Aβ42 levels. No effects were observed for CSF t-tau.
Two reports, by Jensen et al.35 and Frederiksen et al.,44 from the

parent ADEX study that investigated the PA-induced changes in CSF

biomarkers of AD (Aβ38, Aβ40, Aβ42, Aβ42/40, t-tau, p-tau, sAAPα,
sAAPβ, and sAAPβ/α) and PET cortical Aβ, showed no effects of a

4-month aerobic exercise program on these biomarkers.

3.7 Effects of PA on other biomarkers

3.7.1 CBF

In a 7-month combined physical/cognitive intervention study,37 CBF,

measured by magnetic resonance imaging, increased in the hippocam-

pal (+ 3.2 ± 1.4%) and parahippocampal (+ 4.1 ± 1.2%) regions of

the MCI-experimental group with the latter parahippocampal finding

showing a statistically significant difference from theMCI-nontraining

group (P< 0.05). Another study41 failed to find detectable PA-induced

changes in either whole brain or regional CBF in patients with AD after

a 4-month moderate-to-high–intensity aerobic exercise program. CBF

also did not differ between the control (usual care) and exercise group

(P> 0.05) at the end of the study.

3.7.2 CSF concentrations of NFL, Ng, VILIP-1, and
YKL-40

A single study investigatedmarkers of neuronal dysfunction in patients

with AD, and it showed null effects of 4-month aerobic exercise pro-

gram on CSF concentrations of NFL, Ng, VILIP-1, and YKL-40 com-

paring mean change from baseline between AD-intervention and AD-

usual care (control) groups (P> 005).40

3.7.3 Plasma cortisol

One study is available and it showed sex-specific effects of 6-month

aerobic exercise onplasmacortisol levels in aMCIparticipants. Relative

to stretching controls, the aerobic exercise group exhibited reduced

cortisol levels in women (P= 0.05) but increased inmen (P= 0.04).27

3.7.4 Salivary alpha-amylase (sAA)

A single study of an acute 6-minute aerobic exercise intervention

showed significant increases in sAA levels (P < 0.001), relative to

baseline, in all participants (both cognitively intact control and aMCI

groups) in the exercise condition but not in participants in the seden-

tary condition.29 This study also reported a significant positive correla-

tion relationship between recall test scores and sAA levels in the MCI

participants (aMCI: r= 0.716, P< 0.001).

3.7.5 Circulating hematopoietic CD34+ and EPC

The results of one study showed a significant increase in CD34+ cells

(30.8%, 1.17±0.7 to1.53±0.6perμL;P=0.004). This effectwas found

in theMCI-training group after a 7-month combined training, but not in

MCI-nontraining group. No effect was found in EPC.43

3.7.6 Markers of cardiovascular health

Four studies analyzed markers of cardiovascular health including

insulin sensitivity,27 total cholesterol,27,30,33 triglyceride,27,33 low den-

sity lipoprotein,27,33 high density lipoprotein,27 apo-a1,33 irisin,42 and

HbA1c.30 One study showed significant beneficial effects of aerobic

exercise on total cholesterol (P=0.04) inMCIparticipants compared to

stretching controls, and insulin sensitivity forwomen,measuredby glu-

cosedisposal (P=0.005) andhomeostasismodel assessment (P=0.04),

in the aerobic group.27 In another study, mean apo-a1 levels signifi-

cantly increased (8%, 1.38± 0.20 to 1.49± 0.34, P= 0.041) in patients

with AD in the aerobic group but decreased non-significantly (–5.7%,

1.58±0.45 to 1.49±0.27,P=0.270) in the control group.33 One study

investigated PA-induced changes in irisin in elderly women with MCI

and showed non-significant change.42

3.8 Association between biomarkers and
cognitive functions

Although biomarkers are often hypothesized as mediating factors

to explain the effects of PA on cognitive functions, only three

studies29,30,42 examined the potentially mediating role of biomarkers.

None performed formal mediation analysis. One study of acute aer-

obic exercise for 6 minutes showed a significant positive correlation

between changes in recall, assessed by 20 positive images presenta-

tion, and changes in sAA levels in aMCI participants.29 In another 6-

month multicomponent exercise study, baseline low total cholesterol

was associated with improved logical memory assessed by the Wech-

sler Memory Scale-Logical Memory I in MCI participants. This study

also showed higher serum BDNF level at baseline was associated with

improved general cognitive functions assessed by the Alzheimer’s Dis-

ease Assessment Scale-Cognitive Subscale.30 On the other hand, in a

2-monthmulticomponent exercise study,MCI participants in the phys-

ical training group reported no correlation between changes in either

serum BDNF or irisin and changes in scores of working memory, pro-

cessing speed, reaction time, and error number.42

4 DISCUSSION

Although a large number of RCTs investigated the effects of PA on cog-

nitive health in patients withMCI, AD, or dementia, there is a dearth of

evidence addressing potentialmechanisms of PAeffects. Incorporating

appropriate biomarker studies into PA RCTs would be a useful way to
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address this evidence gap. To date, however, fewPARCTs incorporated

a biomarker(s) appropriately. Only 18 studies met our inclusion crite-

ria for the present review, with very heterogeneous use of biomarkers,

varying intervention designs, and generally small study Ns.

Most studies aimed to demonstrate the effects of PA on changes in

neurotrophic and inflammatory biomarkers among patients with MCI

and AD. BDNFwas themost frequently investigated biomarker among

the included studies (seven),27,30–32,38,39,42 and most of these stud-

ies showed effects on increasing BDNF, either in response to both a

single bout of acute aerobic exercise (less than 25 minutes) or long-

term aerobic exercise (over a few weeks/months) interventions. The

null effect found in one study42 could be explained by its small sample

size (total n = 44). Alternatively, a null effect could be due to the sam-

ple characteristics; only women aged 60 to 85 years old were included.

Because estrogen regulates BDNF expression,45 age-related decline

in estrogen levels in elderly women may result in larger variability in

BDNF expression, which could make it harder to observe a group dif-

ference. Although this study showed a null effect, the direction of this

result was consistent with other studies. Study results, overall, support

PA effects of increasing plasma/serum BDNF levels.46–49 Recent com-

prehensive reviews, integrating knowledge from the molecular level,

animal models, and clinical and epidemiological studies, indicate that

increased BDNF production is a plausible mediator of exercise bene-

fits on cognitive health in healthy individuals and those with cognitive

impairments.24,50,51

One included study investigated IGF-1 and reported a significant

effect of PA on increasing plasma IGF-I in male but not in female

subjects.27 Although IGF-1 is best characterized as regulating mus-

cle growth, it is produced in the brain and may affect brain health

by modulating neuronal growth, survival, and function.52 Circulat-

ing levels of IGF-1 are upregulated by exercise and were shown to

augment BDNF concentrations.53,54 Well-designed biomarker compo-

nents of PA RCTs in cognitively impaired subjects would be useful in

addressing the potential mediating roles of these neurotrophins in PA

effects.

A small number of studies showed that aerobic exercise significantly

reduced IL-6 and TNF-α levels in MCI32 as well as AD participants.36

These findings are analogous to previous results of healthy individuals

as well as patients with schizophrenia.55,56 Among the proinflamma-

tory cytokines, IL-6 and TNF-α are the most frequently investigated.

They may contribute to neuroinflammatory processes hypothesized

to be important in AD pathogenesis.57–59 Increased plasma and serum

levels of IL-6 and TNF-α were reported in patients with MCI and AD

compared to controls and are negatively correlated with cognitive

function.60,61

PA effects on pathological biomarkers of AD/dementia, such as

plasma/CSF Aβ species, t-tau, p-tau, sAAP α, and sAAP β, and Aβ42/40
ratio,62,63 were rarely investigated and showed inconsistent results.

Two studies showed decreases in plasma Aβ4227 and Aβ42/40 ratio34

after aerobic exercise intervention, but another two studies, from the

ADEXstudy, showednull effects onCSFAβ38,Aβ40,Aβ42, t-tau, p-tau,
sAAPα, and sAAP β,35 andPET cortical Aβ.44 In one study, increasedPA

potentiated theeffects of theLOWdiet in increasingCSFAβ42 levels in
MCI participants.28 Findings were also inconsistent for CBF; one study

showed PA-induced increases in CBF in the hippocampal and parahip-

pocampal regions of MCI participants,37 but another study failed to

detect changes in either whole brain or regional CBF in subjects with

AD.41

The three studies with null effects were from the parent ADEX

study, with a small number of AD subjects and a relatively short inter-

vention (4-month) period.35,41,44 In addition, overtly demented individ-

uals may have too advanced disease to respond to these types of inter-

ventions.

A few studies investigated the effects of PA on other biomark-

ers including CSF concentrations of NFL, Ng, VILIP-1 and YKL-40,40

plasma cortisol,27 sAA,29 circulating hematopoietic CD34+ and EPC,43

andmarkers of vascular health (eg, insulin sensitivity, total cholesterol,

triglyceride, low density lipoprotein, apo-a1, irisin, HbA1c)27,30,33,42

in MCI and AD participants. Little can be said about these potential

biomarkers because of insufficient number of studieswith inconsistent

results, and variable sex-specific effects. Recent novel findings from a

well-designed longitudinal study suggest that interventions aimed at

improving cardiovascular health could delay or prevent dementia.64

Future PA RCTs aiming to improve brain health should consider incor-

porating relevant vascular disease biomarkers to study underlying

mechanisms.65

Our review found that 15 of 18 studies did not examine the role

of biomarkers in explaining the association between PA and cogni-

tive functions. Out of three studies that examined both cognitive out-

comes and biomarkers, one study analyzed the association between

PA biomarkers at baseline and cognitive functions at the end of

intervention.30 Another study did not find any association between

changes in PA biomarkers and changes in cognitive scores.42 The third

study showed a significant positive correlation between changes in

recall and changes in sAA levels in the aMCI participants.29 sAA levels

are generally used as a measure of acute stress and it is not surprising

that the sympathetic activation accompanying acute PA is associated

with increased sAA.

No study examined potential mediating roles that biomarkers play

in potential associations between cognition and PA. Numerous poten-

tial candidate biomarkers remain uninvestigated, including platelet-

derived growth factor (PDGF), FGF21, NGF, myostatin, cathepsin B,

and kynurenic acid.

Several RCT protocols were published recently aiming to investi-

gate the PA effects on cognition and incorporating different dementia-

related biomarkers of participants with MCI, AD, or dementia.66–71

Completion of these studies should significantly expand the knowledge

base about PA and biomarkers.

The present review has some limitations. First, although we used

comprehensive search strategies, our literature search was limited to

oneonlinedatabase—PubMed.Our search strategymight have left out

some relevant papers. Second, we could not perform a meta-analysis

for biomarker(s) becauseonly a limitednumberof studies assessed sev-

eral biomarkers.
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TABLE 2 Recommendations for future PA RCTs

Key features Recommendations

Include appropriate biomarkers in PA studies We suggest incorporating appropriate biomarkers in PA RCTs to illuminate

mechanisms underlying PA effects.

Postulate pre-specified, mechanistic hypothesis related

to biomarker(s)

Hypotheses involving biomarkers should be based onmechanistic concepts of

biomarker effects. Potentially useful biomarkers are of 2main types; those

addressing PA effect mediatingmechanisms and those addressing effects on

underlying neurodegenerative pathologies.

Require rigorous statistical plan for biomarker(s) Biomarker evaluations should be based on clear, pre-specified hypotheses and

with rigorous statistical planning.

Plan to relate biomarker(s) to relevant cognitive

outcome(s)

PA RCTs should explicitly plan to assess associations between PA interventions

and cognitive outcomes.

Perform formal mediation analysis Formal mediation analyses should be performed to demonstratemediating

potential PA effects on cognitive outcome(s).

Standardize PA intervention We propose to standardize PA intervention trials withmoderate- to

high-intensity exercise for 45 to 60minutes per session, at least 3 times a week

for 6-12months to assess meaningful effects.

Abbreviations: PA, physical activity; RCT, randomized controlled trials.

5 CONCLUSIONS

Our principal finding is that there has been only limited use of biomark-

ers in PA RCTs enrolling cognitively impaired subjects. A very mod-

est amount of data suggests favorable effects of PA on neurotrophic

and inflammatory biomarkers. Several biomarkers were studied infre-

quently, some in only one study. Several potential candidate biomark-

ers remain uninvestigated. We identified some RCT methodological

shortcomings, particularly small sample sizes, low frequency of PA, and

short intervention periods. Only three studies attempted to address

potential roles of biomarkers in the associations between PA and cog-

nition.

There are no guidelines for PA RCTs in terms of the intensity, fre-

quency, and duration of PA interventions, let alone for associated

biomarker studies. Because of their potential to illuminatemechanisms

underlying PA effects, we suggest that appropriate biomarkers should

be incorporated into PA RCTs. Whenever used, biomarker evaluations

should be based on clear, prespecified hypotheses and with rigorous

statistical planning to allow assessments of associations between PA

interventions and cognitive outcomes, if not formal mediation analy-

ses. Hypotheses involving biomarkers should be based on mechanis-

tic concepts of biomarker effects. Potentially useful biomarkers are of

twomain types: those addressing PA effectmediatingmechanisms and

those addressing effects on underlying neurodegenerative patholo-

gies. Measurements, for example, of inflammatory biomarkers are an

example of the former. Measurements of CSF NFL would be an exam-

ple of the latter. There should also be efforts to standardize PA inter-

vention trials. Based on our review, we suggest that interventions with

moderate- to high-intensity exercise for 45 to 60 minutes per session,

at least three times a week for 6 to 12 months, are required to assess

meaningful effects. Our review serves as a useful resource for devel-

oping future PA RCTs aimed at improving cognitive functions and clari-

fying their underlyingmechanisms. Our recommendations are summa-

rized in Table 2.
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