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Alzheimer's Disease (AD) is a multifactorial and complex neurodegenerative
disorder. Some modifiable risk factors have been associated with an increased
risk of appearance of the disease and/or cognitive decline. Preventive clinical
trials aiming at reducing one or combined risk factors have been implemented
and their potential effects assessed on cognitive trajectories and on AD
biomarkers. However, the effect of interventions on surrogate markers, in
particular imaging biomarkers, remains poorly understood. We conducted a
review of the literature and analyzed 43 interventional studies that included
physical exercise, nutrition, cognitive training or multidomain interventions,
and assessed various brain imaging biomarkers, to determine the effects of
preventive interventions on imaging biomarkers for subjects at-risk to develop
AD. Deciphering the global and regional brain effect of each and combined
interventions will help to better understand the interplay relationship between
multimodal interventions, cognition, surrogate brain markers, and to better
design primary and secondary outcomes for future preventive clinical trials.
Those studies were pondered using generally-admitted quality criteria to reveal
that interventions may affect the brain of patients with cognitive impairment
rather than those without cognitive impairment thus indicating that particular
care should be taken when selecting individuals for interventions. Additionally,
a majority of the studies concurred on the effect of the interventions and
particularly onto the frontal brain areas.
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1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder characterized by a complex and multifactorial
physiopathology. Clinically, the typical form induces episodic
memory deficit, progressively associated with language and
behavioral troubles and leading to a loss of autonomy (DeTure
and Dickson, 2019; Breijyeh and Karaman, 2020; Scheltens
etal,, 2021). Brain amyloidosis and neurodegenerative processes
remain the main therapeutic targets as they occur many years
prior to cognitive and clinical symptoms appearance (Sperling
et al., 2013; Makin, 2018).

Two interventional strategies have been developed, one
focusing on drugs targeting specific molecules such as the
amyloid-beta (Af) peptide or Tau protein, and the other
focusing on holistic non-specific targets such as epidemiological
and/or and exposome risk factors. For the first strategy,
Aduhelm has recently been FDA-approved for US AD patients
as a specific anti-amyloid drug (Cummings et al., 2021). The
readout for other anti-amyloid phase 3 drugs are coming and
other Tau, neuroinflammation and APOE &4 targets are studied.
For the second category, multimodal preventive interventions
are promoted by governmental health organizations (WHO)
based on epidemiological and interventional clinical trials data
(World Health Organization, 2019). Modifiable risk factors such

18F-AV-45, 18F-FDG,

fluorodeoxyglucose; AB, amyloid-beta; ACC, anterior cingulate cortex;

Abbreviations: florbetapir; 18F-
AD, Alzheimer's disease; AHAD, American Heart Association diet; aMCl,
amnestic MCI; APOE, apolipoprotein E; ASL, arterial spin labeling; BOLD,
blood oxygen level-dependent; CAIDE, Cardiovascular Risk Factors Aging
and Incidence of Dementia; Cl, cognitive impairment; CBF, cerebral blood
flow; CERAD, Consortium to Establish a Registry for Alzheimer's disease;
CSF, cerebrospinal fluid; CT, cognitive training; DHA, docosahexaenoic
acid; DMN, default mode network; DSC, dynamic susceptibility contrast;
DTI, diffusion tensor imaging; EPA, eicosapentaenoic acid; FA, fractional
anisotropy; FC, Functional connectivity; FLAIR, fluid attenuated inversion
recovery; fMRI, functional magnetic resonance imaging; GABA, gamma-
aminobutyric acid; Glx, glutamate-glutamine; GM, gray matter; GMV,
gray matter; volume; HOA, healthy older adult; HV, hippocampal
volume; MCI, mild cognitive impairment; MD, multi-domain; MMKD,
modified Mediterranean-ketogenic diet; MMSE, mini mental state
examination; MoCA, Montreal cognitive assessment; NAA-NAAG, N-
acetyl aspartate and N-acetylaspartyl-glutamate; nCl, no cognitive
impairment; NMR, nuclear magnetic resonance; PA, Physical activity;
PCC, posterior cingulate cortex; PE, physical exercise; PET, positron
emission tomography; PFC, prefrontal cortex; rs-fMRI, resting-state
functional magnetic resonance imaging; SMC, subjective memory
complaints; SMI, subjective memory impairment; SUVR, standard uptake
value ratio; t-fMRI, task-based functional magnetic resonance imaging;
WHO, World Health Organization; WM, white matter; WMH, white matter

hyperintensity; 3, omega-3.
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as low education, midlife hypertension, midlife obesity, diabetes,
physical activity (PA), smoking or depression have been linked
to AD (Norton et al., 2014; Serrano-Pozo and Growdon, 2019).
By acting on those risk factors before the apparition of clinical
symptoms, one third of AD cases could be potentially reduced
with reasonable costs (Livingston et al., 2017).

Healthy lifestyles (PA, nutrition, cognitive stimulation...)
are associated with lower incidence of AD (Dhana et al., 2020).
The amount of PA has clearly been inversely associated with
the risk of cognitive decline and AD (Paillard, 2015). Aerobic
physical exercise (PE) induces the release of neurotrophic
factors and reduces the production of free radicals, both
phenomena participating in improving memory and cognitive
function while limiting the alteration of specific neuronal
populations (Paillard et al., 2015). Nutrition and diet might
be significant modifiable risk factors of AD and multiple
antioxydants, vitamins, polyphenols, fish, or dietary patterns
(Japanese, Mediterranean) have been reported to decrease
the risk of AD (Hu et al, 2013). Cognitive training (CT)
seems also very promising (Sitzer et al, 2006) by targeting
several domains of cognition such as memory, executive or
visuospatial functions (Nguyen et al., 2019). While preventive
multimodal interventions for AD including PE (Erickson et al.,
2011; Zhu et al., 2020; Lopez-Ortiz et al., 2021), nutrition/diet
(Cremonini et al., 2019) or CT (Buschert et al., 2010) have
shown promising results, the majority of these trials have small
sample sizes and evidences from large single-domain lifestyle
interventions (PE, LIFE study [Longitudinal Impact of Fitness
and Exercise]; dietary, OPAL study [Older People And n-3
Long-chain polyunsaturated fatty acid]; CT, ACTIVE [Advanced
Cognitive Training in Vital Elderly], IHAMS [Iowa Healthy and
Active Minds Study]) are limited (Kivipelto et al., 2018).

As AD is multifactorial, multi-domains (MD) interventions
would be more relevant than individual factors or even
have a superadditive effect on clinically meaningful outcomes
(Coley et al., 2008; Scarmeas, 2009; Kivipelto et al.,, 2018).
The combination of interventions has been addressed by
clinical trials (FINGER, MAPT, PreDIVA; Richard et al,
2009; Vellas et al.,, 2014; Ngandu et al.,, 2015), and different
hypotheses have been made about the potential synergistic
effects between interventions. For instance, PE could increase
the potential for neuro-, synapto-, and angiogenesis while
CT would guide it to the stimulated brain regions (Bamidis
et al., 2014). Nutrition, including omega-3 (w3) intake, could
fuel structural changes associated with these interventions
(Kobe et al, 2016). Interestingly, multimodal interventions
may be more effective before clinical symptoms, especially
for at-risk of AD populations such as the carriers of the €4
allele of the apolipoprotein E (APOE €4; Berkowitz et al,
2018). The primary outcomes to define the efficacy of these
interventions are on cognitive performances. The effect on
surrogate biomarkers is less described or as exploratory analyses
(Rolandi et al., 2016).
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Thus, we aimed to evaluate the effect of multimodal
interventions alone or combined such as PE, CT, and
nutrition/diet on a large variety of brain imaging outcomes
analyzed globally and regionally in participants that may develop
AD. We also assessed whether this effect may be dependent on
the cognitive status of the population included in the studies.

2. Materials and methods

2.1. Studies selection

A search of the PUBMED database was performed on May
the 17th of 2021. The query included the following terms:
(“elderly” OR “frail elderly” OR “risk factors” OR “MCI” OR
“alzheimer”) AND (“PET” OR “brain imaging” OR “MRI” OR
“structural MRI” OR “functional MRI”) AND (“training” OR
“nutrition” OR “diet” OR “physical activity” OR “cognitive
training” OR “cognitive stimulation” OR “exercise”). The full
search strategy is provided in the Supplementary material. We
selected preventive studies involving older adults susceptible to
convert to AD and evaluated the effect of CT, nutrition/diet,
PE or MD interventions on brain imaging outcomes. The
description of the aim of this review, using the PICO framework
(Huang et al.,, 2006), is available in Supplementary Table 1. As
our goal was to examine the effect of interventions on brain
regions, including areas located in subcortical structure, we did
not select studies using electrophysiological techniques such
as electroencephalography (EEG), which have a relatively low
spatial resolution (Krishnaswamy et al., 2017). Older adults were
considered susceptible to convert to AD if the studies in which
they were included stated that they exhibited risk factors for
AD (e.g., APOE €4) and/or cognitive impairments (subjective
or objective) and/or biological biomarkers of AD (e.g., elevated
amyloid load). The participants at risk for AD were defined
into two groups with either no objective cognitive impairment
(nCI) or objective cognitive impairment (CI). The nCI category
groups together different type of participants: participants with
risk factors for AD such as hypertension are included in this
category, as well as participants with subjective cognitive decline.
For the participants with CI, they could also present positive
neuroimaging or cerebrospinal fluid (CSF) biomarkers.

We excluded (1) observational studies, (2) studies including
exclusively healthy older adults (HOA) not predisposed to
conversion to AD, (3) studies including exclusively patients
already diagnosed with AD, (4) studies including populations
with additional neurodegenerative diseases or vascular cognitive
impairment, (5) articles not written in English, (6) studies for
which only the abstract was available. We did not include
yoga and dance interventions as we consider them special
types of exercises. Yoga is a spiritual activity that encompasses
physical exercise, controlled breathing, and meditation training.
Dance is an artistic expression requiring memorization and
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execution of a series of movements according to the rhythm
of a type of music and to the movements of a partner. The
brain processes involved in these activities may be different from
those involved in a simpler form of physical exercise. It has
indeed been suggested that yoga and dance could have different
effects on the brain from traditional forms of physical exercise
(Rehfeld et al., 2018; van Aalst et al., 2021; Kaur et al., 2022).
Analysis was not restricted to studies including a control for the
interventions (i.e., a “placebo” or “sham” intervention), and no
additional restriction was applied to the control condition when
included (i.e., for two studies evaluating the effect of PE, control
condition could either be resistance or balance training). When
multiple brain imaging outcomes were evaluated in a study,
they were all reported and equally considered. The distinct types
of brain imaging data are referred to as imaging “modalities.”
Article’s abstract screening was performed by LP and full-
text review was performed by GB and LP independently and
validated by AG and ELB. Any discrepancy was resolved through
discussion until a consensus was obtained. The inclusion of
the studies was described by a PRISMA flowchart generated by
the PRISMA 2020 Shiny application (https://estech.shinyapps.
io/prisma_flowdiagram/; Haddaway et al., 2022).

2.2. Criteria used to assess the quality of
selected studies

Multiple criteria were used to evaluate and compare the
relative quality of the studies included. Part of these criteria are
listed as the first thirteen items of Table 1 and were previously
defined by Pitkild et al. (2013), and used in a review specifically
focussed on brain imaging outcomes (FHaeger et al., 2019). To
fit with the specificity of this review, we added/adapted some
criteria. First, studies without a sham group were included and,
in those cases, criteria #6 and #9 were applied to the comparisons
between types of populations [e.g., HOA vs. mild cognitive
impairment (MCI); Table 1]. Second, for studies evaluating
only imaging outcomes, blinding criterion (#10) was not
taken into consideration. Third, criterion concerning studies’
power (#4) was reconsidered acknowledging a recent review
on neuroimaging studies: in 2017-2018, only 3-4% of them
did an a priori power calculation (Szucs and Toannidis, 2020).
As most intervention trials are expected to have at least two
groups (intervention and sham), we estimated that studies were
sufficiently powered if a proper power calculation was made or
if there were at least 20 participants per group—considering that
11-56% of clinical studies with a single group and published
between 1990-2012 had at least 40 participants (Szucs and
Toannidis, 2020). Study power was assessed as part of the overall
quality assessment. However, power itself was not a criterion for
exclusion. All studies were examined and included in this review,
regardless of whether they were sufficiently powered or not.
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TABLE 1 Notation criteria used to rank studies’ methodology.

1. The study is a randomized controlled trial with an adequate method of
randomization

2. The studied population is well-defined

3. Inclusion and exclusion criteria are adequately described

4. The study is sufficiently powered to detect an effect of the intervention
(the number of participants is justified by a power calculation or seems adequate)
5. Outcomes measures are valid and clearly defined

6. Groups are comparable at baseline or outcomes measures are adjusted as
needed

7. Drop-outs are described (e.g., with a flowchart of participants exclusion) and
taken into account in the analyses

8. Analysis is performed on an intention-to-treat basis

9. A comparison on the change of the outcome variable is done between the
groups

10. Blinding to group assignment when evaluating the outcomes

11. The intervention is aptly described

12. The compliance of participants is reported

13. Complications are described

14. Imaging protocols and analyses are adequately described

15. If needed, methods are applied to correct for multiple testing on brain
imaging data

16. Quality control procedures are implemented

Additional quality criteria specific to neuroimaging studies were
assessed: (1) imaging protocol and analyses had to be adequately
described and (2) appropriate correction for multiple testing
had to be implemented (e.g., voxel-wise analysis). An additional
point was attributed to studies performing extra quality controls
for raw imaging data or analyses’ outputs. All criteria were
assessed independently by GB and LP, differences in notation
were discussed until a consensus was met.

Studies were attributed a percentage of validated criteria and
classified into limited, good and high quality if they respectively
had <50%, between 50 and 80% and more than 80% of
validated items.

2.3. Criteria to assess the different types
of results according to cognitive profile

The effects of interventions on neuroimaging modalities was
assessed for nCI and CI participants (Supplementary Figure 1).
For cases with multiple modalities tested, the effect was
considered for each type. We define “k” as the number of
“results” for all modalities and for N studies (a result relates to
either the effect (positive result) or lack of effect (null result)
of an intervention for one modality). We did not take into
account results on pooled participants (e.g., mixed population
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of MCI and HOA), unless a distinction was made between the
populations. Similarly, we discussed separately results associated
with sub-analyses for specific subgroups (e.g., participants with
APOE €4 status), or that were reflecting correlations. Measures
obtained at intermediate time-points during the intervention or
long-term follow-up measures were discussed separately. Only
measures obtained directly after the end of the intervention
were examined.

A score (called “s”) quantifying the effect of interventions for
each neuroimaging modality on participants was computed as:

s= Z(control(x) + quality(x)) — Z(control(x) + quality(x))
x€E x€A "
1

where E were the results reporting an effect of intervention on
neuroimaging biomarkers and A was the set of results associated
with an absence of effect of the interventions. Control and
quality functions were defined as:

1 control condition,

control(x) = 2)
0 no control condition.
and
1 g < 50%,
quality(x) = 12 50% < g < 80%, (3)
3 80% < q.

where g was the percentage of items validated in the result study
quality notation (see Table 2).

2.4. Effects of interventions on regional
brain areas

To determine the effects of interventions on brain areas
associated with the physiopathological process of AD, we
selected only the results including a sham procedure and for
participants with CI (Supplementary Figure 1). We chose to
focus on participants with CI as we assumed that the effect
of interventions might be different between participants with
nCI or CI. We anticipated that the effect of interventions on
participants with CI would be more homogeneous since they all
must have, at least, objective cognitive impairment.

3. Results

3.1. Flowchart and characteristics of the
population

From the 1,788 identified articles, 43 (PE, n =
nutrition/diet, n = 10; CT, n =

11;
13 and MD intervention,
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TABLE 2 Assessment of studies’ methodology (refer to Table 1 for the description of the notation criteria).

References #1 #2 #3 #4 #5 #6 #7 #8 #9 #10  #11 #12  #13  #14  #15  #16 Note
(% of items validated)
Physical exercise
Vidoni et al. (2021) + + + + + + + + + + + + + + NA — 14.0 (93%)
Tarumi et al. (2020) + + + — + + + — + + + + + + + + 14.0 (88%)
ten Brinke et al. (2015) + + + — + + + + + + + + + + — + 14.0 (88%)
Tomoto et al. (2021) + + + - + + + + + + + + + + NA - 12.0 (80%)
Yogev-Seligmann et al. (2021) + + + - + + + — + - + + + + + + 12.0 (75%)
Kaufman et al. (2021) + + + + + + + — + + + + — + NA — 11.0 (73%)
Thomas et al. (2020) + + + — + + + — + + + + + + + — 11.0 (69%)
Alfini et al. (2019) — + + — + + + — + + + + + + + + 11.0 (69%)
Smith et al. (2013) - + + - + + + - + + + + + + + - 10.0 (62%)
Chirles et al. (2017) — + + — + + — — + + + + — + + — 10.0 (62%)
Henrique de Gobbi Porto et al. (2015) — + + + + + + — + — + + + + + - 8.0 (50%)
Nutrition
Soininen et al. (2017) + + + + + + + — + + + + + + NA + 14.0 (93%)
Soininen et al. (2021) + + + + + + + - + + + + + + NA + 14.0 (93%)
Smith et al. (2010) + + + + + + + + + + + + + + NA — 13.0 (87%)
Zhang et al. (2016) + + + + + + + + + + + + — + — — 11.0 (69%)
Kobe et al. (2017) + + + - + + + — + + + + + + + + 11.0 (69%)
Jernerén et al. (2015) + + + + + + + — + NA + + + + NA — 9.0 (64%)
Neth et al. (2020) + + + — + + + — + + + + + + + — 10.0 (62%)
Schwarz et al. (2017) + + + — + + + — + NA + + + + NA — 7.0 (50%)
Hama et al. (2020) — + + + + NA + - NA + + - + NA - 4.0 (31%)
Manzano Palomo et al. (2019) — + + — + + + — + — + — — NA — 3.0 (20%)
Cognitive training
Simon et al. (2018) + + + - + + + + + + + - - + + + 11.0 (69%)
Lietal. (2019) + + + + + - + - + + + + + + + + 11.0 (69%)
Barban et al. (2017) + + + - + + + - + + + - - + + + 11.0 (69%)
Ciarmiello et al. (2015) + + + — + + + + + — + — — + + — 10.0 (62%)
Youn et al. (2019) + + + - + + + - + + + - + + + — 10.0 (62%)
Belleville et al. (2011) — + + — + + + + + + + — — + — — 10.0 (62%)
Zhang et al. (2019) — + + — + NA + — NA + + + — + + + 8.0 (57%)
(Continued)
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TABLE 2 (Continued)

References #1 #2 #3 #4 #5 #6 #7 #8 #9 #10  #11 #12  #13  #14  #15  #16 Note
(% of items validated)

Park et al. (2019) + + + — + + + — + + + + + + — — 9.0 (56%)
Yang et al. (2016) + + + — + + + — + — + — + + — + 8.0 (50%)
Na et al. (2018) + + — + + + + — - + + - + - — 8.0 (50%)
Vermeij et al. (2016) — + + — + + + — + - + + - + - + 8.0 (50%)
Feng et al. (2018) - + + - + + + - + + + - - + + — 7.0 (44%)
Hohenfeld et al. (2017) — + + — + + — — + — + + — + + — 7.0 (44%)
Multidomain intervention

Train the Brain Consortium (2017) + + + + + + + + + + + + + + + — 14.0 (88%)
van Dalen et al. (2017) + + + + + + + + + NA + + + + NA + 12.0 (86%)
Stephen et al. (2019) + + + + + + + — + + + - + + + + 13.0 (81%)
Delrieu et al. (2020) + + + + + + + + + + + + - + + — 13.0 (81%)
Broadhouse et al. (2020) + + + + + + + — + + + — — + + + 11.0 (69%)
Stephen et al. (2020) + + + + + + + - + + + - + + + - 11.0 (69%)
Kobe et al. (2016) + + + — + + + - + - + + - + + - 10.0 (62%)
Anderson-Hanley et al. (2018) + + + — + + + — + - + + + + - + 9.0 (56%)
Fotuhi et al. (2016) — + + — + NA — NA — + - - - NA - 3.0 (23%)
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Quality criteria : #1 : adequate randomization, #2 well-defined population, #3 : well-described inclusion/exclusion criteria, #4 : statistical power, #5 : clear outcome, #6 : groups are comparable, #7 : drop-out described, #8 : intention-to-treat, #9 :
between-group comparisons, #10 : blinding for outcome evaluation, #11 : well-described intervention, #12 : description of compliance, #13 description of complications, #14 : clear neuroimaging protocols/analyses, #15 : correction for multiple testing,
#16 : quality control procedures. NA, criteria not applicable.
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Identification of studies via PUBMED Identification of studies via other methods
=
=
3 Records identified from: Records identified from:
S PUBMED (n = 1,777) Citation searching (n = 11)
=
s
Records screened Records excluded on titles
(n=1,777) (n=1,548)
g’ Reports sought for retrieval Reports not retrieved after reading abstracts Reports sought for retrieval Reports not retrieved based on titles
s (n =229) (n=185) (n=11) ” (n=2)
5
%}
Reports excluded:
R Vascular cognitive impairment (n = 3) e .
| Reports asszzs:ii;or eligibility Trial not completed (n = 1) Reports ass(e:s:eg)for eligibility Trial?\i?g:;:;g:g?:; i
Specific type of intervention (n = 3)
Observational studies (n = 2)
o
2 Total studies included in review
2 (n=43)
=
FIGURE 1

PRISMA flowchart for the selection of the articles evaluated in this review.

n = 9) met our inclusion criteria (Figure 1). Articles that
were not selected after full-text review are described in
the Supplementary Table 2. Thirty-three publications included
participants with CI, nine, participants with nCI, two, both types
and one, a mix of both cognitive status.

The populations with nCI exhibited one of the following
risk factors: (1) subjective memory complaints/impairment
(SMC/SMI) (n = 3; Youn et al., 2009; Risacher et al., 2015; Na
etal., 2018); (2) “probable MCI” defined by a mini-mental state
examination (MMSE) score within normal range but a reduced
Montreal cognitive assessment (MoCA) score (n = 1; ten Brinke
et al, 2015); (3) at-risk for dementia based on the CAIDE
score (Cardiovascular Risk Factors, Aging, and Incidence of
Dementia; Kivipelto et al., 2006) with cognitive performance
at average or slightly lower level than expected according
to Finnish population norms for Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) neuropsychological
battery (Moms et al,, 1989) (n = 2; Stephen et al., 2019, 2020);
(4) limitations in one instrumental activity of daily living or
slow gait speed or spontaneous memory complaints (n = 1;
Delrieu et al., 2020); (5) high systolic blood pressure (n = 1; van
Dalen et al., 2017); (6) elevated amyloid load or subthreshold
amyloid levels [cerebral-to-cerebellar standard uptake value
ratio (SUVR) threshold > 1.0; n = 1; Vidoni et al,, 2021], or
(7) hypertension and elevated amyloid load or subthreshold
amyloid levels (SUVR > 1.0, see Vidoni et al,, 2021) (n = 1;
Kaufman et al., 2021).

Studies with CI participants included populations with
risk factors for AD, that is (1) amnestic or non-amnestic MCI
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participants (Petersen et al, 1999) and (2) participants

with objective CI associated with neurodegeneration
biomarkers based on imaging [medial temporal lobe
atrophy or hypometabolism on 18F-fluorodeoxyglucose

(18F-FDG) positron emission tomography (PET) data] or CSF
compounds (abnormal levels of AB peptides, AB1—_42, AB1—40,
AP1-42/1-40 ratio; t-Tau, or p-Tauygy; n = 3; Dubois et al,
2007; Albert et al., 2011).

Multiple imaging modalities were used to assess the effect
of interventions with brain gray matter (GM) structure being
the most commonly evaluated (58%, Table 3). Neuroimaging
biomarkers of GM, concerning either the whole brain, regional
volume or atrophy, were obtained from T1-weighted MRI
images. Different types of imaging biomarkers associated with
white matter (WM) structure were used. Volumes of white
matter hyperintensities (WMH) were obtained from fluid
attenuated inversion recovery (FLAIR) sequences; metrics of
WM tracts’ integrity, such as fractional anisotropy (FA), were
acquired from diffusion tensor imaging (DTI) analyses. Brain
perfusion was evaluated using arterial spin labeling (ASL) and
dynamic susceptibility contrast (DSC) perfusion imaging. One
study used ultrasound imaging. Brain function was evaluated
using task-based functional magnetic resonance imaging (t-
fMRI) and resting state functional magnetic resonance imaging
(rs-fMRI). Brain amyloid load was evaluated using 18F-AV-
45 (florbetapir) PET imaging. PET imaging was also used
to assess glucose metabolism. Eventually, one study used
proton nuclear magnetic resonance (NMR) spectroscopy to
analyze the impact of intervention on other metabolites: choline
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compounds, gamma-aminobutyric acid (GABA), glutamate-
glutamine (Glx), and N-acetyl aspartate and N-acetylaspartyl-
glutamate (NAA-NAAG).

According to the notation criteria, 88% of the studies
ranged from good to high quality (n = 38), only a few were
considered of “limited” quality (n = 5; Table 2). Criteria #7 and
#8, respectively corresponding to the intention-to-treat analysis
and the description of drop-outs, were the least fulfilled. Around

Other met. imaging®
0
1
1
0
2

60% of the studies were not sufficiently powered. Concerning
imaging criteria, only one third of the studies specified that
a control quality procedure was applied and only 46% of the
studies applied multiple correction.

3.2. Types of interventions and effect on
brain imaging biomarkers

Glucose met. PET imaging

3.2.1. Physical exercise

From the 11 studies evaluating PE (Table 4), four were of
e o o - high quality and seven of good quality (Table 2). A majority
examined aerobic training and only one considered resistance
training (ten Brinke et al, 2015). PE extended over 12-52

weeks, frequency ranged from 2 to 5 times a week and session

Ultrasound®

length varied from 25-30 to 60 min, which approximately
corresponds to the recommendations of the WHO (World
Health Organization, 2019). Mean participants’ age ranged from
65 to 81 years. The proportion of females varied from 39 to

Perfusion MRI®
3
2
0
1
6

83%, with one study including exclusively women (ten Brinke
et al, 2015). Three publications originated from the Aerobic
Exercise Training in Mild Cognitive Impairment (AETMCI)
study (Tarumi et al., 2020; Thomas et al., 2020; Tomoto et al.,
2021), two from the Alzheimer’s Prevention through Exercise
study (APEx) (Kaufman et al.,, 2021; Vidoni et al., 2021) and
three originated from the same sample (Smith et al, 2013;
Chirles et al., 2017; Alfini et al., 2019).

Amyloid PET imaging
1
0
0
0
1

3.2.1.1. Effect of PE on brain structure and amyloid load
For participants with nCI, the majority of the studies on
PE reported null results (two studies, k = 4, all with sham) on

fMRIP
3
1
6
2
12

brain structure (k = 3) or amyloid imaging (k = 1; Table 5).
The only positive study revealed an increased hippocampal
volume (HV) in participants with “probable” MCI after 6
months of PE (ten Brinke et al, 2015). This increase in HV
was counterintuitively associated with reduced verbal memory

WM sMRI2
2
1
3
3
9

and learning performance (ten Brinke et al., 2015). However, 6
months of resistance training (~weight lifting) did not impact

ASL, arterial spin labeling; CT, cognitive training; DSC, dynamic susceptibility contrast; FLAIR, fluid attenuated inversion recovery; fMRI, functional MRI; GM, gray matter; MD, multidomain; Met, metabolism; MRI, magnetic resonance imaging; PE,

?Evaluation of white matter integrity with diffusion weighted imaging or evaluation of white matter hyperintensities on T2-FLAIR MRI.

TABLE 3 Among the 43 included studies, number of studies evaluating an imaging modality.

physical exercise; PET, positron emission tomography; WM, white matter.

CEither PET or proton magnetic resonance spectroscopy.

& = HV in those participants (ten Brinke et al., 2015). A longer

= + o~ o ] fg‘ duration (52 weeks) of aerobic exercise did not modify HV, brain

5 % - volume nor global cerebral amyloid load in older adults with
é" E % elevated amyloid load (Vidoni et al., 2021).

s 2 % § For participants with CI, and all neuroimaging modalities

Z - % S E being taken into account, positive results outweigh null results.

225 SR FZ28 However, when considering only studies with a sham procedure,
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TABLE 4 Physical exercise (PE) interventions.

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)

Vidoni et al. (2021) CN, elevated :71.2+48 I: AE (treadmill 52 wk 52 wk ol 1 cardiorespiratory fitness. 14.0
cerebral 70.5% (F) walking) 150’ over Amyloid im.: oNo effect of I on executive function, verbal memory, visuospatial (93%)
amyloid or C: standard exercise 3-5 session/wk N =109 function.

SUVR > 1.0 C:722+53 public health eNo effect of I on global cerebral amyloid load, and whole brain or
N=117 61.5% (F) information GM sMRI: hipp. vol.
N =104
ten Brinke et al. (2015) Probable MCI 11: 76.07 +3.43 11: AE 6 mo 6 mo el1 1 total hipp. vol. 14.0
N=39 100% (F) I2: Resistance training 60’ session 2x/wk GM sMRI: eNo effect of 12 on GM sMRI outcomes. (88%)
12:73.75 £ 3.72 C: Balance and tone N =39 elncrease in left hipp. vol. associated with poorer performance in the
100% (F) training number of words recalled post-interference (RAVLT).
C:75.46 +3.93
100% (F)
Tarumi et al. (2020) aMCI L:67+7 I: AE 12 mo 12 mo oI minimally improves cognition (letter fluency performance). 14.0
N =36 44 % (F) C: stretching and 25-30’ session WMH im. oNo effect of I on WM lesions or metrics derived from DTIL. (88%)
C:66+7 toning 3x/wk and DTT: ePeak oxygen uptake 1 associated with attenuated 1 in MD and AxD.
50% (F) to 30-40’ session N =36 eNo correlation between cognitive test scores and peak oxygen uptake
4-5x/wk or WM integrity.
Tomoto et al. (2021) aMCI 1:64.8 +6.4 See Tarumi et al. See Tarumi et al. 12 mo oI minimally improves cognition (letter fluency performance). 12.0
N=52 55% (F) (2020) (2020) Duplex ultra- ol | carotid B-stiffness index and CBF pulsatility and 1 global CBF. (80%)
C:66.1+6.8 sonography and o4 of cardiorespiratory fitness associated with 4 of CBE, and |, of
53% (F) transcranial carotid B-stiffness and CBF pulsatility.
doppler oNo effect of I on WMH (see Tarumi et al., 2020) and total brain or
and GM sMRI hipp. vol. but global 4 of WMH vol. and |, of hipp. and whole brain
and WMH im*: vol.
N=35

(Continued)
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TABLE 4 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note

(sd) description length/freq. at follow up

Gender (F)
Yogev-Seligmann et al. aMCI 1: 70.84 £+ 5.53 I: AE 16 wk 16 wk ol 1 front. activity during memory encoding (vs. C). 12.0
(2021) N=27 38.5% (F) C: balance, gross 40’ session 3x/wk t-fMRI: oI 1 neural synchronization in front., ins., cing., par., occ. and temp. (75%)

C:71.92 £ 6.4 motor coordination N=27 cortices. I | activity during memory encoding for C in front., par.,

50% (F) and light toning temp., occ. and cer. areas.

exercise oNo effect of I on cognition but 1 of cardiorespiratory fitness
associated with 4 brain activity in front. areas for L.

Kaufman et al. (2021) CN, elevated 71.8 + 54 See Vidoni et al. See Vidoni et al. 52 wk ol 1 HBF in APOEe4 carriers. 11.0
cerebral 61% (F) (2021) (2021) Perf. MRI: eFor APOEe4 carriers, | SBP associated with 4 HBF. (73%)
amyloid or N =44 eAfter I, correlation between HBF and verbal memory for APOEe4
SUVR > 1.0 carriers; no interaction between I and APOEe4 status on visuospatial
and functioning, executive functioning or verbal memory.
hypertensive
N=44

Thomas et al. (2020) aMCI 1: 66.4 £+ 6.6 See Tarumi et al. See Tarumi et al. 12 mo oLM and cardiorespiratory fitness improves after I group. 11.0
N =30 46.7% (F) (2020) (2020) Perf. MRI oNo effect of T on GMV. (69%)

C:66.1 7.2 and GM sMRI: o] 1 CBF in ACC, | CBF in PCC.
46.7% (F) N =30 eFor all participants, CBF in ACC and front. areas correlated with LM.

Alfini et al. (2019) MCI MCI: 80.5 + 5.8 I: AE 12 wk 12 wk eMCI and HOA both improve on RAVLT and COWAT tests after I. 11.0
N=15 60.0% (F) 30’ session 4x/wk Perf. MRI: eElevated CBF at baseline in left ins. for MCI vs. HOA attenuated after (69%)
HOA HOA:76.5+7.2 N=32 L
N=17 82.4% (F) eFor MCI, negative correlation between COWAT and CBF in the left

ins. and ACC.
eFor MCIL, I | CBF in left ACC and right inf. front. gyrus. For HOA, I
4 CBF in right ACC.

(Continued)
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TABLE 4 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Chirles et al. (2017) MCI MCI: 79.6 & 6.8 See Alfini et al. (2019) See Alfini et al. 12 wk oMCI and HOA both improve on verbal memory (RAVLT) after I. 10.0
N=16 63% (F) (2019) rs-fMRI: o] 1 connectivity between PCC/PCu and left postcentral gyrus for MCI (62%)
HOA HOA:76.1+7.2 N=32 and HG; 1 connectivity between PCC/PCu and right par. lobe for MCI
N=16 81% (F) and | connectivity for HOA.
Smith et al. (2013) MCI MCI: 78.7 + 7.5 See Alfini et al. (2019) See Alfini et al. 12 wk eMCI and HOA improve on RAVLT Trial 1, and peak aerobic capacity 10.0
N=17 59% (F) (2019) t-fMRI: after I. (62%)
HOA HOA:76.0+7.3 N =34 eFor MCI and HC, T |, task activation for left precentral gyrus, left
N=18 83% (F) lentiform, left PCu, right sup. par. lobule/angular gyrus, right
sup./mid. temp. gyrus, left lat. occ. gyrus and left cer.
Henrique de Gobbi MCI 70.3 £ 5.4 I: AE 24 wk 24 wk el improves cognition (ADAS-COG). 8.0
Porto et al. (2015) N =40 77.5% (F) 30-50 session Glc met. im.: oI | glc metabolism in ACC which correlates with improvement of (50%)
2x/wk N =40 visuospatial function/attentional functions (cROCF).

ol | glc metabolism in ACC which negatively correlates with increase

in the right retrosplenial cortex.

‘|e 3o shuad

B0 uISIBIUOLY

|, decrease; 1, increase; ACC, anterior cingulate cortex; AD, Alzheimer’s disease; ADAS-COG, Alzheimer’s disease assessment scale-cognitive subscale; APOE, apolipoprotein E; AE, aerobic exercise; aMCI, amnestic mild cognitive impairment; AxD,
axial diffusivity; C, control condition; CBE, cerebral blood flow; Cer, cerebellum; Cing, cingulate; cROCE, copy of the Rey-Osterrieth Complex Figure; CN, cognitively normal; COWAT, controlled oral word association test; F, female; Front, frontal;
Glc, glucose; GM sMRI, gray matter structural magnetic resonance imaging; GMV, gray matter volume; Hipp, hippocampus; HBE, hippocampal blood flow; HOA, healthy older adults; I, intervention; Inf, inferior; Ins, insula; Im, imaging; Lat, lateral;
LM, logical memory; M, male; MCI, mild cognitive impairment; Met, metabolism; MD, mean diffusivity; Mid, middle; Mo, months; MRI, magnetic resonance imaging; Occ, occipital; Par, parietal; PCC, posterior cingulate cortex; PCu, precuneus; Perf,
perfusion imaging; RAVLT, rey auditory verbal learning test; rs-fMRI, resting state functional magnetic resonance imaging; Sup, superior; SUVR, standard uptake value ratio; Temp, temporal; t-fMRI, task functional magnetic resonance imaging; Vol,
volume; Wk, week; WM, white matter; WMH, white matter hyperintensities.

*In order to simplify, we reported the minimum number of data provided for the different imaging metrics.
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TABLE 5 Positive and null results for each intervention (see Figure 2) and according to neuroimaging modalities.

+(C) -(©) +(NC) -(NC)
PE
nCI (N =2,k =4) GM sMRI (k = 1, q = 88%) GM sMRI (k =2, q = 90%) k=0 k=0
Amyloid im. (k =1, g = 93%)

CI(N=8 k=11) Ultrasound (k =1, q = 80%) WM sMRI (k = 2, q = 88%) fMRI (k =2, q = 62%) k=0

fMRI (k = 1, q = 75%) GM sMRI (k = 2, q = 74%) Perf. MRI (k = 1, q = 69%)

Perf. MRI (k = 1, q = 69%) Glc met. im. (k= 1, q =50%)
Nutrition
nCI(N=1,k=2) k=0 Perf. MRI (k= 1, q = 62%) k=0 k=0

GM sMRI (k= 1, q = 62%)

CI(N =7,k=10) GM sMRI (k = 3, q = 83%) GM sMRI (k =2, q = 66%) k=0 k=0

Perf. MRI (k = 2, q = 56%) WM sMRI (k = 1, q = 69%)

MRI (k = 1, q = 69%)

Glc met. im. (k=1, q =20%)
CT
nCI (N=2,k=5) WM sMRI (k = 1, q = 62%) GM sMRI (k = 1, q = 62%) k=0 Glc met. im. (k= 1, q =50%)

GM sMRI (k = 1, q = 50%)
WM sMRI (k = 1, q = 50%)

CI(N=11,k=21) GM sMRI (k = 3, q = 46%) Other met. im. (k =3, q = 50%) GM sMRI (k = 3, q = 50%) k=0

fMRI (k = 5, q = 59%) Glucose met. (k= 1, q = 56%) WM sMRI (k = 1, q = 50%)

Glc met. im. (k=1,q=1,q=62%) fMRI (k = 2, q =53%)

Other met. im. (k = 1, q = 50%) Glc met. im. (k=1, q =50%)
MD
nCI(N =4,k =5) WM sMRI (k = 1, q = 69%) WM sMRI (k = 2, q = 83%) k=0 k=0

Glc met. im. (k=1, q=81%)
GM sMRI (k =1, q = 81%)
CI(N=4,k=6) GM sMRI (k = 2, q = 66%) GM sMRI (k = 1, q = 88%) GM sMRI (k = 1, q = 23%) k
Perf. MRI (k = 1, q = 88%)
MRI (k = 1, q = 88%)

1
(=]

Results on WM can include results on white matter integrity evaluated using diffusion weighted imaging or results on WM hyperintensity. These two types of results are considered and
counted separately but grouped under the same appellation of WM structure in this table. For a set of k results, the mean quality q of the studies from which the results were reported was
specified.

Were not included in this table results from intervention intermediate timepoints (Delrieu et al., 2020: results at 6 months, Soininen et al., 2017) or followup measures (Broadhouse et al.,
2020: results at 18 months), from a mixed sample of participants (Neth et al., 2020: ketone uptake and glucose metabolism), and studies reporting only results from correlation analyses
(Vermeij et al., 2016; Anderson-Hanley et al., 2018; Hama et al., 2020), or analyzing specific subgroups within a clinical trial (Jernerén et al., 2015; Kaufman et al., 2021).

+ (C), number of positive results from studies including a control group; -(C), number of null results from studies including a control group; + (NC), number of positive results from studies
without a control group; - (NC), number of null results from studies without a control group; CI, cognitive impairment; CT, cognitive training; fMRI, functional MRI; GM, gray matter;
Im, imaging; k, number of results from all modalities of N studies; MD, multidomain; Met, metabolism; MRI, magnetic resonance imaging; N = number of studies; nCI, no cognitive
impairment; PE, physical exercise; q, mean quality score; sMRI, structural MRI; WM, white matter.

the number of positive and null results was almost even (3 3.2.1.2. Effect of PE on brain function, perfusion, and
vs. 4; Figure 2). For publications evaluating brain morphology, metabolism
all had a sham intervention and none reported an effect of For participants with nCI, only one study reported that

PE [-(C), Table 5]. Twelve months of aerobic exercise did not PE modified cerebral blood flow (CBF) and specifically for a
modify WMH (Tarumi et al., 2020; Tomoto et al.,, 2021) nor subgroup of APOE €4 participants (Kaufman et al., 2021).

total brain volume (Tomoto et al., 2021) or HV (Thomas et al., For participants with CI, either MCI or aMCI, PE of various
2020; Tomoto et al, 2021) and other brain regions volumes duration modified brain activity, glucose metabolism, and CBF
(Thomas et al., 2020) for amnestic MCI (aMCI) participants. (Table 5).

WMH are of vascular origin and an indication of demyelination Studies involving patients with MCI reported positive effects
and axonal damage (Wardlaw et al., 2015) and highly associated of PE on brain activity, glucose metabolism and CBF but did
with preclinical AD (Kandel et al, 2016). WM integrity, as not compare this effect to a sham intervention [Table5, +
evaluated by DTI, was equally not affected (Tarumi et al., 2020). (NC)]. Twelve weeks of PE increased functional connectivity
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FIGURE 2

Number of positive or null results according to the type of
intervention, with or without a sham intervention, and presented
according to the cognitive profile (nCl, Cl). For N studies
administering an intervention all results from all imaging
modalities (k) were reported. Were not included in this figure
results from intervention intermediate timepoints (Delrieu et al.,
2020: results at 6 months, Soininen et al., 2017) or followup
measures (Broadhouse et al., 2020: results at 18 months), from a
mixed sample of participants (Neth et al,, 2020: ketone uptake
and glucose metabolism), and studies reporting only results
from correlation analyses (Vermeij et al., 2016; Anderson-Hanley
et al, 2018; Hama et al., 2020), or analyzing specific subgroups
within a clinical trial (Jernerén et al., 2015; Kaufman et al,, 2021).
+, number of positive results (effect of an intervention); —,
number of null results (lack of effect from an intervention); Cl,
cognitive impairment; CT, cognitive training; k, number of
results (all imaging modalities); MD, multidomain; N, number of
studies; NC, results from studies without a sham group; nCl, no
cognitive impairment; PE, physical exercise.

(FC) of the posterior cingulate cortex (PCC)/Precuneus (Chirles
et al,, 2017). The PCC/Precuneus is a central node of the
default mode network (DMN), a functional brain network
associated with internally focused tasks such as autobiographical
memory retrieval (Buckner et al., 2008) and which dysfunction
has been observed in early AD patients (Simic et al.,, 2014).
This increase of FC of the PCC/Precuneus might be linked
to mechanisms of neural compensation that appear with age-
related or pathological brain networks impairment (Chirles
etal., 2017). For patients of the same cohort, task activation was
decreased in multiple brain regions during a semantic memory
retrieval task, implying that neural efficiency was improved
and suggesting a better recruitment of neural resources after
PE (Smith et al, 2013). Participants of the aforementioned
cohort (Smith et al., 2013) exhibited decreased exercise-induced
CBF at baseline in the left insula—a brain region involved in
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higher order cognitive processes and affected early by AD—
until it reached healthy controls levels (Alfini et al., 2019).
PE additionally decreased CBF in the left anterior cingulate
cortex (ACC) and in inferior frontal regions (Alfini et al., 2019).
Decrease of CBF has been associated with decreased cognitive
performance in aging (Leeuwis et al., 2018) and commonly
observed in AD patients; it has been hypothesized that PE could
alleviate this decrease (Tarumi and Zhang, 2018). The decrease
in CBF observed by Alfini et al. (2019) thus seems surprising.
However, hyperperfusion has also been observed in older adults
with increased risk of AD, and intervention may help restore a
declining neurovascular system that initially showed abnormally
high CBF.

PE intervention decreased glucose metabolism in the ACC
after 24 weeks of training (Henrique de Gobbi Porto et al., 2015).
This decrease appeared to reflect better brain functioning as
it was associated with an improvement of the visuospatial and
attentional function. Moreover, it was related to an increase of
glucose metabolism in the retrosplenial cortex, which is part
of the DMN, suggesting opposite mechanisms in the two areas
(Henrique de Gobbi Porto et al., 2015).

All studies with aMCI patients included a sham condition
and showed that PE affected both CBF and brain function.
CBF was globally increased after 12 months of aerobic training
(Tomoto et al,, 2021) and regionally modulated with an increase
in the ACC and a decrease in the PCC, suggesting a posterior-
to-anterior shift of brain perfusion (Thomas et al, 2020).
Eventually, activation in frontal areas was increased for aMCI
following a memory encoding task and after 16 weeks of
PE, possibly reflecting a compensatory mechanism (Yogev-
Seligmann et al., 2021).

3.2.2. Nutrition/diet

From the 10 studies on nutrition (Table 6), two of them were
considered of limited quality, five of good quality and three
of high quality (Table 2). Interventions comprised B vitamins
(n = 2), folate (n =
Souvenaid (n = 3), omega-3 (n = 1), algal docosahexaenoic acid

1), resveratrol (n = 1), medical food

(DHA) (n = 1) supplementations, and modified Mediterranean-
ketogenic (MMKD) and American Heart Association diets
(AHAD) (n =1).

B vitamins could mitigate the increase in homocysteine
plasma levels which have been associated with brain atrophy,
among other deleterious processes (Kennedy, 2016). Resveratrol
has been shown to increase brain neurogenesis (Gomes et al.,
2018), decrease amyloid deposition (Ashrafizadeh et al., 2020),
and reduce tau hyperphosphorylation (Yan et al., 2020) and
appears as a promising means of prevention (Tosatti et al., 2022).
Souvenaid is a medical food which includes a mix of nutrients:
DHA, eicosapentaenoic acid (EPA), uridine monophosphate,
choline, B12, B6, C, E vitamins, folic acid, phospholipids and
selenium, and which has been shown to improve memory
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TABLE 6 Nutritional interventions.

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Soininen et al. (2017) prAD 1:71.3+7.0 I: LipiDiDiet (medical ~ 24 mo 24 mo oNo effect of T on NTB composite z-score, but less worsening on 14.0
N =311 47% (F) food Souvenaid) 125 mL daily GM sMRI: CDR-SB. (93%)
C:70.7+6.2 C: Control drink supplementation N =200 ol reduced hipp. atrophy and ventricles enlargement; no effect on
54% (F) whole brain volume.
Soininen et al. (2021) prAD 1:713+7.0 I: LipiDiDiet (medical 36 mo 36 mo el reduced decline in CDR-SB, NTB composite z-score and NTB 14.0
N =311 47% (F) food Souvenaid) See Soininen et al. GM sMRI memory domain. (93%)
C:70.7+6.2 C: Control drink (2017) N=75 eLess deterioration of hipp., whole brain and less 1 of ventricular
54% (F) volumes after I.
Smith et al. (2010) MCI 1:77.0+52 I: B vitamin 2 years 2 years ol | brain atrophy. 13.0
N =168 58.8% (F) C: Placebo daily GM sMRI: oI had greater effect with higher baseline HCy levels. (87%)
C:762+45 supplementation N =168 eNegative association between atrophy rate and cognition.
62.7% (F) of folic acid (0.8
mg),
vitamin B-6 (20
mg),
vitamin B-12 (0.5
mg)
Zhang et al. (2016) MCI 1: 74.49 £ 2.65 I: Algal DHA 12 mo 12 mo oI 1 cognitive capacity (Full-Scale IQ, WAIS-RC Information and 11.0
N =240 64.17 % (F) C: Corn oil daily GM sMRI: Digit Span tests). (69%)
C:74.57 £ 3.31 supplementation N =240 oI 1 hipp. and total cerebrum volumes; no effect on volume.
65.83% (F) of 2g of w3 intake eCognition correlated with total hipp. and ventricles volumes.
(algal DHA)
Kobe et al. (2017) aMCI 1:65+9 I: Resveratrol 26 wk 26 wk oNo effect on memory. 11.0
N =40 56% (F) C: Olive oil daily GM sMRI o] 1 FC between hipp. and angular cortex. (69%)
C:69+7 supplementation, & DTI oNo effect on hipp. MD
50% (F) 200 mg resveratrol & rs-fMRI: ePreserves hipp. volume (trend).
and N=30
350 mg quercetin
Jernerén et al. (2015) MCI 76.6 (75.9,77.3) See Smith et al. (2010) See Smith et al. 2 years oI affects conjointly with baseline EPA and DHA status atrophy. 9.0
N =168 (95% CI) (2010) GM sMRI: oI more efficient in subjects with high baseline EPA and DHA status; (64%)
60.7% (F) N =168 no effect on subjects with low w3.

(Continued)
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TABLE 6 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Neth et al. (2020) MCI SMC: 649 +7.9 I: Mediterranean first diet (6wk) then 18 wk oMCI and SMC improved on FCSRT after I and C, but not on 10.0
N=9 82 % (F) ketogenic diet washout (6wk) then Perf. MRI ADAS-Cog story recall. (62%)
SMC MCI: 63.4 £ 4.0 (MMKD) second diet (6 wk). & GM sMRI: oI 1 and CSF AB42/tau ratio levels for MCI and SMC and | tau levels
N=11 67 % (F) C: American Heart Target N=20 for MCL
Association Diet macronutrient Glc& Ketone oNo effect of I or C on GMV for MCI nor for SMC.
(AHAD) composition: body met. im.: eNo effect of I or C on glc met, but 4 of ketone body uptake after I
5-10% N=5 (pooled MCI and SMC).
carbohydrate, oI 1 perfusion in left PH and right temp. areas (due to MCI).
60-65%

fat, 30% protein

Hama et al. (2020) MCI with 79.7+7.9 I: Folate 28-63 days Followup ol | HCy levels. 4.0
folate 37.8% (F) supplementation 5 mg daily (28-63 days): oI + MMSE score. (31%)
deficiency supplementation GM sMRI: eBaseline hipp. atrophy not associated with change in MMSE.

N=45 N=30
Manzano Palomo et al. MCI 1: 72.18 £ 6.34 I: medical food 1 year 1 year oI preserved memory performance, executive function and attention. 3.0
(2019) N =41 47.1% (F) Souvenaid n.s Glc met. im.: No effect of I on rate of progression of dementia, but (20%)
C:68.08 & 8.54 C: no treatment N =39 stabilized/improved evolution reported in SCS.
66.7% (F) oNo effect on vascular risk factors but hypercholesterolemia | after I.

eWorsening of glc met. in C only.

Schwarz et al. (2017) aMCI I.67£9 I: w3 diet 26 wk 26 wk oI 1 CBF and volume in post. cortical regions. 7.0
N=13 38% (F) C: Sunflower oil 2,200 mg daily Perf. MRI: (50%)
C:66+9 intake N=13
60% (F)

1, decrease; 1, increase; AB, amyloid f; w3, Omega-3; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s disease assessment scale-cognitive subscale; aMCI, amnestic mild cognitive impairment; C, control condition; CBE, cerebral blood flow; CDR-SB,
clinical dementia rating-sum of boxes; CSF, cerebrospinal fluid; DHA, docosahexaenoic acid; DTI, diffusion tensor imaging; EPA, eicosapentaenoic acid; F, female; FC, functional connectivity; FCSRT, free and cued selective reminding test; glc, glucose;
GMY, gray matter volume; GM sMRI, gray matter structural magnetic resonance imaging; HCy, homocysteine; hipp, hippocampus; I, intervention; Im, imaging; Iq, intelligence quotient; M, male; MCI, mild cognitive impairment; MD, mean diffusivity;
Met, metabolism; MMSE, mini-mental state examination; Mo, months; MRI, magnetic resonance imaging; NTB, neuropsychological test battery; n.s, not specified; Perf, perfusion imaging; PH, parahippocampal; Post, posterior; prAD, prodromal AD;
rs-fMRI, resting state functional magnetic resonance imaging; SCS, subjective changing scale; SMC, subjective memory complaint; temp, temporal; WAIS-RC, wechsler adult intelligence scale-revised; Wk, week.
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function (van Wijk et al, 2013). Omega-3 intake, including
either DHA or EPA, have been shown to be beneficial at the onset
of AD (Canhada et al., 2018) and to improve cognition in older
adults (Swanson et al., 2012). Ketogenic diets have been shown
to improve cognition in patients with AD, possibly by reducing
amyloid burden (Rusek et al., 2019).

Both the studies from Smith et al. (2010) and Jernerén et al.
(2015) originated from the VITACOG trial testing the impact
of a B vitamins intervention on AD. The two publications
by Soininen et al. (2017, 2021) came from the LipiDiDiet
trial investigating the effect of a 24-36 month intervention
with Souvenaid. Intervention duration varied from 28 days
to 36 months and most studies used daily supplementation.
Participants’ mean age ranged from 63 to 80 years, and the
proportion of females varied from 38 to 82%.

3.2.2.1. Description of the effect of nutrition on brain
structure

The effects of nutritional interventions were all assessed
in trials including a sham intervention (Figure2). Only
one study examined the effect of nutrition on the brain
structure of participants with nCI (Neth et al., 2020; Table 5).
This study reported that 6 weeks of MMKD did not
impact gray matter volume (GMV) for subjects with SMC
(Neth et al., 2020).

For patients with CI, and regardless of the type of
neuroimaging biomarker, the seven studies examining the
impact of nutritional interventions obtained more positive
than null results (7 vs. 3; Figure 2). The results related to
structural analyses were mixed. They were positive after B
vitamins, DHA, and souvenaid intake but not after MMKD or
resveratrol intake (Table 5). The two publications obtained from
the VITACOG trial reported the impact of 2 years of B vitamins
intervention on MCI patients. Those patients exhibited reduced
brain atrophy while the responsiveness to B vitamins was
increased in participants with the highest baseline homocysteine
levels (Smith et al., 2010) and -3 fatty acid status (Jernerén
et al., 2015). MCI participants were also positively receptive
to algal DHA intervention which increased total brain volume
and HV after 12 months of daily supplementation (Zhang
et al., 2016). However, 6 weeks of MMKD did not modify the
GMYV of MCI patients (Neth et al., 2020). For MCI with folate
deficiency (<3.6 ng/mL), 28-63 days of folate supplementation
improved cognition (MMSE). Nevertheless, no relation could be
established between this improvement and participants’ baseline
atrophy (Hama et al., 2020).

For patients with aMCI, 26 weeks of resveratrol intervention
did not affect HV, though a statistical trend was observed (p =
0.06; Kobe et al., 2017). This intervention did not affect mean
diffusivity in the hippocampus (Kobe et al., 2017). Eventually,
for patients with CI together with positive biomarkers of
neurodegeneration, two publications originating from the same
trial and assessing the effect of 24-36 months of Souvenaid
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(Soininen et al., 2017, 2021) showed that it protected from
hippocampal atrophy and ventricular enlargement. A decline
in global brain atrophy was later detected at 36 months
(Soininen et al., 2021).

3.2.2.2. Description of the effect of nutrition on brain
function, perfusion, and metabolism

The sole study including participants with nCI, a group
mixing SMC with MCI, reported that 6 weeks of MMKD
increased brain perfusion (Neth et al, 2020). When change
in perfusion was analyzed according to the cognitive status, it
revealed that this increase was driven by the MCI participants
(Neth et al., 2020). MMKD intervention increased ketone body
uptake while it did not modify glucose metabolism (Neth et al.,
2020). Due to the limited size of the sample, the effect of the
intervention on ketone body uptake and glucose metabolism
could not be evaluated for each cognitive group individually.

Studies involving CI participants all reported an effect of the
nutritional interventions on either brain metabolism, perfusion
or function (Table 5). One year of Souvenaid preserved glucose
metabolism in MCI, while hypometabolism was observed for
the sham intervention (Manzano Palomo et al., 2019). Twenty-
six weeks of w-3 supplementation increased CBF in posterior
regions for aMCI (Schwarz et al., 2017). Twenty-six weeks of
resveratrol also affected aMCI participants by increasing FC
between the hippocampus and the angular gyrus, two core areas
of the DMN susceptible to be affected by neurodegenerative
processes (Kobe et al., 2017).

3.2.3. Cognitive training

Thirteen publications reported the impact of CT on
neuroimaging biomarkers for at-risk for AD patients (Table 7).
Eleven studies were considered of good quality while two were of
limited quality (Table 2). The duration of CT varied from 3 days
to 6 months, ranging from 1 to 5 sessions per week, and sessions’
length ranged from 40 to 120 min. Participants’ mean age ranged
from 61 to 76 years, and the proportion of females varied from
20 to 90%. All studies originated from independent trials.

Various CT were used, computerized (n = 5) or non-
computerized (n = 8), uni- or multi-domain and aimed at
improving domains such as memory, attention or executive
functions. Over the five computerized CT, four targeted multiple
cognitive domains (Barban et al., 2017; Na et al,, 2018; Li
et al, 2019; Zhang et al, 2019) while only one focussed
on solely improving working memory (Vermeij et al., 2016).
Among the eight non-computerized CT, two used multi-
domain CT (Ciarmiello et al., 2015; Park et al, 2019), one
included both multi-domain and uni-domain (Feng et al., 2018),
and five tested single domains (Belleville et al, 2011; Yang
et al., 2016; Hohenfeld et al., 2017; Simon et al., 2018; Youn
et al,, 2019). The uni-domain CT targeted memory (Belleville
et al,, 2011; Yang et al,, 2016; Simon et al., 2018), reasoning
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TABLE 7 Cognitive training (CT) interventions.

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Simon et al. (2018) aMCI 1:73.34+59 I: mnemonic strategy 2wk 2 wk: eFace-name memory improved post-training and at 1 and 3 mo after 11.0
N =30 73.3% (F) training 1 h session 2x/wk t-fMRI end of I; SUT recognition task improved at 1 mo and post training; (69%)
C:71.0+ 65 C: education program (memory SUT free recall at 1 mo of training. Self-reported improvement for I
80% (F) encoding group in their memory abilities post-training.
task): oI 1 task-induced activation in the left ant. temp. lobe.
N =30
Barban et al. (2017) aMCI aMCI I: CCT (focused on 3 mo of I followed 6 mo oI improved memory on the whole sample (mainly driven by aMCI) 11.0
N=23 1:71.4+ 6.6 memory, by3moof Corvice  rs-fMRI: and attention (mainly driven by mAD). (69%)
Mild AD 30% (F) executive functions, versa N =61 eDMN FC: I 1 connectivity of PCu for the whole sample, | FC in
N=22 C:72.8+5.7 attention, and 1 h session 2x/wk med. sup. front. gyrus for aMCI (vs. HOA, FC 4 for HOA), and | FC
HOA 46% (F) reasoning) in med. temp. lobe for mAD.
N=25 Mild AD C: active control eWhole brain FC : For aMCI, I 1 BC of the orbito-front. region and |
1:76.4+6 BC of cer., and | Th. <> hipp., Th. <> globus pallidus, and cer. <> cu
64.3% (F) FC. For mAD, 1 BC of the right ant. cingu. and 1 calcarine cortices <>
C:73.9+47 left med. termp. lobe FC. No effect of I on FC for HOA.
63% (F)
HOA
1: 69.9 £ 5.6
66.7% (F)
C:71+6.8
77% (F)
Lietal. (2019) MCI 69.5+7.3 I: CCT (working and 6 mo 6 mo ol improved cognition (MMSE, ACER Attention and Memory, CFT 11.0
N =141 39% (F) episodic memory 3-4 session/wk with  rs-fMRI: copy, CWST interference index) at 6 mo; no # at 12 mo. (69%)
C:715+6.8 speed of calculation, a total of 120-160 N =141 o] 1 regional activity in bilat. temp. poles, ins. and left PH areas at 6
66.7% (F) visual search, mo.

alertness, mental
rotation, and images
re-arrangement tasks)

C: control group

(Continued)
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TABLE 7 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Belleville et al. (2011) aMCI aMCI: I: episodic memory 6 wk 6 wk oI improved word recall in MCI and HOA. 10.0
N=15 70.13 £ 7.34 training 2 h session 1x/wk t-fMRI (verbal eFor MCI with encoding task, 1 activation after I (par. lobule, front., (62%)
HOA 73.3% (F) encoding and cer., temp., ins. and basal ganglia areas). For retrieval task, 1 activation
N=15 HOA: retrieval tasks): (par., prefront., PCC, ins. and temp. areas). No effect on hipp target
70 £7.26 N =30 region.
66.7% (F) eFor HOA, 1 activation during retrieval and | activation during
encoding, after I. Effect on hipp target region.
ol | # in activation between MCI and HOA in cing./med. front. gyrus
and in the right par. lobe.
Ciarmiello et al. (2015) aMCI 1: 71.22 £ 7.66 I: training on 4 mo 4 mo oNo effect of I on cognition. 10.0
N =30 60% (F) attention, 45’ session 2x/wk Glc met. im.: oI modifies glc met. in front., temp. fusiform gyrus, caudate nuclei and (62%)
C:71.954+7.13 executive functions, N =30 ant. cing. areas.
53.3% (F) memory domains eFor I, association between evolution of glc met. and cognitive
C: usual lifestyle with performance, attention, and executive function.
regular meetings with
a psychologist
Youn et al. (2019) SMC 1:69.9 +5.10 I: metamemory 10 wk 10 wk eAfter I, 1 in long-term delayed free recall of verbal memory, 10.0
N =201 64% (F) training 90’ session 1x/wk GM sMRI categorical fluency, and in the Boston naming test. (62%)
C:69.11 £ 4.6 C: general education & DTI: oI | MD in left sup. longitudinal fasciculus, left corona radiata, left
60% (F) on memory N =49 external capsule, corpus callosum, and left post. limb of the internal
capsule.
oNo effect of I on FA, RD and AxD.
eTrend for 1 in prefront. cortex.
Zhang et al. (2019) aMCI 752+ 3.8 I: CCT (reasoning, 12 wk 12 wk oNo effect of I on cognition. 8.0
N=17 64.7% (F) memory, visuospatial 1 h session 2x/wk GM sMRI: o+ GMV in right angular gyrus. (57%)
skill, language, N=12 eCorrelation between GMV in the right angular gyrus area and scores

calculation, and
attention cognitive

domains)

on the immediate recall component of the HVLT-R and on the
BVMT-R.

(Continued)
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TABLE 7 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Park et al. (2019) aMCI 1:70.7+75 I: training mainly on 12 wk 12 wk ol improved performance on the COWAT test at 12 and 24 wk. 9.0
N =50 52% (F) memory, frontal lobe Home-based Glc met. im.: oI had no effect on glc met. (56%)
C:69.7+84 function, and cognitive N=32
60% (F) orientation domains intervention (daily
C: no cognitive 30°
training homework)+
hospital
visit 1 day/wk
Yang et al. (2016) aMCI 1:67.8+9.7 I: memory training 12 wk 12 wk oI 1 GMYV of the dorsal ACC; not hipp. 8.0
N=25 54.5% (F) (verbal and visual 60’ session 1x/wk GM sMRI: eCho compounds |, after I in hipp. only. (50%)
C:67.1£95 association strategies + 12’ daily N=25 oNo effect of I on GABA, Glx, NAA/NAAG met.
42.9% (F) and other strategies to homework TH-MRS*
improve memory) N=17
C: Yoga training
Na et al. (2018) HOA HOA: 60.6 5.3 I: CCT (attention, 12 wk 12 wk ol improved language and attention/psychomotor speed in HOA. 8.0
N=10 90% (F) executive function, 40’ session 2x/wk Glc met. im. eNo effect of I on cognitive outcomes for SMI. (50%)
SMI SMI: 62.2 + 4.0 memory, calculation, & GM sMRI ol improved TMT-B and W-B, memory, and executive-function in
N=6 66.7% (F) visuospatial function, & DTI: MCI.
MCI MCI: 65.3 &+ 4.0 motor skills, N=26 eFor MCI participants, I 1 activation for Glc imaging data in left ant.
N=10 80% (F) problem-solving, ins., left ACC and right lat. temp. cortex, 1 cortical thickness in rostral
and working ACC, and 1 FA in many regions including the ACC. No effect of I on
memory domains) imaging outcomes for HOA and SMI.
Vermeij et al. (2016) aMCI aMCI: 68.4 £ 6.3 I: CCT (working 5wk 3 mo after the el improved digit span and spatial span for MCI and HOA 8.0
N=18 22.2% (F) memory domain) 45’ session 5x/wk end of (maintained at 3 mo followup) and figural fluency (RFFT). (50%)
HOA HOA:70.14+5.4 GM sMRI and eGlobal brain and hipp. atrophy associated with participants’
N=23 43.5% (F) WMH im.: performance on neuropsychological outcomes. Higher WMH lesions
N=31 associated with increased spatial span backward performance at the 3

mo followup.
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TABLE 7 (Continued)

References Population(s) Mean age Intervention Intervention Imaging data  Main findings Note
(sd) description length/freq. at follow up
Gender (F)
Feng et al. (2018) aMCI 11: 69.63 + 3.54 I1: CT on memory, 12 wk 12 wk o=~ between 1, 12, and C for GMV of mid. front., sup. par. lobule, inf. 7.0
N=25 50% (F) reasoning,problem- 1 h session 2x/wk GM sMRI: temp., fusiform gyrus, and ventral V3 areas. (44%)
12:72.13 £ 3.56 solving ability, and N=23 eWithin I1 : Reho * for front. and both 4 and | for temp. and occ.
50% (F) visual-spatial reading rs-fMRI: areas; 12 : Reho 1 for temp. and occ., and both 1 and | in front. areas;
C:68.13 +2.80 skills (MDCT) N=25 C: Reho 1 for temp. and occ. and | for front. areas.
55.6% (F) 12 : reasoning (SDCT)
C: passive control
Hohenfeld et al. (2017) prAD HC:63.5+6.7 I: neurofeedback Pre-session to Post training eImprovement after I within HOA and prAD for visuospatial memory 7.0
N=10 44% (F) training (real-world encode GM sMRI performance and within HOA for the WMS backward digit-span task (44%)
HOA prAD: 66.2 £ 8.9 footpath encoding) the footpath and rt-fMRI: and in MoCa. No # for SH.
N=16 20% (F) C: sham feedback followed N =30 eActivation of the target region left PH gyrus for HOA and prAD
SH SH: 64.8 £9.5 by 3 days of training during I, but no # over the course of the I for PSC. No activation of left
N=4 25% (F) PH gyrus and no # over the course of the I for PSC for SH.

oFC modified during I for left PH gyrus and right PCu for HOA and
for right PCu for prAD (GCA).

o+ of GMV in right PCu and right sup. med. front. gyrus in prAD and
HOA.

<>, between; |, decrease; #, different; 1, increase; 'H-MRS, proton magnetic resonance spectroscopy; ACC, anterior cingulate cortex; ACER, Addenbrooke’s cognitive examination-revised; AD, Alzheimer’s disease; aMCI, amnestic mild cognitive
impairment; Ant, anterior; AxD, axial diffusivity; BC, betweenness centrality; Bilat, bilateral; BVMT-R, brief visuospatial memory test-revised; C, control condition; CCT, computerized cognitive training; Cer, cerebellum; Cing, cingulate; Cingu, cingulum;
CFT, Rey-Osterrieth complex figure test; COWAT, controlled oral word association test; Cu, cuneus; CWST, color word stroop test; Cho, choline; DT, diffusion tensor imaging; EEG, electroencephalography; F, female; FA, fractional anisotropy; FC,
functional connectivity; Front, frontal; GABA, gamma-aminoButyric acid; Glc, glucose; Glx, glutamate-glutamine; NAA/NAAG, N-acetyl aspartate and N-acetylaspartyl-glutamate; GCA, granger causality analysis; GDS, geriatric depression scale; GM
sMRI, gray matter structural magnetic resonance imaging; GMV, gray matter volume; Hipp, hippocampus; HOA, healthy older adults; HVLT-R, Hopkins verbal learning test-revised; I, intervention; Im, imaging; Inf, inferior; Ins, insula; Lat, lateral;
M, male; MCI, mild cognitive impairment; MD, mean diffusivity; Med, medial; Met, metabolism; Mid, middle; MMSE, mini-mental state examination; Mo, months; MoCa, Montreal cognitive assessment; MRI, magnetic resonance imaging; Occ,
occipital; Par, parietal; PCC, posterior cingulate cortex; PCu, precuneus; PH, parahippocampal; Post, posterior; prAD, prodromal AD; PSC, percent signal change; RBANS, repeatable battery for the assessment of neuropsychological status; Reho, regional
homogeneity; RD, radial diffusivity; rs-fMRI, resting state functional magnetic resonance imaging; rt-fMRI, real-time functional magnetic resonance imaging; SMC/SMI, subjective memory complaints/impairment; SH, sham condition for healthy older
adults; Sup, superior; SUT, strategy use task; Temp, temporal; t-fMRI, task functional magnetic resonance imaging; Th, thalamus; TMT-B and W-B, trail-making test—black and white; V3, visual cortex area V3; Wk, week; WMS, wechsler memory scale.

*We only reported the minimum number of participants for IH-MRS GABA data. Number of participants for ' H-MRS Glx, Cho, and NAA/NAAG vary around 20 participants.
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enhancement (Feng et al., 2018), metamemory (introspective
knowledge of one’s own memory capabilities) (Youn et al., 2019),
and neurofeedback (real-time feedback from brain activity in
order to reinforce healthy brain function through operant
conditioning; Hohenfeld et al., 2017; Sitaram et al., 2017).

3.2.3.1. Description of the effect of CT on brain
structure

Two studies reported results about participants with nCI
using multiple neuroimaging biomarkers: null results seemed to
be prevalent after CT (4/5) with or without a comparison to a
sham intervention (Figure 2).

Ten weeks of metamemory training (see Section 3.2.3)
affected brain morphology in SCI participants, as compared to
general education on memory (Youn et al., 2019). A decrease
of WM mean diffusivity was observed, usually associated with
increased myelination and axon density, while GMV was not
impacted (Youn et al, 2019). Conversely, a 12 weeks multi-
domain computerized CT did not affect WM nor integrity of
GMYV in SCI participants, however no sham condition was
examined (Na et al.,, 2018). For patients with CI—no matter
what the type of neuroimaging biomarker considered and
for trials with sham interventions—positive results outweighed
null results. This was further corroborated by publications
not including a sham intervention (positive results: 17/21;
Figure 2). All trials examining the effect of multiple CT on
brain morphology presented positive results, especially on GMV
(Table 5). For participants with MCI, GMV was increased and
WM integrity preserved by 12 weeks of computerized CT
targeting multiple domains (Na et al., 2018).

For aMCI, CT increased GMV, though brain regions affected
differed between trials, most likely due to the differences in
cognitive demand. Twelve weeks of multi-domain computerized
CT increased GMYV in the right angular gyrus (Zhang et al,
2019), a brain region associated with visuospatial attention
that recently emerged as a cross-modal hub (Seghier, 2013).
Differences of GMV in the middle frontal gyrus, superior
parietal lobule, inferior temporal gyrus, fusiform gyrus, and
visual cortex were observed in participants receiving 12 week
of multi-domain CT (Feng et al, 2018). These structures
have been shown to be involved in attention, visuospatial
perception and recognition processes (Kanwisher et al., 1997;
Yantis et al, 2002; Scheff et al., 2011; Japee et al., 2015).
Eventually, 12 weeks of memory training increased GMV in the
ACC, a region implicated in several complex cognitive functions
such as decision-making; it did not however impact HV
(Yang et al., 2016).

For prodromal AD participants, GMV was increased after
a real-time neurofeedback training (3 days) in the right
precuneus and superior medial frontal gyrus area (Hohenfeld
et al, 2017), two regions involved in memory and decision-
making (Rushworth et al, 2004; Cavanna and Trimble,
2006). Interestingly, change in GMV for aMCI could be
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associated with improvements in cognition. Global brain and
hippocampus atrophy were related to cognitive performance
after 5 weeks of computerized CT targeting working memory
(Vermeij et al., 2016).

3.2.3.2. Description of the effect of CT on brain
function and metabolism

Only one study reported a lack of effect of CT on brain
glucose metabolism in participants with nCI after 12 weeks
of multi-domain computerized CT (Table5). It should be
mentioned that the sample size was reduced (n = 6), and that
no sham intervention was included (Na et al., 2018).

For participants with CI, more data were available (k = 14).
All studies without sham condition reported positive results on
brain function and metabolism (k = 3) as did a majority of trials
with sham procedure (7/11; Table 5). Null results were related
to brain metabolism only. For participants with MCI, regional
activity measured through rs-fMRI was increased bilaterally in
temporal poles, insular lobes, and left parahippocampal gyrus
after 6 months of multi-domain computerized CT (Li et al.,
2019). These modifications were coherent with the changes
observed in neuropsychological outcomes. A memory gain
was associated with the modifications in temporal lobes and
parahippocampal activities. Moreover, activation in the insular
lobes could be linked to the gain of visual and semantic memory
performances (Li et al., 2019).

Brain metabolism was affected for MCI participants and
PET-FDG data showed focal activation in the insula, ACC and
temporal cortex after multi-domain CT (Na et al., 2018).

For aMCI participants, 3 months of multi-domain
computerized CT induced widespread FC changes (measured
with rs-fMRI) over multiple brain regions, notably by increasing
connectivity of the posterior area of the DMN (Barban
et al, 2017). When focussing on local measures of FC it
appeared that 12 weeks of multi or uni domain CT increased
regional connectivity in the inferior frontal and precentral gyri
(Feng et al., 2018).

Task-related brain activity was also modified by CT for
aMCI participants. Two weeks of mnemonic CT increased the
functional activation (fMRI) associated with memory encoding
in the left anterior temporal lobe (Simon et al., 2018). This
increase was consistent with improvement of the cognitive
processes targeted by this training. Areas of the temporal
cortex involved in social cognition and face processing showed
increased activity while participants improved on face-naming
tasks (Simon et al., 2018). Six weeks of CT of episodic memory
modified brain functional activation (fMRI) as well (Belleville
et al, 2011). This CT recruited distinct brain regions during
encoding and retrieval tasks: increased activation was observed
in parietal, temporal, and frontal areas as well as in insula,
basal ganglia, and cerebellum during memory encoding while
activation in parietal, frontal, and temporal cortices, as well as
in the PCC and insula was observed during memory retrieval
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(Belleville et al., 2011). CT diminished the differences observed
between HOA and aMCI participants prior to the intervention;
it was interpreted as a rehabilitation of encoding activity in
aMCI participants (Belleville et al., 2011). Eventually, a real-
time neurofeedback CT modified the activation (fMRI) in the
parahippocampal area as well as the FC of the precuneus for
patients in the prodromal phase of AD (Hohenfeld et al., 2017).

Brain metabolism also seemed modified by CT for aMCI
participants. Four months of multi-domain CT changed glucose
metabolism in frontal, temporal, occipito/temporal, ACC and
basal ganglia areas (Ciarmiello et al., 2015). Conversely,
another trial administered during 12 weeks and using a
CT mainly focussed on improving memory, frontal lobe
function, and orientation had no effect on glucose metabolism
(Park et al., 2019).

The effect of CT on other metabolites (choline compounds,
GABA, Glx, and NAA-NAAG) was also assessed in a 12 weeks
trial, showing that memory training decreased the choline-
containing compounds in the hippocampus of aMCI patients
without any effect on other metabolites (Yang et al., 2016).

3.2.4. Multidomain intervention

Nine studies evaluated the impact of MD interventions
on at-risk for AD subjects (Table 8). Global quality of MD
interventions was good (Table 2). Participants were recruited
from 70 to 78 years old on average with 31-73% of females.
Intervention duration was between 12 weeks and 6 years.
Frequency of MD interventions’ domains, without considering
domains focussed on nutrition, ranged from less than five
sessions per year to three sessions per week, and sessions ranged
from 20 to 120 min. MD interventions combined: PE, CT, and
music therapy (n = 1; Train the Brain Consortium, 2017); PE
with low or high cognitively demanding tasks (n = 1; Anderson-
Hanley et al., 2018); resistance training with computerized CT
(n = 1; Broadhouse et al., 2020); nutritional counseling, PE, CT
and management of metabolic and vascular risk factors (n =
2; Stephen et al., 2019, 2020); CT, PE, and nutritional advice
with or without w-3 intake (n = 1; Delrieu et al., 2020); CT,
counseling (mediation training, cognitive behavioral therapy,
education regarding the Mediterranean diet, exercise, stress
reduction strategies and sleep hygiene) and neurofeedback (n =
1; Fotuhi et al., 2016); w-3 intake, aerobic exercise and cognitive
stimulation (n = 1; Kobe et al., 2016); cardiovascular risk factors
management using lifestyle advice and medical interventions (n
= 1; van Dalen et al,, 2017). The two publications from Stephen
and al. were related to the Finnish Geriatric Intervention Study
to Prevent Cognitive Impairment and Disability (FINGER) trial
(Ngandu et al., 2015).

3.2.4.1. Description of the effect of MD intervention on
brain structure

The same number of studies (n = 4) examined the effect
of MD interventions on populations with or without CI

Frontiersin Aging Neuroscience

22

10.3389/fnagi.2022.1014559

(Figure 2). For participants with nCI, results were mostly null
(Figure 2) whatever the imaging biomarker considered. All
studies included a sham intervention group (Figure2). The
impact of MD interventions on brain morphology was limited:
only one study reported an effect on WM structure, while
three null results were observed on GM and WM structures
(Table 5).

For subjects with an increased CAIDE score, MD
intervention administered during 2 years (FINGER trial)
led to a decrease of FA (Stephen et al, 2020). FA, which
measures the degree of anisotropy of water molecules’
diffusion, is often decreased in AD patients in multiple
WM areas (Sexton et al, 2011; Teipel et al, 2014). This
decrease has been linked to a breakdown in structured myelin
(Stricker et al., 2009). It was thus surprising to observe such
a decrease of FA after intervention. The authors argued
that this decrease was not associated with cognitive decline,
and that FA increase, probably due to axonal swelling and
astrocytic hypertrophy, had previously been observed in
the early stage of AD. Thus, the decrease in FA seems an
indication of WM integrity (Stephen et al., 2020). In another
publication related to the FINGER cohort, no effect on total
GMV, HYV, cortical thickness in AD signature areas nor on
WM lesions were observed (Stephen et al, 2019). A 6 years
MD intervention in elderly with hypertension (PreDIVA
trial) did not significantly impact the progression of WMH
(van Dalen et al., 2017).

It should be mentioned that subjects with higher baseline
cortical thickness in the FINGER trial benefited more from
intervention (Stephen et al, 2019) and that the effect of
intervention was also more important in participants with more
WMH lesions at baseline in the PreDIVA trial (van Dalen
et al,, 2017). Both studies thus suggest that particular care
should be taken when considering the population selected for
MD intervention either with fewer structural brain changes
or with high WMH volumes. In contrast to nCI, results for
participants with CI were mostly all positive no matter what
the type of neuroimaging biomarker considered, and all studies
except for one included sham interventions (Table 5). Only
one null result was reported concerning GM structure (Table 5;
Train the Brain Consortium, 2017).

After 6 months of MD
was associated with increased prefrontal cortex (PFC) and

intervention, exercise effort
ACC volume in MCI participants (Anderson-Hanley et al,
2018). HV was preserved by 12 weeks of MD intervention
(Fotuhi et al., 2016). Moreover, hippocampal atrophy rate
was reduced 12 months after a 6 months MD intervention
(Broadhouse et al., 2020). Cortical thickness in the PCC
was significantly increased by this intervention and long-
term benefits on cognition were obtained (Broadhouse
et al, 2020). Conversely, it should be mentioned that a 7
months MD intervention had no effect on hippocampal
and parahippocampal volumes while improving cognition
(Train the Brain Consortium, 2017).
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TABLE 8 Multidomain (MD) preventive interventions.

References Population(s) Mean age Intervention Intervention Imaging data  Main Note
(sd) description length/freq. at follow up findings
Gender (F)
Train the Brain MCI 745+ 4.6 I: physical, CT, and 7 mo 7 mo el improved cognition (ADAS-cog) 14.0
Consortium (2017) N=113 48.7% (F) music therapy CT:2 x 1 h session Perf MRI oNo effect of I on hipp vol. nor on PH vol. (88%)
C: usual lifestyle 3x/wk and GM sMRI: oI 1 CBF in PH area; not hipp.
Musical activity: N=70 eBOLD signal 1 within C.
1 h session 1x/wk t-fMRI (visuo-
PE: 1 h session spatial
3x/wk attention task):
N =50
van Dalen et al. (2017) High systolic 1:77.3+26 I: multidomain 6 years 6 years eNo effect of  on WMH 12.0
blood pressure 53% (F) cardiovascular session 4x/mo WMH im.: eNo effect of I on lacunar infarcts development (86%)
N =126 C:77.1+24 intervention, N =126 o effect at baseline
53% (F) lifestyle advice,
eventual drug
treatment
for hypertension,
dyslipidemia, diabete
C: usual care
Stephen et al. (2019) Increased risk 1:70.3 I: NA, PE, CT, and 2 years 2 years oNo effect of I on total and hipp. brain vol and AD signature areas 13.0
of dementia 42.6% (F) management of NA:9to 1-3session  GM sMRI: cortical thickness, nor on WM lesions (81%)
(CAIDE) C:69.8 metabolic and PE: 30-60" session N=112 eParticipants with higher cortical thickness on AD signatures areas
N =132 51.5% (F) vascular 2-4x/wk to benefit more from I on processing speed.
risk factors 2-3x/wk.
C: regular health CT: 10-15
advice individual
CCT 3x/wk
+ 10x 60-90’ group
training session
Management risk
factors: 10 session
(Continued)
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TABLE 8 (Continued)

References Population(s) Mean age Intervention Intervention length/freq. Imaging data Main
(sd) description length/freq. at follow up findings
Gender
Delrieu et al. (2020) Older adults 76.37 £ 4.23 I: MD intervention 12 mo 12 mo: oNo effect of I on meta-ROI (PCC, angular gyrus, temp. areas) global 13.0
with SMC, 73% (F) (CT, demonstrations MD : 2 h session Glc met. im.: SUVR at 6 or 12 mo. (81%)
limitation in about PE, NA) with or (1h CT, 45 PE N=57 eNo effect of I on cognitive composite score at 6 or 12 mo.
one IADL, without w-3 demos, eFor voxel-wise exploratory analysis, 1 metabolism at 6 mo in right
or slow gait C:no MD 15" NA) h hipp, right post. cing, left post. PH areas, and right ins. cortex for I
speed session/mo + 2 h compared to C.
N=67 session eNo effect of I at 12 mo.
at 12 mo.
-3:400 mg DHA +
max. 112.5 mg EPA
daily
Broadhouse et al. (2020) MCI 69.5+ 6.6 11 : PRT+CCT 6 mo 6 mo o2 improved cognition (ADAS-cog) and executive functions, 11.0
N=284 69% (F) 12 : PRT+SHAM 90’ session 2-3x/wk GM sMRI: compared to C 12 mo after intervention has ended (18 mo). (69%)
13: CCT+SHAM N=79 eLong-term effect, at 18 mo, of I1 and 12 on atrophy rate of left hipp
C:SHAM+SHAM rs-fMRI: compared to C. Short-term effect of I1 and 12 at 6, but not at 18 mo on
N=72 left PCC cortical thickness.
eCombined I1+12 1 PCC and hipp FC at 18 mo compared to
combined 13+C, but no effect of 11, 12 or I3 alone vs. C.
Stephen et al. (2020) Increased risk 1: 70.02 £ 4.2 See Stephen et al. See Stephen et al. 2 years el improved NTB score. 11.0
of dementia 41% (F) (2019) (2019) DTIL: oFA | after L. (69%)
(CAIDE) C:69.55 £ 3.9 N =60 eIn C, FA change correlated to NTB total score change; RD change
N =60 50% (F) negatively correlated to changes in NTB total score, NTB executive
function and memory scores.
(Continued)
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TABLE 8 (Continued)

References Population(s) Mean age Intervention Intervention length/freq. Imaging data Main
(sd) description length/freq. at follow up findings
Gender
Kobe et al. (2016) aMCI .70+ 7.2 I: w-3 intake, AE 6 mo 6 mo eNo effect of I on executive function, memory, sensorimotor speed, 10.0
N=22 31% (F) , cognitive stimulation  w-3: 2,200 mg/day GM sMRI: and attention. (62%)
C:70£5.2 C: w-3 intake, non AE  AE: 45’ session N=20 oGMYV 1 after Iin front., par. and cing. cortex areas.
44% (F) training 2x/wk eDecrease in homocysteine concentration associated with higher mean
CT: 13x 90’ session GMYV of in the mid. front. cortex.
Anderson-Hanley et al. MCl/screened 78199 I1: PE (pedaling) + 6 mo 6 mo eWithin I1 and I2 groups, improvement on executive function at 6 mo; 9.0
(2018) for MCI 66% (F) low 20’ session 2x/wk to GM sMRI: 11 improved earlier at 3 mo. (56%)
N=111 cognitive demand 45’ session 3x/wk N=38 eGreater exercise dose associated with 1 of PFC and ACC volumes,
task and greater memory performance associated with + DLPFC volume.
12: PE + high
cognitive
demand task
I3: videogame
C: pedal-only*
Fotuhi et al. (2016) MCI 70.69 + 10.53 Personalized CCT, 12 wk 12 wk eImprovement on cognition (> 3/10 areas of cognition). 3.0
N =127 63% (F) counseling/brain CT+Neurofeedback: ~ GM sMRI: ePreservation or growth of hipp. vol. for 12/17 participants. (23%)
coaching, 2 h session 1x/wk N=17
neurofeedback Counseling:
training. 1 h session 1x/wk

|, decrease; 1, increase; ACC, anterior cingulate cortex; AD, Alzheimer’s disease; ADAS-cog, Alzheimer’s disease assessment scale-cognitive subscale; AE, aerobic exercise; aMCI, amnestic mild cognitive impairment; BOLD, blood oxygen level dependant;

C, control condition; CAIDE, cardiovascular risk factors aging and incidence of dementia; CBE, cerebral blood flow; CCT, computerized cognitive training; CCT+SHAM, computerized cognitive training and sham exercise; Cing, cingulate; CT, cognitive
training; DLPFC, dorsolateral prefrontal cortex; DTI, diffusion tensor imaging; F, female; FA, fractional anisotropy; Front, frontal; Glc, glucose; GM sMRI, gray matter structural magnetic resonance imaging; GMV, gray matter volume; Hipp, hippocampus;
I, intervention; IADL, instrumental activity of daily living; Im, imaging; Ins, insula; M, male; MD, multidomain; MCI, mild cognitive impairment; Met, metabolism; Mo, months; NA, nutritional advice; Mid, middle; MRI, magnetic resonance imaging;
NTB, neuropsychological test battery; Par, parietal; PCC, posterior cingulate cortex; PE, physical exercise; Perf, perfusion imaging; PFC, prefrontal cortex; PH, parahippocampal; Post, posterior; PRT+CCT, progressive resistance and computerized
cognitive training; PRT+SHAM, progressive resistance and cognitive sham training; RD, radial diffusivity; ROI, region Of interest; rs-fMRI, resting state functional magnetic resonance imaging; RT, resistance training; SHAM+SHAM, sham physical and

sham cognitive training; SMC, spontaneous memory complaint; SUVR, standard uptake value ratio; Temp, temporal; t-fMRI, task functional magnetic resonance imaging; Wk, week; WM, white matter; WMH, white matter hyperintensities.

*The pedal-only group was recruited through the Cybercycle Study (Anderson-Hanley et al,, 2012).
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For participants with aMCI, 26 weeks of MD intervention
increased GMV in frontal, parietal, and cingulate cortex areas
(Kobe et al., 2016).

3.2.4.2. Description of the effect of multidomain
intervention on brain function, perfusion, and
metabolism

Few studies reported the effect of MD on brain function,
perfusion or metabolism (Table 5). All studies included a
sham intervention.

For participants with nCI, a 6 months MD intervention
(MAPT trial, see Section 3.2.4) increased glucose metabolism
in limbic areas (right hippocampus, right posterior cingulate,
left posterior parahippocampal gyrus; Delrieu et al, 2020).
This effect vanished after 12 months, potentially because the
frequency of interventions decreased after the first 2 months
(Delrieu et al., 2020).

For participants with MCI, 7 months of MD intervention
increased CBF in the parahippocampal area, possibly indicating
a better perfusion state (Train the Brain Consortium, 2017).
Moreover, brain regions involved in a visuo-spatial attention
task showed preserved blood oxygen level-dependent (BOLD)
signal (fMRI) after intervention, suggesting that the neural
efficiency was preserved (Train the Brain Consortium, 2017).

3.2.5. Impact on cognition

Some of the studies that report an effect of intervention on
neuroimaging biomarkers also assess the effect on cognition.
The number of results reported for studies evaluating cognition
on nClI participants was limited and we could not determine
whether these results reinforced the observations made on
neuroimaging  biomarkers (Supplementary Table 3).  For
studies that reported an effect of PE, nutrition or CT on
neuroimaging biomarkers for CI participants, an effect of
the interventions on cognition was also detected in most
cases (Supplementary Table 3). Studies providing positive
neuroimaging results after MD intervention provided mixed

results on cognition (Supplementary Table 3).

3.3. Target brain regions for interventions

3.3.1. Preferential target regions

Of the 43 publications assessing the impact of the
various interventions, 10 focused on specific brain regions
preferentially targeted by AD physiopathology in addition to
whole brain analysis and 10 focused on specific regions only. The
hippocampus was preferentially studied (n = 17), followed by the
ACC (n = 3), the PCC (n = 2), the parahippocampal area (n = 2),
the PCC/Precuneus area (n = 1), the whole DMN (n = 1), and
the prefrontal cortex (n = 1).
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3.3.2. Effect of all type of interventions on brain
regions

All studies we selected to evaluate the impact of
interventions on specific brain regions included participants
with CI and used a sham intervention group as a control.
All obtained good to high quality ratings (Table 9). When
considering all types of interventions together, the hippocampus
and frontal areas were the brain regions that appeared the
most impacted by the interventions (k = 5 and 4, respectively;
Figure 3, Table 9). While a larger amount of null results was
observed for the hippocampus, it should be mentioned that
more than half of them concerned analyses relative to structural
biomarkers. Interestingly, positive results were distributed
between neuroimaging modalities including metabolism,
function, and structure (Table 9). For frontal regions, positive
results were spread between brain metabolism, structure,
and function.

When considering each intervention individually, it
appeared that some regions were particularly impacted by CT.
Only CT had an effect on temporal (k = 3) and occipital (k =
2) areas. This was also the case for caudate nuclei, cerebellum,
globus pallidus, insula, precuneus, and thalamus. Evidence for
an effect of CT is however supported by only one study for these
regions (Table 9).

Some brain regions were impacted by multiple
interventions. Aside from nutritional interventions, multiple
types of interventions affected frontal areas, even if only a
limited number of studies described it (n = 4). Conversely,
several types of interventions reported null results concerning
the hippocampus, though few studies using nutritional or CT

interventions reported positive impact.

4. Discussion

The aim of our review was to characterize the effects
of
neuroimaging biomarkers, for populations at-risk to develop
AD and with or without CI.

Globally, a positive impact was disclosed, whatever the

of preventive interventions on different modalities

intervention considered, on participants with CI. In most of
the cases, interventions involving nCI participants reported
no effect. An effect was detected for most neuroimaging
modalities and interventions on participants with CI (Figure 4).
Of all the modalities examined, functional imaging provides
the most evidence of an effect of preventive interventions.
This may indicate that this modality is particularly keen to
detect brain alterations following preventive interventions. Only
interventions using CT reported an effect on the temporal
and occipital areas, while frontal areas were affected by all
types of interventions except nutrition. Surprisingly, all types of
interventions reported null results on the hippocampus region,
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TABLE 9 Effects of interventions on brain regions (see Figure 3) for each modality.

Region All (N =14) PE (N =3) Nutrition (N = 3) CT (N =5) MD (N =3)

Effect No effect Effect No effect Effect No effect Effect No effect Effect No effect
ACC Perf. MRI (k =1, Ot. met. im. (k = Perf. MRI (k =1, k=0 k=0 k=0 Glc met. im. (k = Ot. met. im. (k= k=0 k=0
(N=3) q=69%) 4, q=69%) 1, 4,

Glc met. im. (k= q=50%) q=62%) q=50%)

1, Perf. MRI(k = 1,

q=62%) q=50%)

GM sMRI (k=1,

q = 50%)
CN Glc met. im. (k = k=0 k=0 k=0 k=0 k=0 Glc met. im. (k = k=0 k=0 k=0
(N=1) 1, N

q=62%) q=62%)
Cer fMRI (k =1, k=0 k=0 k=0 k=0 k=0 fMRI (k =1, k=0 k=0 k=0
(N=1) q=69%) q=69%)
Front fMRI (k=2,q= k=0 MRI (k= 1, k=0 k=0 k=0 EMRI (k= 1, k=0 GMsMRI (k=1, k=0
(N=4) 72%) q=75%) q=69%) q=62%)

GM sMRI (k= 1, Glc met. im. (k =

q=62%) 1,

Glc met. im. (k = q=62%)

L

q=62%)
GP fMRI(k=1,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0
(N=1) 69%) 69%)
Hipp GM sMRI (k =2, GM sMRI (k = 4, k=0 GM sMRI (k=1, GM sMRI (k =2, GM sMRI (k=1, fMRI(k=1,q= Ot. met. im. (k= k=0 Perf. MRI (k =1,
(N=8) q=81%) q=72%) q=80%) q=81%) q=69%) 69%) 2, q=88%)

fMRI (k=2,q=  Perf MRI (k=2, Perf MRI(k=1, fMRI(k=1,q= WMSsMRI(k=1, Ot met.im.(k=  q=50%) GM sMRI (k=1,

69%) q=78%) q=69%) 69%) q=69%)* 1, GM sMRI (k= 1, q = 88%)

Ot. met. im. (k = Ot. met. im. (k = q=50%) q=50%)

1, 2,

q=50%) q=50%)

WM sMRI (k= 1,
q=69%)*
Ins fMRI(k=1,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0
(N=1) 69%) 69%)
(Continued)
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TABLE 9 (Continued)

Region All (N =14) PE (N =3) Nutrition (N = 3) CT (N=5) MD (N =3)

Effect No effect Effect No effect Effect No effect Effect No effect Effect No effect
Occ fMRI (k=1,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0
(N=2) 69%) 69%)

Glc met. im. (k = Glc met. im. (k =

1 1

q=62%) q=62%)
PCC GMsMRI (k=2, k=0 Perf. MRI (k=1, k=0 k=0 k=0 k=0 k=0 GMsMRI (k=2, k=0
(N=3) q=66%) q=69%) q=66%)

Perf. MRI (k=1

,q = 69%)
PCu fMRI(k=1,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0
(N=1) 69%) 69%)
PH Perf MRI (k=1, GMsMRI(k=1, k=0 k=0 k=0 k=0 fMRI (k=1,q= k=0 Perf. MRI (k=1,  GMsMRI (k=1,
(N=2) q=88%) q=88%) 69%) q=88%) q=88%)

fMRI (k=1,q =

69%)
Par fMRI (k=1,q= k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0 GMsMRI (k=1, k=0
(N=2) 69%) 69%) q=62%)

GM sMRI (k =1,

q=62%)
Temp fMRI(k=2,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=2,q= k=0 k=0 k=0
(N=3) 69%) 69%)

Glc met. im. (k = Glc met. im. (k =

1 1

q=62%) q=62%)
Th fMRI(k=1,q= k=0 k=0 k=0 k=0 k=0 fMRI(k=1,q= k=0 k=0 k=0
(N=1) 69%) 69%)
Vent GMsMRI(k=1, GMsMRI(k=1, k=0 k=0 GMsMRI(k=1, GMsMRI(k=1, k=0 k=0 k=0 k=0
(N=2) q=93%) q=69%) q=93%) q=69%)

For a set of k results, the mean quality q of the studies from which the results were reported was specified. Only results obtained after a direct comparison of intervention to a sham intervention for CI participants were examined. *Here DTT is used to
assess hippocampus’ mean diffusivity; in order to homogenize our terminology it is classified in the WM sMRI category although it is not WM that is evaluated. N, number of studies; k, number of results from all available studies; ACC, anterior cingulate
cortex; CN, caudate nuclei; Cer, cerebellum; Front, frontal areas; CT, cognitive training; Glc, glucose; GM, gray matter; GP, globus pallidus; Hipp, hippocampus; Im, imaging; Ins, insula; Met, metabolism; MD, multidomain; MRI, magnetic resonance
imaging; Occ, occipital areas; Ot, other; Par, parietal areas; PCC, posterior cingulate cortex; PCu, precuneus; PE, physical exercise; Perf, perfusion; PH, parahippocampal area; q, mean quality score; sMRI, structural MRI; Temp, temporal areas; Th,
thalamus; Vent, ventricles; WM, white matter.
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FIGURE 3

in blue), over brain regions. Please refer to the
k, number of results; MD, multidomain intervention.

Brain regions affected by the interventions for participants with Cl, for all imaging modalities and after direct comparison to a sham intervention
Color grading is used to display the number of results (k), positive (effects of interventions on brain regions through whole-brain or

region-targeted analyses; on the left in red) or null (lack of effect of interventions after brain regions have been specifically targeted; on the right
for the count of results (k) for each named regions. CT, cognitive training;

though few nutritional or CT interventions reported a positive
impact.

Multiple reviews are consistently reporting an effect of
interventions on neuroimaging biomarkers for a large spectrum
of cognitive profiles ranging from HOA to demented patients
( ; 5

; ). In this review, we observed that the
effect of interventions differed according to cognitive profiles.
( ) previously reported that the effect of PE

varied on participants with different cognitive profiles (HOA vs.
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MCI or AD). Hippocampus cortical thickness was affected by PE
for both groups, but interestingly PE affected the whole temporal
lobe for HOA, whereas for AD/MCI subjects, the impact seemed
concentrated on specific ROIs such as the hippocampus, the
frontal lobe and the precuneus ( ).

Most reviews report that PE, CT or nutritional interventions
affected the DMN, frontal or temporal areas. Our review
concurred to the fact that most interventions affected the frontal
cortex, a region involved in the cognitive decline associated
with AD ( ; ).
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FIGURE 4
Synthetic representation of the effects of interventions on neuroimaging biomarkers. The effect, or lack of effect, of an intervention was
evaluated through a composite “s” score integrating the number of results/studies, the quality of the studies, and the presence of a sham
intervention to compare to (see Section 2.3). Scores with a red tint indicate an effect of the intervention, while scores with a blue tint indicate a
lack of effect of intervention. Were not taken into account to generate this figure results from intervention intermediate timepoints (Delrieu
et al., 2020: results at 6 months, Soininen et al., 2017) or followup measures (Broadhouse et al., 2020: results at 18 months), from a mixed sample
of participants (Neth et al., 2020: ketone uptake and glucose metabolism), and studies reporting only results from correlation analyses (Vermeij
et al, 2016; Anderson-Hanley et al., 2018; Hama et al., 2020), or analyzing specific subgroups within a clinical trial (Jernerén et al., 2015;
Kaufman et al,, 2021). Cl, cognitive impairment; CT, cognitive training; fMRI, functional MRI; Glc, glucose; GM, gray matter; Im, imaging; MD,
multidomain; Met, metabolism; MRI, magnetic resonance imaging; NA, no study available for the modality; nCl, no cognitive impairment; PE,
physical exercise; Perf, perfusion; Ot, Other; sMRI, structural MRI; WM, white matter.

Furthermore, we noticed that many studies did not detect an
effect of intervention on the hippocampus. A review examining
the effect of PE on HOA or patients with mild AD, reported
that only two out of seven studies detected an effect of PE on
hippocampal volume (Frederiksen et al., 2018). We discuss this
point further in the discussion.

The inconsistencies observed between studies could be
explained by the heterogeneity of the populations and
intervention protocols.

Age ranged between 61 and 81 years old for the included
studies and the largest age difference between trials was observed
for diet with a 16 years age difference. Age is the main risk factor
for AD (Guerreiro and Bras, 2015). Older patients accumulate
aged-associated alterations that may influence the impact of
interventions and eventually explain discrepancies within a
specific domain. Moreover, some risk factors between 20 and
60 become protective after 75 in a process called “reverse
causality” indicating that age window for intervention is crucial
(Kivipelto et al., 2018).

The proportion of females ranged between 20 and 100%
(ten Brinke et al., 2015). CT had the most variable sample with
a 70% difference in female proportion. Sex is an important
factor that modulates the prevalence of AD risk factors but
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also the susceptibility to AD conferred by a given risk factor
(Ferretti et al., 2018). For instance, women with APOE ¢4
genotype are more susceptible to convert to AD than men with
the same genotype, and socio-economic risk factors such as
low level of education differ among men and women (Ferretti
et al, 2018). Differences in sex sensibility to interventions
could explain, at least partly, the discrepancies between trials
(Podcasy and Epperson, 2016).

At-risk for AD is an extremely heterogeneous nosographic
entity encompassing factors as diverse as education, blood
pressure, BMI, total cholesterol, or physical activity. If each
factor taken individually is clearly associated with an increased
risk of developing AD it is not sure whether they are all impacted
in the same way by interventions and might explain why trials on
at-risk participants obtained, in the best cases, modest results.
Risk factors, without additional markers of AD, might not be
sufficient to select patients for interventions. In this review,
we observed that interventions appear to be most effective in
participants with CI. Impacts were limited in participants with
risk factors for AD without objective cognitive impairment. It
has been suggested for multidomain interventions that their
effects might be the highest in healthy older adults (Rosenberg
et al., 2020) and that interventions should be applied early,
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before the onset of substantial brain pathology and cognitive
impairment (Solomon et al, 2021). However, it can prove
difficult to identify individuals at risk for AD in the early stages
of the disease when patients are still cognitively unimpaired
and without accurate biomarkers for the disease. Participants at
these stages may constitute a heterogeneous group and exhibit
different progression profiles. Some will remain stable for a
long time and/or never progress to AD. Not all participants
may thus react in the same way to preventive interventions
and not all may be optimal targets for preventive strategies.
This may explain why the effect of interventions remains
limited for the category of participants with risk factors for
AD but without objective cognitive impairment. Selection might
require additional markers of disease state, such as plasma
biomarkers of amyloidosis (Lista et al, 2015), to further
select participants already engaged in AD physiopathology or
exhibiting stronger indications of the disease. It seems that there
is a crucial balance between early at-risk participants, for which
interventions would have no or limited impacts, and patients
already engaged in the disease process for which appropriate
interventions would have a clear benefit on cognition and
neuroimaging biomarkers. Our interpretation is confirmed by
results indicating that even if interventions seem to have no
effect on global populations, they are efficient when specific
subpopulations are considered. This is the case for the MAPT
study in which participants with a CAIDE > 6 or amyloid
positive, thus indicating more at-risk or more engaged in AD
physiopathology, could benefit more from the MD intervention
(Andrieu et al., 2017).

Eventually, differences in interventions’ design might be
a source of heterogeneity. The duration of the intervention
might be insufficient to bring impactful modifications to the
brain. Similarly, intensity or frequency of the intervention
might be too weak to bring significant changes. Conversely,
very intense or frequent sessions might be counterproductive
by decreasing protocol adherence. Eventually, one of the main
hypotheses concerning MD interventions is that they were
more efficient than unidomain ones (Kivipelto et al., 2018);
this is not observed in our review. This could be explained
if the optimal settings for each component were not met, or
if the combination does not simply add up the individual
effects. Alternative causes could be that complex multidomain
interventions are difficult to adhere to, or that the positive
effect of any component is somehow parasitized by any of the
others.

Our review has several strengths. First, most of the studies
included in the review are of good quality according to objective
notation criteria already used by others. We reported studies’
known biases when analyzing results, and proceeded to report
results quantitatively. Second, a broad spectrum of imaging
modalities was covered. Third, this review gave a large overview
of the concurrent and separate effects of multiple interventions
on the brain of older adults susceptible to converting to AD.
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Some limitations should however be considered. Populations
were split into two categories, nCI or CI, without more subtle
classifications. nCI participants gathered SCI together with
cardiovascular risk factors. Similarly, CI regrouped MCI with
more specific aMCI. It might have been inaccurate to pool
together participants that react differently to interventions.
We did not clarify whether the positive results reported
for an intervention and a modality described concurrent or
opposite effects (e.g., if for instance brain FC was decreased
or increased). It is important to point out that we focused
for this review on the PUBMED database which is public
and easily accessible. However, we may have missed studies in
other databases that could have been relevant to this review.
Finally, the nosographic entity of AD has varied over time,
and we may have missed studies relevant to our review when
screening abstracts.

Several points should be emphasized in this review.
Structural imaging of gray matter was the most studied
modality, probably because it is very commonly acquired
and presents homogenous acquisition and analysis methods.
It seemed however less responsive to interventions. There is
less consensus for other types of brain imaging biomarkers,
which could partly explain the differences observed on these
markers between studies. Early phases of AD might be
associated with subtle brain alterations concerning metabolism
or functionality, and could thus benefit from a development
of the studies in these flelds and an homogenization of
the processes.

Furthermore, around 20% of the included studies assessed
the effect of intervention by focussing on specific ROI known
for their implication in AD such as the hippocampus. While
this approach is founded on a strong biological assumption,
it reduces the scope of analysis and is very dependent on the
definition of the region (van Balkom et al., 2020). We noticed
that the hippocampus was the region the most studied in this
review. Interestingly, part of the studies failed to detect an
effect of intervention on this structure, which is surprising as
hippocampal atrophy can be used as an early factor of diagnosis
in AD (Albert et al,, 2011). Notwithstanding any methodological
issue, different factors can explain this lack of effect. First, many
null results relate to structural biomarkers. We hypothesize that
interventions need to have a strong effect and to be implemented
long enough in order to modify the hippocampus structure,
which may not be the case for the interventions examined
here. Furthermore, the changes brought by the intervention
may not be visible at the standard 1 mm scale. We may also
assume that interventions may modify specific hippocampal
subfields that are affected differently in AD (La Joie et al,
2013; Baek et al,, 2022), and that the measurement of the
hippocampus as a whole leads to a noisy assessment of the
intervention’s effect.

At last, few studies met the criterion for statistical power.
Scanning large samples of participants for brain images is often
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challenging, limited by logistic and financial issues. Future
studies with increased sample size, power calculation, quality
control procedures and control for multiple testing over brain
image should be encouraged.

5. Conclusion

Our review indicates that preventive strategies involving
PE, nutrition, CT, or MD interventions can change the
brain of older adults with cognitive impairment. Frontal
areas, which are known regions affected by neurodegenerative
processes, were preferentially affected by a majority of
interventions. Surprisingly, a large number of null results
concerning the effect of interventions on the hippocampus
were reported.

Taken together, results from multiple intervention trials
all seem to indicate the importance of patient selection not
only in terms of general characteristics as sex or age but
also in terms of disease stage or risk factors. Deciphering
the global and regional brain effect of each and combined
interventions will help to better understand the interplay
relationship between interventions, cognition, surrogate brain
markers, and to better design primary and secondary outcomes
for future preventive clinical trials. To conclude, this review
seems to indicate that intervention may mitigate brain
decay for participants at risk for AD and that have yet to
develop dementia.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding authors.

References

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H,,
Fox, N. C,, et al. (2011). The diagnosis of mild cognitive impairment due to
Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimer’s Dement. 7,270-279. doi: 10.1016/j.jalz.2011.03.008

Alfini, A. J., Weiss, L. R., Nielson, K. A., Verber, M. D., and Smith, J. C. (2019).
Resting cerebral blood flow after exercise training in mild cognitive impairment. J.
Alzheimers Dis. 67, 671-684. doi: 10.3233/JAD-180728

Anderson-Hanley, C., Arciero, P. J., Brickman, A. M., Nimon, J. P., Okuma, N.,
Westen, S. C,, et al. (2012). Exergaming and older adult cognition. Am. J. Prevent.
Med. 42, 109-119. doi: 10.1016/j.amepre.2011.10.016

Anderson-Hanley, C., Barcelos, N. M., Zimmerman, E. A, Gillen, R.
W., Dunnam, M., Cohen, B. D., et al. (2018). The Aerobic and Cognitive
Exercise Study (ACES) for community-dwelling older adults with or at-risk
for mild cognitive impairment (mci): neuropsychological, neurobiological and
neuroimaging outcomes of a randomized clinical trial. Front. Aging Neurosci. 10:76.
doi: 10.3389/fnagi.2018.00076

Frontiers in Aging Neuroscience

32

10.3389/fnagi.2022.1014559

Author contributions

LP and GB examined the contents of the studies included
in this review. All authors contributed to manuscript writing,
revision, and approved the submitted version.

Funding

This work was publicly funded through ANR (the French
National Research Agency) under the Investissements d’avenir
programme with the reference ANR-16-IDEX-0006.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnagi.2022.1014559/full#supplementary-material

Andrieu, S., Guyonnet, S., Coley, N., Cantet, C., Bonnefoy, M., Bordes, S., et al.
(2017). Effect of long-term omega 3 polyunsaturated fatty acid supplementation
with or without multidomain intervention on cognitive function in elderly adults
with memory complaints (MAPT): a randomised, placebo-controlled trial. Lancet
Neurol. 16, 377-389. doi: 10.1016/S1474-4422(17)30040-6

Ashrafizadeh, M., Zarrabi, A., Najafi, M., Samarghandian, S., Mohammadinejad,
R, and Ahn, K. S. (2020). Resveratrol targeting tau proteins, amyloid-beta
aggregations, and their adverse effects: an updated review. Phytother. Res. 34,
2867-2888. doi: 10.1002/ptr.6732

Baek, M. S., Lee, N., Kim, J. W., and Hong, J. Y. (2022). Association
of hippocampal subfield volumes with amyloid-beta deposition in Alzheimer’s
disease. J. Clin. Med. 11:1526. doi: 10.3390/jcm11061526

Bamidis, P., Vivas, A., Styliadis, C., Frantzidis, C., Klados, M., Schlee, W.,
et al. (2014). A review of physical and cognitive interventions in aging. Neurosci.
Biobehav. Rev. 44, 206-220. doi: 10.1016/j.neubiorev.2014.03.019

Barban, F., Mancini, M., Cercignani, M., Adriano, F., Perri, R., Annicchiarico, R.,
etal. (2017). A pilot study on brain plasticity of functional connectivity modulated

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1014559
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1014559/full#supplementary-material
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.3233/JAD-180728
https://doi.org/10.1016/j.amepre.2011.10.016
https://doi.org/10.3389/fnagi.2018.00076
https://doi.org/10.1016/S1474-4422(17)30040-6
https://doi.org/10.1002/ptr.6732
https://doi.org/10.3390/jcm11061526
https://doi.org/10.1016/j.neubiorev.2014.03.019
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Perus et al.

by cognitive training in mild Alzheimer’s disease and mild cognitive impairment.
Brain Sci. 7:50. doi: 10.3390/brainsci7050050

Bayram, E., Caldwell, J. Z., and Banks, S. J. (2018). Current understanding
of magnetic resonance imaging biomarkers and memory in Alzheimer’s disease.
Alzheimer’s Dement. 4, 395-413. doi: 10.1016/j.trci.2018.04.007

Belleville, S., Clément, F., Mellah, S., Gilbert, B., Fontaine, F., and Gauthier,
S. (2011). Training-related brain plasticity in subjects at risk of developing
Alzheimer’s disease. Brain 134, 1623-1634. doi: 10.1093/brain/awr037

Berkowitz, C., Mosconi, L., Rahman, A., Scheyer, O., Hristov, H., and Isaacson,
R. (2018). Clinical application of APOE in Alzheimer’s prevention: a precision
medicine approach. J. Prev. Alzheimers Dis. 2018, 1-7. doi: 10.14283/jpad.2018.35

(2020).
treatment.

Breijyeh, Z., and Karaman, R.
on Alzheimers disease: causes and
doi: 10.3390/molecules25245789

Broadhouse, K. M., Singh, M. F., Suo, C., Gates, N., Wen, W., Brodaty, H.,
et al. (2020). Hippocampal plasticity underpins long-term cognitive gains from
resistance exercise in MCI. Neurolmage 25:102182. doi: 10.1016/j.nicl.2020.102182

Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s
default network: anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci.
1124, 1-38. doi: 10.1196/annals.1440.011

Buschert, V., Bokde, A. L. W., and Hampel, H. (2010). Cognitive intervention in
Alzheimer disease. Nat. Rev. Neurol. 6, 508-517. doi: 10.1038/nrneurol.2010.113

Canhada, S., Castro, K., Perry, I. S., and Luft, V. C. (2018). Omega-3 fatty acids’
supplementation in Alzheimer’s disease: a systematic review. Nutr. Neurosci. 21,
529-538. doi: 10.1080/1028415X.2017.1321813

Comprehensive  review
Molecules  25:E5789.

Cavanna, A. E., and Trimble, M. R. (2006). The precuneus: a review
of its functional anatomy and behavioural correlates. Brain 129, 564-583.
doi: 10.1093/brain/awl004

Chirles, T. J., Reiter, K., Weiss, L. R., Alfini, A. J., Nielson, K. A., and
Smith, J. C. (2017). Exercise training and functional connectivity changes in
mild cognitive impairment and healthy elders. J. Alzheimers Dis. 57, 845-856.
doi: 10.3233/JAD-161151

Ciarmiello, A., Gaeta, M. C., Benso, F., and Del Sette, M. (2015). FDG-PET in the
evaluation of brain metabolic changes induced by cognitive stimulation in aMCI
subjects. Curr. Radiopharm. 8, 69-75. doi: 10.2174/1874471008666150428122924

Coley, N., Andrieu, S., Gardette, V., Gillette-Guyonnet, S., Sanz, C., Vellas, B.,
et al. (2008). Dementia prevention: methodological explanations for inconsistent
results. Epidemiol. Rev. 30, 35-66. doi: 10.1093/epirev/mxn010

Cremonini, A. L., Caffa, I., Cea, M., Nencioni, A., Odetti, P., and Monacelli, F.
(2019). Nutrients in the prevention of Alzheimer’s disease. Oxid. Med. Cell. Longev.
2019:9874159. doi: 10.1155/2019/9874159

Cummings, J., Aisen, P., Lemere, C., Atri, A., Sabbagh, M., and Salloway, S.
(2021). Aducanumab produced a clinically meaningful benefit in association with
amyloid lowering. Alzheimer Res. Ther. 13:98. doi: 10.1186/513195-021-00838-z

Delrieu, J., Voisin, T., Saint-Aubert, L., Carrie, L., Cantet, C., Vellas, B.,
et al. (2020). The impact of a multi-domain intervention on cerebral glucose
metabolism: analysis from the randomized ancillary FDG PET MAPT trial.
Alzheimer Res. Ther. 12:134. doi: 10.1186/s13195-020-00683-6

DeTure, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of
Alzheimer’s disease. Mol. Neurodegener. 14:32. doi: 10.1186/s13024-019-0333-5

Dhana, K., Evans, D. A, Rajan, K. B., Bennett, D. A., and Morris, M. C. (2020).
Healthy lifestyle and the risk of Alzheimer dementia: findings from 2 longitudinal
studies. Neurology 95, e374-e383. doi: 10.1212/WNL.0000000000009816

Dubois, B., Feldman, H. H., Jacova, C., DeKosky, S. T., Barberger-Gateau, P.,
Cummings, J., et al. (2007). Research criteria for the diagnosis of Alzheimer’s
disease: revising the NINCDS-ADRDA criteria. Lancet Neurol. 6, 734-746.
doi: 10.1016/S1474-4422(07)70178-3

Erickson, K. I, Voss, M. W., Prakash, R. S, Basak, C., Szabo, A,
Chaddock, L., et al. (2011). Exercise training increases size of hippocampus
and improves memory. Proc. Natl. Acad. Sci. US.A. 108, 3017-3022.
doi: 10.1073/pnas. 1015950108

Feng, W., Wang, D., Tang, L., Cheng, Y., Wang, G., Hu, G., et al. (2018). Effects of
different cognitive trainings on amnestic mild cognitive impairment in the elderly:
a one-year longitudinal functional magnetic resonance imaging (MRI) study. Med.
Sci. Monit. 24, 5517-5527. doi: 10.12659/MSM.908315

Ferretti, M. T., Iulita, M. F., Cavedo, E., Chiesa, P. A., Schumacher
Dimech, A., Santuccione Chadha, A., et al. (2018). Sex differences in Alzheimer
disease—the gateway to precision medicine. Nat. Rev. Neurol. 14, 457-469.
doi: 10.1038/s41582-018-0032-9

Fotuhi, M., Lubinski, B., Trullinger, M., Hausterman, N., Riloff, T,
Hadadi, M., et al. (2016). A personalized 12-week "brain fitness program" for

Frontiersin Aging Neuroscience

33

10.3389/fnagi.2022.1014559

improving cognitive function and increasing the volume of hippocampus in
elderly with mild cognitive impairment. J. Prev. Alzheimers Dis. 3, 133-137.
doi: 10.14283/jpad.2016.92

Frederiksen, K. S., Gjerum, L., Waldemar, G., and Hasselbalch, S. G. (2018).
Effects of physical exercise on Alzheimer’s disease biomarkers: a systematic review
of intervention studies. J. Alzheimers Dis. 61, 359-372. doi: 10.3233/JAD-170567

Gomes, B. A. Q,, Silva, J. P. B, Romeiro, C. F. R,, dos Santos, S. M., Rodrigues,
C. A, Gongalves, P. R,, et al. (2018). Neuroprotective mechanisms of resveratrol
in Alzheimer’s disease: role of SIRT1. Oxid. Med. Cell. Longev. 2018:8152373.
doi: 10.1155/2018/8152373

Guerreiro, R., and Bras, J. (2015). The age factor in Alzheimer’s disease. Genome
Med. 7:106. doi: 10.1186/s13073-015-0232-5

Haddaway, N. R., Page, M. ], Pritchard, C. C., and McGuinness, L. A. (2022).
PRISMA2020: an R package and Shiny app for producing PRISMA 2020-compliant
flow diagrams, with interactivity for optimised digital transparency and Open
Synthesis. Campbell Syst. Rev. 18:e1230. doi: 10.1002/c12.1230

Haeger, A., Costa, A. S., Schulz, J. B., and Reetz, K. (2019). Cerebral changes
improved by physical activity during cognitive decline: a systematic review on MRI
studies. Neurolmage 23:101933. doi: 10.1016/j.nicl.2019.101933

Hama, Y., Hamano, T., Shirafuji, N., Hayashi, K., Ueno, A., Enomoto, S.,
et al. (2020). Influences of folate supplementation on homocysteine and cognition
in patients with folate deficiency and cognitive impairment. Nutrients 12:3138.
doi: 10.3390/nu12103138

Henrique de Gobbi Porto, F., Martins Novaes Coutinho, A., Lucia de S4 Pinto,
A., Gualano, B., Luis de Souza Duran, F., Prando, S., et al. (2015). Effects of aerobic
training on cognition and brain glucose metabolism in subjects with mild cognitive
impairment. J. Alzheimers Dis. 46, 747-760. doi: 10.3233/JAD-150033

Hohenfeld, C., Nellessen, N., Dogan, 1., Kuhn, H., Miiller, C., Papa, F., et al.
(2017). Cognitive improvement and brain changes after real-time functional MRI
neurofeedback training in healthy elderly and prodromal Alzheimer’s disease.
Front. Neurol. 8:384. doi: 10.3389/fneur.2017.00384

Hu, N, Yu, J.-T,, Tan, L, Wang, Y.-L,, Sun, L., and Tan, L. (2013).
Nutrition and the risk of Alzheimer’s disease. BioMed Res. Int. 2013:524820.
doi: 10.1155/2013/524820

Huang, X., Lin, J., and Demner-Fushman, D. (2006). “Evaluation of PICO as
a knowledge representation for clinical questions,” in AMIA Annual Symposium
Proceedings (Washington, DC), 359-363.

Japee, S., Holiday, K., Satyshur, M. D., Mukai, I., and Ungerleider, L. G. (2015).
A role of right middle frontal gyrus in reorienting of attention: a case study. Front.
Syst. Neurosci. 9:23. doi: 10.3389/fnsys.2015.00023

Jensen, D. E., Leoni, V., Klein-Fliigge, M. C., Ebmeier, K. P., and Suri, S. (2021).
Associations of dietary markers with brain volume and connectivity: a systematic
review of MRI studies. Ageing Res. Rev. 70:101360. doi: 10.1016/j.arr.2021.101360

Jernerén, F., Elshorbagy, A. K., Oulhaj, A., Smith, S. M., Refsum, H., and Smith,
A.D.(2015). Brain atrophy in cognitively impaired elderly: the importance of long-
chain -3 fatty acids and B vitamin status in a randomized controlled trial. Am. J.
Clin. Nutr. 102, 215-221. doi: 10.3945/ajcn.114.103283

Kandel, B. M., Avants, B. B., Gee, J. C., McMillan, C. T., Erus, G., Doshi, J., et al.
(2016). White matter hyperintensities are more highly associated with preclinical
Alzheimer’s disease than imaging and cognitive markers of neurodegeneration.
Alzheimer’s Dement. 4, 18-27. doi: 10.1016/j.dadm.2016.03.001

Kanwisher, N., McDermott, J., and Chun, M. M. (1997). The fusiform face area:
a module in human extrastriate cortex specialized for face perception. J. Neurosci.
17, 4302-4311. doi: 10.1523/J]NEUROSCI.17-11-04302.1997

Kaufman, C. S., Honea, R. A,, Pleen, J., Lepping, R. J., Watts, A., Morris,
J. K., et al. (2021). Aerobic exercise improves hippocampal blood flow for
hypertensive Apolipoprotein E4 carriers. J. Cereb. Blood Flow Metab. 41,
2026-2037. doi: 10.1177/0271678X21990342

Kaur, H., Chaudhary, S., Mohanty, S., Sharma, G., Kumaran, S. S., Ghati,
N., et al. (2022). Comparing cognition, coping skills and vedic personality of
individuals practicing yoga, physical exercise or sedentary lifestyle: a cross-
sectional fMRI study. Integr. Med. Res. 11:100750. doi: 10.1016/j.imr.2021.
100750

Kennedy, D. (2016). B vitamins and the brain: mechanisms, dose and efficacy—a
review. Nutrients 8:68. doi: 10.3390/nu8020068

Kivipelto, M., Mangialasche, F., and Ngandu, T. (2018). Lifestyle interventions to
prevent cognitive impairment, dementia and Alzheimer disease. Nat. Rev. Neurol.
14, 653-666. doi: 10.1038/s41582-018-0070-3

Kivipelto, M., Ngandu, T., Laatikainen, T., Winblad, B., Soininen, H., and
Tuomilehto, J. (2006). Risk score for the prediction of dementia risk in 20 years
among middle aged people: a longitudinal, population-based study. Lancet Neurol.
5,735-741. doi: 10.1016/S1474-4422(06)70537-3

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1014559
https://doi.org/10.3390/brainsci7050050
https://doi.org/10.1016/j.trci.2018.04.007
https://doi.org/10.1093/brain/awr037
https://doi.org/10.14283/jpad.2018.35
https://doi.org/10.3390/molecules25245789
https://doi.org/10.1016/j.nicl.2020.102182
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1038/nrneurol.2010.113
https://doi.org/10.1080/1028415X.2017.1321813
https://doi.org/10.1093/brain/awl004
https://doi.org/10.3233/JAD-161151
https://doi.org/10.2174/1874471008666150428122924
https://doi.org/10.1093/epirev/mxn010
https://doi.org/10.1155/2019/9874159
https://doi.org/10.1186/s13195-021-00838-z
https://doi.org/10.1186/s13195-020-00683-6
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1212/WNL.0000000000009816
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.12659/MSM.908315
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.14283/jpad.2016.92
https://doi.org/10.3233/JAD-170567
https://doi.org/10.1155/2018/8152373
https://doi.org/10.1186/s13073-015-0232-5
https://doi.org/10.1002/cl2.1230
https://doi.org/10.1016/j.nicl.2019.101933
https://doi.org/10.3390/nu12103138
https://doi.org/10.3233/JAD-150033
https://doi.org/10.3389/fneur.2017.00384
https://doi.org/10.1155/2013/524820
https://doi.org/10.3389/fnsys.2015.00023
https://doi.org/10.1016/j.arr.2021.101360
https://doi.org/10.3945/ajcn.114.103283
https://doi.org/10.1016/j.dadm.2016.03.001
https://doi.org/10.1523/JNEUROSCI.17-11-04302.1997
https://doi.org/10.1177/0271678X21990342
https://doi.org/10.1016/j.imr.2021.100750
https://doi.org/10.3390/nu8020068
https://doi.org/10.1038/s41582-018-0070-3
https://doi.org/10.1016/S1474-4422(06)70537-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Perus et al.

Kobe, T., Witte, A., Schnelle, A., Lesemann, A., Fabian, S., Tesky, V. A,, et al.
(2016). Combined omega-3 fatty acids, aerobic exercise and cognitive stimulation
prevents decline in gray matter volume of the frontal, parietal and cingulate
cortex in patients with mild cognitive impairment. Neurolmage 131, 226-238.
doi: 10.1016/j.neuroimage.2015.09.050

Kobe, T., Witte, A. V., Schnelle, A., Tesky, V. A, Pantel, J., Schuchardt, J.-
P., et al. (2017). Impact of resveratrol on glucose control, hippocampal structure
and connectivity, and memory performance in patients with mild cognitive
impairment. Front. Neurosci. 11:105. doi: 10.3389/fnins.2017.00105

Krishnaswamy, P., Obregon-Henao, G., Ahveninen, J., Khan, S., Babadi, B.,
Iglesias, J. E., et al. (2017). Sparsity enables estimation of both subcortical and
cortical activity from MEG and EEG. Proc. Natl. Acad. Sci. U.S.A. 114, E10465-
E10474. doi: 10.1073/pnas.1705414114

La Joie, R., Perrotin, A, de La Sayette, V., Egret, S, Doeuvre, L.,
Belliard, S., et al. (2013). Hippocampal subfield volumetry in mild cognitive
impairment, Alzheimer’s disease and semantic dementia. NeuroImage 3, 155-162.
doi: 10.1016/j.1nicl.2013.08.007

Leeuwis, A. E., Smith, L. A., Melbourne, A., Hughes, A. D., Richards, M.,
Prins, N. D., et al. (2018). Cerebral blood flow and cognitive functioning in a
community-based, multi-ethnic cohort: the SABRE study. Front. Aging Neurosci.
10:279. doi: 10.3389/fnagi.2018.00279

Li, B.-Y., He, N.-Y,, Qiao, Y., Xu, H.-M,, Lu, Y.-Z,, Cui, P.-],, et al. (2019).
Computerized cognitive training for Chinese mild cognitive impairment
patients: a neuropsychological and fMRI study. Neurolmage 22:101691.
doi: 10.1016/j.nicl.2019.101691

Lista, S., Dubois, B., and Hampel, H. (2015). Paths to Alzheimer’s disease
prevention: from modifiable risk factors to biomarker enrichment strategies. J.
Nutr. Health Aging 19, 154-163. doi: 10.1007/s12603-014-0515-3

Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S. G., Huntley, J.,
Ames, D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390,
2673-2734. doi: 10.1016/S0140-6736(17)31363-6

Lopez-Ortiz, S., Valenzuela, P. L., Seisdedos, M. M., Morales, J. S., Vega, T.,
Castillo-Garcia, A., et al. (2021). Exercise interventions in Alzheimer’s disease: a
systematic review and meta-analysis of randomized controlled trials. Ageing Res.
Rev. 72:101479. doi: 10.1016/j.arr.2021.101479

Makin, S. (2018). The amyloid hypothesis on trial. Nature 559, S4-S7.
doi: 10.1038/d41586-018-05719-4

Manzano Palomo, M. S., Anaya Caravaca, B., Balsa Breton, M. A., Castrillo, S.
M., Vicente, A. d. 1. M., Castro Arce, E., et al. (2019). Mild cognitive impairment
with a high risk of progression to Alzheimer’s disease dementia (MCI-HR-AD):
effect of souvenaid treatment on cognition and 18F-FDG PET scans. J. Alzheimers
Dis. Rep. 3,95-102. doi: 10.3233/ADR-190109

Moms, J. C.,, Heyman, A., Mohs, R. C., Hughes, J. P., van Belle, G., Fillenbaum,
G., et al. (1989). The Consortium to establish a registry for Alzheimer’s disease
(CERAD). Part I. Clinical and neuropsychological assesment of Alzheimer’s
disease. Neurology 39, 1159-1159. doi: 10.1212/WNL.39.9.1159

Na, H. R, Lim, J.-S., Kim, W. ], Jang, J.-W., Baek, M. J., Kim, J., et al. (2018).
Multimodal assessment of neural substrates in computerized cognitive training: a
preliminary study. J. Clin. Neurol. 14:454. doi: 10.3988/jcn.2018.14.4.454

Neth, B. J., Mintz, A., Whitlow, C., Jung, Y., Solingapuram Sai, K., Register, T.
C., et al. (2020). Modified ketogenic diet is associated with improved cerebrospinal
fluid biomarker profile, cerebral perfusion, and cerebral ketone body uptake in
older adults at risk for Alzheimer’s disease: a pilot study. Neurobiol. Aging 86,
54-63. doi: 10.1016/j.neurobiolaging.2019.09.015

Ngandu, T., Lehtisalo, J., Solomon, A., Levilahti, E., Ahtiluoto, S., Antikainen,
R, et al. (2015). A 2 year multidomain intervention of diet, exercise, cognitive
training, and vascular risk monitoring versus control to prevent cognitive decline
in at-risk elderly people (FINGER): a randomised controlled trial. Lancet 385,
2255-2263. doi: 10.1016/S0140-6736(15)60461-5

Nguyen, L., Murphy, K., and Andrews, G. (2019). Immediate and long-term
efficacy of executive functions cognitive training in older adults: a systematic review
and meta-analysis. Psychol. Bull. 145, 698-733. doi: 10.1037/bul0000196

Norton, S., Matthews, F. E., Barnes, D. E., Yaffe, K., and Brayne, C. (2014).
Potential for primary prevention of Alzheimer’s disease: an analysis of population-
based data. Lancet Neurol. 13, 788-794. doi: 10.1016/S1474-4422(14)70136-X

Paillard, T. (2015). Preventive effects of regular physical exercise against
cognitive decline and the risk of dementia with age advancement. Sports Med. 1:20.
doi: 10.1186/540798-015-0016-x

Paillard, T., Rolland, Y., and de Souto Barreto, P. (2015). Protective effects of
physical exercise in Alzheimer’s disease and Parkinson’s disease: a narrative review.
J. Clin. Neurol. 11:212. doi: 10.3988/jcn.2015.11.3.212

Frontiersin Aging Neuroscience

10.3389/fnagi.2022.1014559

Park, J., Kim, S. E., Kim, E.-J,, Lee, B. L, Jeong, J. H., Na, H. R,, et al. (2019).
Effect of 12-week home-based cognitive training on cognitive function and brain
metabolism in patients with amnestic mild cognitive impairment. Clin. Interv.
Aging 14, 1167-1175. doi: 10.2147/CIA.S200269

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G.,
and Kokmen, E. (1999). Mild cognitive impairment: clinical characterization and
outcome. Arch. Neurol. 56:303. doi: 10.1001/archneur.56.3.303

Pitkild, K., Savikko, N., Poysti, M., Strandberg, T., and Laakkonen, M.-L. (2013).
Efficacy of physical exercise intervention on mobility and physical functioning
in older people with dementia: a systematic review. Exp. Gerontol. 48, 85-93.
doi: 10.1016/j.exger.2012.08.008

Podcasy, J. L., and Epperson, C. N. (2016). Considering sex and gender
in Alzheimer disease and other dementias. Dial. Clin. Neurosci. 18, 437-446.
doi: 10.31887/DCNS.2016.18.4/cepperson

Rehfeld, K., Liiders, A., Hokelmann, A., Lessmann, V., Kaufmann, J.,
Brigadski, T., et al. (2018). Dance training is superior to repetitive physical
exercise in inducing brain plasticity in the elderly. PLoS ONE 13:e0196636.
doi: 10.1371/journal.pone.0196636

Richard, E., den Heuvel, E. V., Moll van Charante, E. P., Achthoven, L.,
Vermeulen, M., Bindels, P. J., et al. (2009). Prevention of dementia by intensive
vascular care (PreDIVA): a cluster-randomized trial in progress. Alzheimer Dis.
Assoc. Disord. 23, 198-204. doi: 10.1097/WAD.0b013e31819783a4

Risacher, S. L., Kim, S., Nho, K., Foroud, T. Shen, L. Petersen, R.
C., et al. (2015). APOE effect on Alzheimer’s disease biomarkers in older
adults with significant memory concern. Alzheimers Dement. 11, 1417-1429.
doi: 10.1016/j.jalz.2015.03.003

Rolandi, E., Frisoni, G. B., and Cavedo, E. (2016). Efficacy of lifestyle
interventions on clinical and neuroimaging outcomes in elderly. Ageing Res. Rev.
25, 1-12. doi: 10.1016/j.arr.2015.11.003

Rosenberg, A., Mangialasche, F., Ngandu, T., Solomon, A., and Kivipelto, M.
(2020). Multidomain interventions to prevent cognitive impairment, Alzheimer’s
disease, and dementia: from FINGER to world-wide FINGERS. J. Prev. Alzheimers
Dis. 7,29-36. doi: 10.14283/jpad.2019.41

Rusek, M., Pluta, R., Utamek-Koziot, M., and Czuczwar, S. J. (2019). Ketogenic
diet in Alzheimer’s disease. Int. J. Mol. Sci. 20:3892. doi: 10.3390/ijms20163892

Rushworth, M., Walton, M., Kennerley, S., and Bannerman, D. (2004). Action
sets and decisions in the medial frontal cortex. Trends Cogn. Sci. 8, 410-417.
doi: 10.1016/j.tics.2004.07.009

Scarmeas, N. (2009). Physical activity, diet, and risk of Alzheimer disease. JAMA
302:627. doi: 10.1001/jama.2009.1144

Scheff, S. W., Price, D. A., Schmitt, F. A., Scheff, M. A., and Mufson, E. J.
(2011). Synaptic loss in the inferior temporal gyrus in mild cognitive impairment
and Alzheimer’s disease. J. Alzheimers Dis. 24, 547-557. doi: 10.3233/JAD-2011-
101782

Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G.,
Teunissen, C. E., et al. (2021). Alzheimer’s disease. Lancet 397, 1577-1590.
doi: 10.1016/S0140-6736(20)32205-4

Schwarz, C., Wirth, M., Gerischer, L., Grittner, U., Witte, A., Kébe, T., et al.
(2017). Effects of omega-3 fatty acids on resting cerebral perfusion in patients with
mild cognitive impairment: a randomized controlled trial. J. Prev. Alzheimers Dis.
5,26-30. doi: 10.14283/jpad.2017.23

Seghier, M. L. (2013). The angular gyrus: multiple functions and multiple
subdivisions. Neuroscientist 19, 43-61. doi: 10.1177/1073858412440596

Serrano-Pozo, A., and Growdon, J. H. (2019). Is Alzheimer’s disease risk
modifiable? J. Alzheimers Dis. 67, 795-819. doi: 10.3233/JAD181028

Sexton, C. E., Kalu, U. G, Filippini, N., Mackay, C. E., and Ebmeier,
K. P. (2011). A meta-analysis of diffusion tensor imaging in mild cognitive
impairment and Alzheimer’s disease. Neurobiol. Aging 32, 2322.e5-2322.e18.
doi: 10.1016/j.neurobiolaging.2010.05.019

Simic, G., Babic, M., Borovecki, F., and Hof, P. R. (2014). Early failure of the
default-mode network and the pathogenesis of Alzheimer’s disease. CNS Neurosci.
Ther. 20, 692-698. doi: 10.1111/cns.12260

Simon, S. S., Hampstead, B. M., Nucci, M. P., Duran, F. L. S., Fonseca,
L. M, Martin, M. d. G. M, et al. (2018). Cognitive and brain activity
changes after mnemonic strategy training in amnestic mild cognitive impairment:
evidence from a randomized controlled trial. Front. Aging Neurosci. 10:342.
doi: 10.3389/fnagi.2018.00342

Sitaram, R., Ros, T., Stoeckel, L., Haller, S., Scharnowski, F., Lewis-Peacock, J.,
et al. (2017). Closed-loop brain training: the science of neurofeedback. Nat. Rev.
Neurosci. 18, 86-100. doi: 10.1038/nrn.2016.164

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1014559
https://doi.org/10.1016/j.neuroimage.2015.09.050
https://doi.org/10.3389/fnins.2017.00105
https://doi.org/10.1073/pnas.1705414114
https://doi.org/10.1016/j.nicl.2013.08.007
https://doi.org/10.3389/fnagi.2018.00279
https://doi.org/10.1016/j.nicl.2019.101691
https://doi.org/10.1007/s12603-014-0515-3
https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.1016/j.arr.2021.101479
https://doi.org/10.1038/d41586-018-05719-4
https://doi.org/10.3233/ADR-190109
https://doi.org/10.1212/WNL.39.9.1159
https://doi.org/10.3988/jcn.2018.14.4.454
https://doi.org/10.1016/j.neurobiolaging.2019.09.015
https://doi.org/10.1016/S0140-6736(15)60461-5
https://doi.org/10.1037/bul0000196
https://doi.org/10.1016/S1474-4422(14)70136-X
https://doi.org/10.1186/s40798-015-0016-x
https://doi.org/10.3988/jcn.2015.11.3.212
https://doi.org/10.2147/CIA.S200269
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1016/j.exger.2012.08.008
https://doi.org/10.31887/DCNS.2016.18.4/cepperson
https://doi.org/10.1371/journal.pone.0196636
https://doi.org/10.1097/WAD.0b013e31819783a4
https://doi.org/10.1016/j.jalz.2015.03.003
https://doi.org/10.1016/j.arr.2015.11.003
https://doi.org/10.14283/jpad.2019.41
https://doi.org/10.3390/ijms20163892
https://doi.org/10.1016/j.tics.2004.07.009
https://doi.org/10.1001/jama.2009.1144
https://doi.org/10.3233/JAD-2011-101782
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.14283/jpad.2017.23
https://doi.org/10.1177/1073858412440596
https://doi.org/10.3233/JAD181028
https://doi.org/10.1016/j.neurobiolaging.2010.05.019
https://doi.org/10.1111/cns.12260
https://doi.org/10.3389/fnagi.2018.00342
https://doi.org/10.1038/nrn.2016.164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Perus et al.

Sitzer, D. I, Twamley, E. W., and Jeste, D. V. (2006). Cognitive training in
Alzheimer’s disease: a meta-analysis of the literature. Acta Psychiatr. Scand. 114,
75-90. doi: 10.1111/§.1600-0447.2006.00789.x

Smith, A. D, Smith, S. M., de Jager, C. A., Whitbread, P., Johnston, C., Agacinski,
G., etal. (2010). Homocysteine-lowering by B vitamins slows the rate of accelerated
brain atrophy in mild cognitive impairment: a randomized controlled trial. PLoS
ONE 5:€12244. doi: 10.1371/journal.pone.0012244

Smith, J. C., Nielson, K. A., Antuono, P., Lyons, J.-A., Hanson, R. J., Butts, A.
M., et al. (2013). Semantic memory functional MRI and cognitive function after
exercise intervention in mild cognitive impairment. J. Alzheimers Dis. 37, 197-215.
doi: 10.3233/JAD-130467

Soininen, H., Solomon, A., Visser, P. J., Hendrix, S. B., Blennow, K., Kivipelto,
M., et al. (2017). 24-month intervention with a specific multinutrient in people
with prodromal Alzheimer’s disease (LipiDiDiet): a randomised, double-blind,
controlled trial. Lancet Neurol. 16, 965-975. doi: 10.1016/S1474-4422(17)30332-0

Soininen, H., Solomon, A., Visser, P. J., Hendrix, S. B., Blennow, K., Kivipelto,
M., et al. (2021). 36-month LipiDiDiet multinutrient clinical trial in prodromal
Alzheimer’s disease. Alzheimer’s Dement. 17, 29-40. doi: 10.1002/alz.12172

Solomon, A., Stephen, R., Altomare, D., Carrera, E., Frisoni, G. B,
Kulmala, J., et al. (2021). Multidomain interventions: State-of-the-art and future
directions for protocols to implement precision dementia risk reduction. A user
manual for Brain Health Services—part 4 of 6. Alzheimer Res. Ther. 13:171.
doi: 10.1186/s13195-021-00875-8

Sperling, R. A., Karlawish, J., and Johnson, K. A. (2013). Preclinical
Alzheimer disease—the challenges ahead. Nat. Rev. Neurol. 9, 54-58.
doi: 10.1038/nrneurol.2012.241

Stephen, R, Liu, Y., Ngandu, T., Antikainen, R., Hulkkonen, J., Koikkalainen, J.,
et al. (2019). Brain volumes and cortical thickness on MRI in the Finnish Geriatric
Intervention Study to Prevent Cognitive Impairment and Disability (FINGER).
Alzheimers Res. Ther. 11:53. doi: 10.1186/s13195-019-0506-z

Stephen, R., Solomon, A., Ngandu, T., Levilahti, E., Rinne, J. O., Kemppainen,
N., et al. (2020). White matter changes on diffusion tensor imaging in the FINGER
randomized controlled trial. J. Alzheimers Dis. 78, 75-86. doi: 10.3233/JAD-200423

Stricker, N., Schweinsburg, B., Delano-Wood, L., Wierenga, C., Bangen, K.,
Haaland, K., et al. (2009). Decreased white matter integrity in late-myelinating
fiber pathways in Alzheimer’s disease supports retrogenesis. NeuroImage 45, 10-16.
doi: 10.1016/j.neuroimage.2008.11.027

Swanson, D., Block, R, and Mousa, S. A. (2012). Omega-3 fatty
acids EPA and DHA: health benefits throughout life. Adv. Nutr. 3, 1-7.
doi: 10.3945/an.111.000893

Szucs, D., and Ioannidis, J. P. (2020). Sample size evolution in neuroimaging
research: an evaluation of highly-cited studies (1990-2012) and of latest
practices  (2017-2018) in high-impact journals. Neurolmage 221:117164.
doi: 10.1016/j.neuroimage.2020.117164

Tarumi, T., Thomas, B. P., Tseng, B. Y., Wang, C., Womack, K. B., Hynan,
L., et al. (2020). Cerebral white matter integrity in amnestic mild cognitive
impairment: a 1-year randomized controlled trial of aerobic exercise training. J.
Alzheimers Dis. 73, 489-501. doi: 10.3233/JAD-190875

Tarumi, T., and Zhang, R. (2018). Cerebral blood flow in normal aging
adults: cardiovascular determinants, clinical implications, and aerobic fitness. J.
Neurochem. 144, 595-608. doi: 10.1111/jnc.14234

Teipel, S. J., Grothe, M. J., Filippi, M., Fellgiebel, A., Dyrba, M., Frisoni,
G. B, et al. (2014). Fractional anisotropy changes in Alzheimer’s disease
depend on the underlying fiber tract architecture: a multiparametric DTI study
using joint independent component analysis. J. Alzheimers Dis. 41, 69-83.
doi: 10.3233/JAD-131829

ten Brinke, L. F., Bolandzadeh, N., Nagamatsu, L. S., Hsu, C. L., Davis, J. C,,
Miran-Khan, K., et al. (2015). Aerobic exercise increases hippocampal volume in
older women with probable mild cognitive impairment: a 6-month randomised
controlled trial. Br. J. Sports Med. 49, 248-254. doi: 10.1136/bjsports-2013-093184

ten Brinke, L. F., Davis, J. C., Barha, C. K., and Liu-Ambrose, T. (2017). Effects
of computerized cognitive training on neuroimaging outcomes in older adults: a
systematic review. BMC Geriatr. 17:139. doi: 10.1186/s12877-017-0529-x

Thomas, B. P., Tarumi, T., Sheng, M., Tseng, B., Womack, K. B., Cullum, C. M.,
et al. (2020). Brain perfusion change in patients with mild cognitive impairment
after 12 months of aerobic exercise training. J. Alzheimers Dis. 75, 617-631.
doi: 10.3233/JAD-190977

Tomoto, T., Liu, J., Tseng, B. Y., Pasha, E. P., Cardim, D., Tarumi, T., et al. (2021).
One-year aerobic exercise reduced carotid arterial stiffness and increased cerebral
blood flow in amnestic mild cognitive impairment. J. Alzheimers Dis. 80, 841-853.
doi: 10.3233/JAD-201456

Tosatti, J. A. G., Fontes, A. F. d. S., Caramelli, P., and Gomes, K. B. (2022).
Effects of resveratrol supplementation on the cognitive function of patients with

Frontiersin Aging Neuroscience

35

10.3389/fnagi.2022.1014559

Alzheimer’s disease: a systematic review of randomized controlled trials. Drugs
Aging, 39, 285-295. doi: 10.1007/540266-022-00923-4

Train the Brain Consortium (2017). Randomized trial on the effects of a
combined physical/cognitive training in aged MCI subjects: the train the brain
study. Sci. Rep. 7:39471. doi: 10.1038/srep39471

van Aalst, J., Jennen, L., Demyttenaere, K., Sunaert, S., Koole, M., Ceccarini, J.,
et al. (2021). Twelve-week yoga vs. aerobic cycling initiation in sedentary healthy
subjects: a behavioral and multiparametric interventional PET/MR study. Front.
Psychiatry 12:739356. doi: 10.3389/fpsyt.2021.739356

van Balkom, T. D., van den Heuvel, O. A., Berendse, H. W., van der Werf, Y. D.,
and Vriend, C. (2020). The effects of cognitive training on brain network activity
and connectivity in aging and neurodegenerative diseases: a systematic review.
Neuropsychol. Rev. 30, 267-286. doi: 10.1007/s11065-020-09440-w

van Dalen, J. W., Moll van Charante, E. P., Caan, M. W., Scheltens, P., Majoie, C.
B., Nederveen, A. ], et al. (2017). Effect of long-term vascular care on progression
of cerebrovascular lesions: magnetic resonance imaging substudy of the PreDIVA
trial (prevention of dementia by intensive vascular care). Stroke 48, 1842-1848.
doi: 10.1161/STROKEAHA.117.017207

van Wijk, N., Broersen, L. M., de Wilde, M. C., Hageman, R. J., Groenendijk, M.,
Sijben, J. W., et al. (2013). Targeting synaptic dysfunction in Alzheimer’s disease
by administering a specific nutrient combination. J. Alzheimers Dis. 38, 459-479.
doi: 10.3233/JAD-130998

Vellas, B., Carrie, I, Gillette-Guyonnet, S., Touchon, J., Dantoine, T., Dartigues,
J. F., et al. (2014). MAPT study: a multidomain approach for preventing
Alzheimer’s disease: design and baseline data. J. Prev. Alzheimers Dis. 1, 13-22.
doi: 10.14283/jpad.2014.34

Vermeij, A., Claassen, J. A. H. R., Dautzenberg, P. L. J., and Kessels, R. P. C.
(2016). Transfer and maintenance effects of online working-memory training in
normal ageing and mild cognitive impairment. Neuropsychol. Rehabil. 26, 783-809.
doi: 10.1080/09602011.2015.1048694

Vidoni, E. D., Morris, J. K., Watts, A., Perry, M., Clutton, J., Van Sciver, A.,
et al. (2021). Effect of aerobic exercise on amyloid accumulation in preclinical
Alzheimer’s: a 1-year randomized controlled trial. PLoS ONE 16:€0244893.
doi: 10.1371/journal.pone.0244893

Wardlaw, J. M., Valdés Hernandez, M. C., and Mu noz-Maniega, S. (2015).
What are white matter hyperintensities made of?: relevance to vascular cognitive
impairment. J. Am. Heart Assoc. 4:¢001140. doi: 10.1161/JAHA.114.001140

World Health Organization (2019). Risk Reduction of Cognitive Decline and
Dementia: WHO Guidelines. Geneva: World Health Organization.

Yan, J., Luo, A,, Sun, R,, Tang, X, Zhao, Y., Zhang, J., et al. (2020). Resveratrol
mitigates hippocampal tau acetylation and cognitive deficit by activation SIRT1 in
aged rats following anesthesia and surgery. Oxid. Med. Cell. Longev. 2020:4635163.
doi: 10.1155/2020/4635163

Yang, H., Leaver, A. M., Siddarth, P., Paholpak, P., Ercoli, L., St. Cyr, N. M.,
et al. (2016). Neurochemical and neuroanatomical plasticity following memory
training and yoga interventions in older adults with mild cognitive impairment.
Front. Aging Neurosci. 8:277. doi: 10.3389/fnagi.2016.00277

Yantis, S., Schwarzbach, J., Serences, J. T., Carlson, R. L., Steinmetz, M. A., Pekar,
J.J., et al. (2002). Transient neural activity in human parietal cortex during spatial
attention shifts. Nat. Neurosci. 5, 995-1002. doi: 10.1038/nn921

Yogev-Seligmann, G., Eisenstein, T., Ash, E., Giladi, N., Sharon, H., Nachman,
S., et al. (2021). Neurocognitive plasticity is associated with cardiorespiratory
fitness following physical exercise in older adults with amnestic mild cognitive
impairment. J. Alzheimers Dis. 81, 91-112. doi: 10.3233/JAD-201429

Youn, J.-H., Ryu, S.-H., Lee, J.-Y,, Park, S., Cho, S.-J., Kwon, H,, et al. (2019).
Brain structural changes after multi-strategic metamemory training in older adults
with subjective memory complaints: a randomized controlled trial. Brain Behav.
9:¢01278. doi: 10.1002/brb3.1278

Youn, J. C., Kim, K. W, Lee, D. Y., Jhoo, J. H., Lee, S. B, Park, J. H., et al.
(2009). Development of the subjective memory complaints questionnaire. Dement.
Geriatr. Cogn. Disord. 27, 310-317. doi: 10.1159/000205512

Zhang, H., Wang, Z., Wang, J., Lyu, X, Wang, X, Liu, Y, et al
(2019). Computerized multi-domain cognitive training reduces brain atrophy
in patients with amnestic mild cognitive impairment. Transl. Psychiatry 9:48.
doi: 10.1038/s41398-019-0385-x

Zhang, Y.-P., Miao, R, Li, Q., Wu, T., and Ma, F. (2016). Effects of DHA
supplementation on hippocampal volume and cognitive function in older adults
with mild cognitive impairment: a 12-month randomized, double-blind, placebo-
controlled trial. J. Alzheimers Dis. 55, 497-507. doi: 10.3233/JAD-160439

Zhu, L., Li, L., Wang, L, Jin, X., and Zhang, H. (2020). Physical activity
for executive function and activities of daily living in AD patients: a systematic
review and meta-analysis. Front. Psychol. 11:560461. doi: 10.3389/fpsyg.2020.
560461

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1014559
https://doi.org/10.1111/j.1600-0447.2006.00789.x
https://doi.org/10.1371/journal.pone.0012244
https://doi.org/10.3233/JAD-130467
https://doi.org/10.1016/S1474-4422(17)30332-0
https://doi.org/10.1002/alz.12172
https://doi.org/10.1186/s13195-021-00875-8
https://doi.org/10.1038/nrneurol.2012.241
https://doi.org/10.1186/s13195-019-0506-z
https://doi.org/10.3233/JAD-200423
https://doi.org/10.1016/j.neuroimage.2008.11.027
https://doi.org/10.3945/an.111.000893
https://doi.org/10.1016/j.neuroimage.2020.117164
https://doi.org/10.3233/JAD-190875
https://doi.org/10.1111/jnc.14234
https://doi.org/10.3233/JAD-131829
https://doi.org/10.1136/bjsports-2013-093184
https://doi.org/10.1186/s12877-017-0529-x
https://doi.org/10.3233/JAD-190977
https://doi.org/10.3233/JAD-201456
https://doi.org/10.1007/s40266-022-00923-4
https://doi.org/10.1038/srep39471
https://doi.org/10.3389/fpsyt.2021.739356
https://doi.org/10.1007/s11065-020-09440-w
https://doi.org/10.1161/STROKEAHA.117.017207
https://doi.org/10.3233/JAD-130998
https://doi.org/10.14283/jpad.2014.34
https://doi.org/10.1080/09602011.2015.1048694
https://doi.org/10.1371/journal.pone.0244893
https://doi.org/10.1161/JAHA.114.001140
https://doi.org/10.1155/2020/4635163
https://doi.org/10.3389/fnagi.2016.00277
https://doi.org/10.1038/nn921
https://doi.org/10.3233/JAD-201429
https://doi.org/10.1002/brb3.1278
https://doi.org/10.1159/000205512
https://doi.org/10.1038/s41398-019-0385-x
https://doi.org/10.3233/JAD-160439
https://doi.org/10.3389/fpsyg.2020.560461
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

	Effects of preventive interventions on neuroimaging biomarkers in subjects at-risk to develop Alzheimer's disease: A systematic review
	1. Introduction
	2. Materials and methods
	2.1. Studies selection
	2.2. Criteria used to assess the quality of selected studies
	2.3. Criteria to assess the different types of results according to cognitive profile
	2.4. Effects of interventions on regional brain areas

	3. Results
	3.1. Flowchart and characteristics of the population
	3.2. Types of interventions and effect on brain imaging biomarkers
	3.2.1. Physical exercise
	3.2.1.1. Effect of PE on brain structure and amyloid load
	3.2.1.2. Effect of PE on brain function, perfusion, and metabolism

	3.2.2. Nutrition/diet
	3.2.2.1. Description of the effect of nutrition on brain structure
	3.2.2.2. Description of the effect of nutrition on brain function, perfusion, and metabolism

	3.2.3. Cognitive training
	3.2.3.1. Description of the effect of CT on brain structure
	3.2.3.2. Description of the effect of CT on brain function and metabolism

	3.2.4. Multidomain intervention
	3.2.4.1. Description of the effect of MD intervention on brain structure
	3.2.4.2. Description of the effect of multidomain intervention on brain function, perfusion, and metabolism

	3.2.5. Impact on cognition

	3.3. Target brain regions for interventions
	3.3.1. Preferential target regions
	3.3.2. Effect of all type of interventions on brain regions


	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


