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Abstract

This systematic review aims to summarize cognitive reserve (CR) evaluation approaches and

to examine the role of seven selected modifiable lifestyle factors (diet, smoking, alcohol
consumption, physical activity, cognitive leisure activity, sleep, and meditation) in mitigating

the impacts of age- or disease-related brain changes on cognition. Eighteen population-based
English empirical studies were included. We summarize the study designs and identify three CR
models that were broadly used in these studies, including a residual model assessing lifestyle
factors in relation to unexplained variance in cognition after accounting for brain markers, a
moderation model testing whether lifestyle factors moderate the relationship between brain status
and cognition, and a controlling model examining the associations between lifestyle factors and
cognition when controlling for brain measures. We also present the findings for the impact of
each lifestyle factor. No studies examined diet, sleep, or meditation, and only two studies focused
on smoking and alcohol consumption each. Overall, the studies suggest lifestyle activity factors
(physical and cognitive leisure activities) may contribute to CR and attenuate the damaging impact
of brain changes on cognition. Standardized measurements of lifestyle factors and CR are needed,
and mechanisms underlying CR need to be further addressed as well.
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1. Introduction

Numerous previous systematic reviews and/or meta-analysis have found that various
modifiable lifestyle factors, including diet (Gu and Scarmeas, 2011), smoking (Peters et al.,
2008b), alcohol consumption (Peters et al., 2008a), physical activity (Carvalho et al., 2014),
cognitive leisure activity (Fallahpour et al., 2016; Sajeev et al., 2016), sleep (Bubu et al.,
2017) and meditation (Gard et al., 2014), were beneficial to the cognitive function in older
adults (Baumgart et al., 2015; Law et al., 2014), although the underlying mechanisms remain
unclear. One potential pathway may be that lifestyle factors supply cognitive reserve (CR)
that mitigates the relationship between age- or disease-related brain changes and cognition
(Clarke et al., 2012; Dik et al., 2007; Murphy and O’Leary, 2010; Scarmeas, 2007; Scarmeas
and Stern, 2003; Scarmeas and Stern, 2004; Stern, 2012).

CR is the adaptability of cognitive process, referring to the brain’s ability to cope with
changes due to age, pathology, or insult without developing cognitive impairment (Cheng,
2014; Stern et al., 2020; Tucker and Stern, 2011). Building up CR may help attenuate
cognition decline and delay the onset of dementia and thus have important implications
for dementia prevention (Cheng, 2014). Traditionally, studies have used certain proxies

to represent CR, with the most common proxies including educational attainment and
quality (Bennett et al., 2003; Fyffe et al., 2011; Meng and D’ Arcy, 2012), occupational
complexity, and general intelligence (Habeck et al., 2019; Scarmeas, 2007; Stern et al.,
2020). The proxy role of these factors have been established through numerous studies
that consistently show that they can moderate or attenuate the association between brain
pathology and the clinical outcomes (Bennett et al., 2003; Perneczky et al., 2009); more
pathology is required to manifest a clinically cognitive impairment for individuals with
higher educational attainment, intelligence, or occupational complexity (Ewers et al., 2013;
Hanyu et al., 2008; Morbelli et al., 2013); faster cognitive decline, probably due to a more
advanced pathology, can be seen after diagnosis of Alzheimer’s disease (AD) in those with
higher education compared with lower education (Andel et al., 2006; Conde-Sala et al.,
2013; Scarmeas et al., 2006). Reed et al. proposed a more direct measure of CR as the
unexplained variance (residuals) in cognition after taking demographic and brain markers
into account, usually through regression models (Reed et al., 2010; Stern et al., 2020). A
common estimation of residual is to compare the difference between the expected cognition
given someone’s state of brain health and the observed cognition (Anaturk et al., 2021;
Yao et al., 2020). Higher 1Q and education have been shown to be related to such residuals
(Habeck et al., 2017), thus adding another line of evidence supporting the measure of CR.
To evaluate whether modifiable lifestyle factors can provide CR when coping with brain
pathologies to slow the cognition decline, strong evidence similar to that found for the
common proxies (education, premorbid intelligence) needs to be established.
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As CR is rarely assessed directly, current studies used various approaches to measure CR
and to evaluate the role of modifiable lifestyle factors in CR, which may result in some
confusions about the reasonable CR measurements and how to apply them to research (Stern
et al., 2020). Categorizing and summarizing the appropriate CR models for various lifestyle
factors will assist in providing evidence to confirm whether a lifestyle factor promotes CR.

Thus, we undertook a review aiming to identify and summarize CR evaluation approaches
and to examine the role of selected modifiable lifestyle factors in the associations between
brain markers and cognition.

Methods

Our review was conducted based on the Preferred Reporting Items for Systematic Review
and Meta-Analysis Protocols (PRISMA-P) (Moher et al., 2015).

We systematically searched PubMed, Web of Science, Embase, PsycINFO and CINAHL
databases on April 20, 2021 to identify the empirical studies assessing the role of lifestyle
factors in the associations between brain and cognition. Based on the previous systematic
reviews (Baumgart et al., 2015; Law et al., 2014), seven modifiable lifestyle factors which
were testified to be associated with cognition were selected and analyzed in this study,
including (1) diet (Gu and Scarmeas, 2011), (2) smoking (Peters et al., 2008b), (3) alcohol
consumption (Peters et al., 2008a), (4) physical activity (Carvalho et al., 2014), (5) cognitive
leisure activity (Fallahpour et al., 2016; Sajeev et al., 2016), (6) sleep (Bubu et al.,

2017) and (7) meditation (Gard et al., 2014), among which the searching terms included
“lifestyle*”, “life style*”, “diet*”, “nutrition*”, “nutrient*”, “vitamin*”, “fish*”, “meat*”,
“vegetable*”, “food*”, “fatty acid*”, “smok*”, “tobacco*”, “drink*”, “alcohol*”, “beer*”,
“liquor*", “wine*”, “exercise*”, “physical activit*”, “physical inactivit*”, “sedentary”,
“leisure activit*”, “cognitive activit*”, “sleep*” and “meditation*”. Besides these lifestyle
factors, searching terms also included “cognitive reserve*”, “brain reserve*”, “cognitive
resilience” and “brain resilience”. Free text words were applied to the searching strategy in
every database; Medical Subject Headings (MESH) and Embase Subject Headings (Emtree)
terms were also used when searching from PubMed and Embase, respectively. More detailed
information of searching terms in each database is provided in Supplementary Table 1. To
identify potential studies not captured by our searching strategy, we also searched studies
listed in the references of relevant articles.

The search was limited to human studies published in English as well as empirical
studies. Reviews and non-articles (e.g., books, book sections, generic, thesis, case reports,
commentaries, editorials, perspectives, letters, conference abstracts) were excluded. We
included studies that (1) included lifestyle factors of interest, brain markers and cognition;
(2) examined the role of lifestyle factors in the relationship between brain markers and
cognition (Figure 1).

Duplicate citations were removed prior to screening. The study selection process was
conducted in two steps. First, the first reviewer (SS) and the second reviewer (YG) reviewed
the titles and abstracts of all retrieved citations independently, and assessed identified studies
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for inclusion, facilitated by grading each eligibility criterion as eligible/not eligible/might
be eligible. Second, all citations deemed to be eligible/might be eligible by either reviewer
at the title and abstract stage were pulled for full-text review. The two reviewers (SS and
YG) independently reviewed all citations pulled for full-text review and disagreements were
reconciled.

We developed a standardized data extraction form specifying key data elements to be
extracted. Data items from articles that met inclusion and/or exclusion criteria were
independently extracted by the first reviewer (SS), and the second reviewer (YG) checked
the data for consistency, clarity, and accuracy independently. Data elements extracted
included descriptive information about each study (study design, study objectives, country,
characteristics and eligibility criteria of the subjects, sample size, datasets, statistical
methods, CR model, outcome variables, cognition measurements, brain markers and

their measurements, lifestyle factors and their measurements, covariates, comparators, key
findings, study time, future directions), the basic information of the articles (ID, first author,
publish year, title, abstract, keywords, journal) and decisions by reviewers. Records were
managed through Endnote X8 and extracted through Excel.

The risk of bias and study quality were assessed from six bias domains, including study
participation, attrition, measurements of prognostic factors (lifestyle factors, brain markers,
and CR), measurement of outcome (cognition), confounding and statistical analysis and
reporting, according to Quality in Prognosis Studies (QUIPS) tool, which is used for
assessing the risk of bias in studies of prognostic factors (Daskalopoulou et al., 2017,
Hayden et al., 2013; Kuiper et al., 2015).

3. Results

The search in five databases yielded a total of 2011 citations as of April 20, 2021 (Figure

1). An additional four studies were identified from the references of relevant articles. After
eliminating the 1012 duplicates, 1003 articles remained for the title and abstract screening.
Of these, 746 studies were excluded since they were animal studies, reviews, not written in
English, not empirical studies or not including brain markers, cognition or lifestyle factors of
interest. The 257 remaining articles were retrieved in full-text to be examined in more detail.
Of these, 239 were ultimately excluded for not meeting other inclusion criteria. Eighteen
studies met the inclusion criteria and were included in the review. Among them, four out of
18 studies included more than one lifestyle factor, resulting in a total of 25 associations of
lifestyle factors in summarized CR models.

3.1 Cognitive reserve models

This study summarizes three CR models (Figure 2) that have been used most frequently

in the previous studies, and which appropriately take into account the three necessary
components: lifestyle factors, brain measures, and cognition (Reserve and Resilience
Workshop). The first model, residual model, examines the associations between lifestyle
factors and CR residuals (Anaturk et al., 2021; Negash et al., 2013; Reed et al., 2011; Yao
et al., 2020). The second model, moderation model, tests whether lifestyle factors moderate
the association between brain status and cognition with the expectation that the negative
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effect of the brain pathology or insult on cognitive impairment is smaller among those with
healthier lifestyle behaviors under examination compare to those with unhealthier lifestyle
behaviors (Amato et al., 2013; Bartres-Faz et al., 2009; Buchman et al., 2019; Casaletto et
al., 2020a; Casaletto et al., 2020b; Chan et al., 2018; Chirles et al., 2017; Nunnari et al.,
2016; Rouillard et al., 2017; Snitz et al., 2020; Sumowski et al., 2013). The last model,
controlling model, examines the association between lifestyle factors and cognition while
holding brain status constant (Borroni et al., 2009; Harris et al., 2015; Scarmeas et al.,
2003; Sumowski et al., 2010; Xu et al., 2020; Xu et al., 2019), with the expectation of
healthy lifestyle factors being associated with better cognition when there is a similar level
of brain pathology or insult, thus directly fitting the concept of CR theory. A slight variation
of this model is to examine the association between lifestyle factors with brain measures
among individuals with the same cognitive abilities, with the expectation of individuals
with healthier lifestyle factors can harbor worse brain status (more brain pathologies)

when controlling for the cognition level. For example, previous evidence reported the more
engagement in cognitive leisure activities is associated with more prominent cerebral blood
flow deficits, accounting for the severity of AD among AD patients (Scarmeas et al., 2003).

Besides the three models, some other approaches have also been used to examine whether
a specific lifestyle factor could supply CR. But those approaches need to be interpreted
with caution. For example, some studies estimated the association between lifestyle factors
and a CR proxy (education or 1Q) as a way to evaluate whether the lifestyle factor has CR
capacities (Deary et al., 2006; Morales Ortiz and Fernandez, 2020), and some other studies
directly explored a lifestyle factor’s association with cognition and interpret the lifestyle
factors as a CR proxy (Power et al., 2018). However, such interpretation about CR may not
be completely justifiable without in vivo biomarker imaging or postmortem data confirming
neuropathology (Stern et al., 2020). In some other studies, CR proxies (e.g., education,

1Q, occupational complexity) were combined together into a composite CR score and its
association with cognition was then evaluated (Amato et al., 2013; Christensen et al., 2007,
Clare et al., 2017; Consonni et al., 2020; Forcada et al., 2015; Harris et al., 2015; Nunnari
etal., 2016; Xu et al., 2020; Xu et al., 2019). However, it is not able to distinguish the
unique contributions of the individual component, even though it is still useful in some
research or situations (Richards and Sacker, 2003; Stern et al., 2020). In another scenario, a
composite CR score was used to test whether it mediated the association between lifestyle
factors and cognition, which is not strictly aligned with the CR concept (Clare et al., 2017).
Finally, the CR analysis was conducted among lifestyle factors, time to dementia diagnosis
instead of brain measures, and cognitive outcomes (Hall et al., 2009; Helzner et al., 2007).
Finally, the concept of CR has also been expanded to measure resilience in face of various
chronic diseases or conditions such as obesity (Ihle et al., 2016), hearing loss (Chen and
Lu, 2020), among others (Ihle et al., 2018; lhle et al., 2017). In all these scenarios, an
important limitation is the missing of the brain measure, which is one of the three necessary
components for CR evaluation (Stern et al., 2020).

3.2 Overview of studies

Table 1 shows the summary of lifestyle factors and CR models. Among the seven selected
lifestyle factors, the included studies most frequently focused on cognitive leisure activity
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(n=14), and physical activity (n=5), accounting for 76% (19/25) associations of lifestyle
factors in the CR models, followed by multidomain lifestyle factors (n=2), smoking (n=2),
and alcohol consumption (n=2). No studies on diet, sleep, or meditation were found after
the systematically searching and the independent review. In terms of the three CR models,
10, nine and six out of the 25 associations were assessed by moderation analysis, residual
approaches, and controlling models, respectively. The methodological features and major
results by lifestyle factors are summarized in Table 2.

3.2.1 Smoking—Two cohort studies focused on the impact of smoking on the
relationship between brain markers and cognition using the residual model (Anaturk et al.,
2021; Yao et al., 2020). One study includes cognitively intact participants in Whitehall 11
imaging substudy (Anaturk et al., 2021) and the other study includes deceased AD patients
in Rush Memory and Aging Project and Religious Orders Study (Yao et al., 2020). The
measures of smoking were consistent across the two studies, which was a self-reported
smoking status, including never having smoked, former or current smokers. One study
estimated the residual between a cognitive score from a neuropsychological battery and
MRI-measured grey/white matter structural features, and defined CR as the difference
between the cognitive age and chronological age (Anaturk et al., 2021), while the other
study estimated the residual between pre-mortem global cognition and AD pathology burden
(neuritic plaques, diffuse plaques, and neurofibrillary tangles) among deceased AD patients,
and defined CR as the difference between observed cognition and expected cognition (Yao et
al., 2020).

Both studies found that the associations between smoking status and CR residuals were

not statistically significant (Anaturk et al., 2021; Yao et al., 2020). However, despite the
different construction of CR residuals, both studies found that the current smokers tended to
be more likely than former smokers or non-smokers to have a worse-observed cognition than
expected cognition (Anaturk et al., 2021; Yao et al., 2020).

3.2.2 Alcohol consumption—The above two studies also examined alcohol
consumption (Anaturk et al., 2021; Yao et al., 2020). Self-reported frequency of alcohol
consumption and the average grams or number of alcoholic drinks consumed were used to
measure alcohol consumption.

Both studies reported no significant associations between alcohol consumption and CR
residual scores (Anaturk et al., 2021; Yao et al., 2020). However, both studies reported

that people with more alcohol consumption tended to have a better-observed cognition than
expected cognition (Anaturk et al., 2021; Yao et al., 2020).

3.2.3 Physical activity—Of the five studies, four in the US (Buchman et al., 2019;
Casaletto et al., 2020a; Casaletto et al., 2020b; Yao et al., 2020) and one in the UK
(Anaturk et al., 2021), examined physical activity (Anaturk et al., 2021; Buchman et al.,
2019; Casaletto et al., 2020a; Casaletto et al., 2020b; Yao et al., 2020). Among them, two
are embedded in cross-sectional studies (Buchman et al., 2019; Casaletto et al., 2020a)

and three are longitudinal studies (Anaturk et al., 2021; Casaletto et al., 2020b; Yao et al.,
2020). The sample size of the five studies ranged from 174 to 980. Special populations were
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included in one study—subjects aged about 50 years with frontotemporal lobar degeneration
(FTLD) (Casaletto et al., 2020b). Among the other four studies, two included older adults
who were dementia-free (Anaturk et al., 2021; Casaletto et al., 2020a) and two studies used
postmortem data (Buchman et al., 2019; Yao et al., 2020).

The subjective measure was used in four studies to estimate a total physical activity score,
which was summed based on the self-reported engagement in activities and the length or
frequency of each activity (Anaturk et al., 2021; Casaletto et al., 2020a; Casaletto et al.,
2020b; Yao et al., 2020). In one study, daily physical activities were objectively measured
using an omnidirectional accelerometer (Buchman et al., 2019).

The findings of the role of physical activity varied by CR models. Two studies with residual
approaches did not find any significant associations (Anaturk et al., 2021; Yao et al., 2020);
three studies with moderation model reported both significant and nonsignificant results
(Buchman et al., 2019; Casaletto et al., 2020a; Casaletto et al., 2020b). Specifically, it was
found that individuals with greater physical activity demonstrated an attenuated relationship
between various brain pathological markers, including frontotemporal volume (Casaletto et
al., 2020b), white matter hyperintensities (Casaletto et al., 2020a), and atherosclerosis (but
not with other brain pathologies) (Buchman et al., 2019), and cognition, compared to their
low activity peers. However, the moderating impact of physical activity on the association
between other brain pathologies (e.g., AD pathology, Lewy bodies, Nigral neuronal loss)
and other cognition-related outcomes (e.g., processing speed, episodic memory) among
cognitively intact older adults did not reach statistical significance (Buchman et al., 2019;
Casaletto et al., 2020a; Casaletto et al., 2020b).

One study using post-mortem data (Buchman et al., 2019) found physical activity was
positively associated with global cognition after controlling for AD pathology and other
common brain pathologies, suggesting that physical activity may provide CR to maintain
cognitive function among people with similar burdens of brain pathologies (Buchman et al.,
2019).

3.2.4 Cognitive leisure activity—Five longitudinal studies (Amato et al., 2013;
Casaletto et al., 2020b; Negash et al., 2013; Xu et al., 2020; Xu et al., 2019) and nine
cross-sectional studies (Borroni et al., 2009; Casaletto et al., 2020a; Harris et al., 2015;
Nunnari et al., 2016; Reed et al., 2011; Rouillard et al., 2017; Scarmeas et al., 2003;
Sumowski et al., 2013; Sumowski et al., 2010) on cognitive leisure activities were conducted
in the US (n=9) (Casaletto et al., 2020a; Casaletto et al., 2020b; Negash et al., 2013; Reed

et al., 2011; Scarmeas et al., 2003; Sumowski et al., 2013; Sumowski et al., 2010; Xu et

al., 2020; Xu et al., 2019), Italy (n=3) (Amato et al., 2013; Borroni et al., 2009; Nunnari et
al., 2016), Argentina (n=1) (Harris et al., 2015) and the UK (n=1) (Rouillard et al., 2017)
with a sample size ranging from 25 to 1602. Special populations were targeted in six studies:
patients with multiple sclerosis (MS) (n=4/5) (Amato et al., 2013; Nunnari et al., 2016;
Sumowski et al., 2013; Sumowski et al., 2010) and frontotemporal dementia (FTD) (n=2/5)
(Borroni et al., 2009; Casaletto et al., 2020b); six studies focused on cognitively intact older
adults (Casaletto et al., 2020a; Harris et al., 2015; Rouillard et al., 2017; Scarmeas et al.,
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2003; Xu et al., 2020; Xu et al., 2019); the other two studies with the residual model were
post-mortem studies (Negash et al., 2013; Reed et al., 2011).

Cogpnitive leisure activities include social, intellectual, and cultural activities, such as reading
books, magazines or newspapers, producing art, producing nonartistic writing, playing a
musical instrument, playing structured games, participating in hobbies, watching television
or listening to the radio, going to movies or restaurants or sporting events, complex cooking,
walking for pleasure or excursion, physical conditioning, visiting/being visited by friends

or relatives, doing unpaid community volunteer work, going to a club, library, museum or
center, going to church or synagogue or temple, learning new skills and using the computer
(Borroni et al., 2009; Casaletto et al., 2020a; Casaletto et al., 2020b; Negash et al., 2013;
Reed et al., 2011; Rouillard et al., 2017; Sumowski et al., 2013; Sumowski et al., 2010).
Eight studies measured cognitive leisure activity with questionnaires including 7-25 items,
asking whether the participants participated in cognitive leisure activities throughout their
life and/or the frequency of the participation (Borroni et al., 2009; Casaletto et al., 2020g;
Casaletto et al., 2020b; Negash et al., 2013; Reed et al., 2011; Rouillard et al., 2017;
Sumowski et al., 2013; Sumowski et al., 2010). For the remaining six studies, a composite
CR score was calculated based on several CR proxies, including cognitive leisure activity,
education, 1Q, working activity, multilingualism, social activity and social network in late
life (Amato et al., 2013; Harris et al., 2015; Nunnari et al., 2016; Scarmeas et al., 2003; Xu
et al., 2020; Xu et al., 2019).

All three CR models were used to examine the CR potential of cognitive leisure activity.
Two residual studies reported significant positive associations between past cognitive
leisure activity and global cognitive residual over and beyond what can be explained by
neuropathology (e.g., neuritic plaques, diffuse plaques, and neurofibrillary tangles) (Negash
etal., 2013; Reed et al., 2011).

Moderation analysis was used in six studies each to examine the role of cognitive leisure
activity, reporting mixed findings. Four out of six moderation studies reported that cognitive
leisure activity significantly moderated the relationships between global brain atrophy and
attention/perceptual speed among cognitively intact participants who obtained the top 25%
scores in the Symbol Digit Modality Test, a test for attention/perceptual speed (Rouillard
etal., 2017), between disease burden (T2 lesion load) and cognitive status (cognitive
efficiency and memory composites) among MS patients (Sumowski et al., 2013), between
white matter tract integrity and global cognitive performance among dementia-free older
adults (Casaletto et al., 2020a), and between frontotemporal volume and global cognition,
episodic memory and executive functioning among mutation carriers with FTLD (Casaletto
et al., 2020b), indicating that adults with greater cognitive leisure activity significantly
attenuated the relationship between brain markers and cognition compared to those with less
cognitive leisure activity. However, cognitive leisure activity did not significantly moderate
the relationship between white matter hyperintensities and global cognition (Casaletto et al.,
2020a) or between frontotemporal volume and processing speed, between brain atrophy and
any other neuropsychological clinical outcomes (i.e., global cognition, episodic memory,
executive functioning and processing speed) among mutation carriers with FTLD (Casaletto
et al., 2020b). It is worth noting that the remaining two moderation studies among Italian
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MS patients reported inconsistent findings—one found participants with greater composite
CR scores significantly attenuated the relationship between normalized cortical volume
(NCV) and verbal memory and attention/information processing speed, compared to those
with lower composite CR scores (Amato et al., 2013), while the other study reported

no impact of the composite CR score on the relationship between NCV and cognitive
status (Nunnari et al., 2016), despite that they measured cognitive leisure activity, cognitive
function and NCV in a similar way and both of them were analyzed among Italian MS
patients. Both studies summarized the CR index including cognitive leisure activity and
education, but one also included working activities (Nunnari et al., 2016) and the other
one included premorbid I1Q (Amato et al., 2013). Thus, the authors interpreted that the
inconsistent findings could be due to the different calculations of the CR index (Nunnari et
al., 2016).

Among the six controlling models, one reported a significant positive association between
cognitive leisure activity and cognition controlling for brain atrophy (third ventricle width)
among MS patients (Sumowski et al., 2010); two reported that a higher level of the
composite CR score including cognitive leisure activities was associated with reduced risk of
MCI after controlling for global AD pathology and gross infarcts (Xu et al., 2020), and with
reduced risks of dementia or AD-related dementia after controlling for global AD pathology
and other brain pathologies (e.g., gross infarcts, and microscopic infarcts) (Xu et al., 2019).
Two studies among older adults reported significant correlations between composite CR
scores and brain markers—one reported a higher level of the composite CR scores was
associated with a higher level of Amyloid p1-42 controlling for cognitive status among mild
cognitive impairment (MCI) patients (Harris et al., 2015), and the other one reported that a
higher composite CR score was associated with more prominent cerebral blood flow deficits
(localized mainly to the temporal lobe and temporal-parietal-occipital areas) controlling

for modified Mini-Mental State examination among AD patients (Scarmeas et al., 2003).
However, one study among FTD patients reported no correlation between cognitive leisure
activities and regional cerebral blood flow, controlling for cognitive performance (Borroni et
al., 2009).

3.2.5 Multidomain lifestyle factors—One cohort study (Anaturk et al., 2021) and one
cross-sectional study (Chan et al., 2018) of multidomain lifestyle factors were conducted in
the UK (Anaturk et al., 2021; Chan et al., 2018). The sample size of those studies ranged
from 205 (Chan et al., 2018) to 537 (Anaturk et al., 2021). The two studies estimated a
lifestyle index including multiple lifestyle factors of interest—one study included smoking,
alcohol consumption and physical activity (Anaturk et al., 2021); the other one focused on
lifestyle activities including social, intellectual and physical activities measured by Lifetime
of Experiences Questionnaire (Chan et al., 2018).

One study using the residual approach observed no relationship of the multidomain lifestyle
with cognitive residuals over and beyond grey/white matter features (Anaturk et al.,

2021). However, the other study showed that multidomain lifestyle factors attenuated the
association between grey matter volumes and cognitive ability (Chan et al., 2018).
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3.2.6 Summary of the results—Table 3 summarizes the current evidence concerning
the role of each lifestyle factor on CR. Studies focused on cognitive leisure activity in
residual model provided strong evidence, with consistent findings from well-designed
studies, that cognitive leisure activity had the capacity to supply CR, and studies of
cognitive leisure activity in moderation and controlling models provided emerging evidence
that cognitive leisure activity was associated with cognition accounting for certain brain
markers. Emerging evidence supports that physical activity and multidomain lifestyle factors
may also help maintain specific cognitions in face of certain brain markers. With limited
evidence, smoking and alcohol consumption may not influence the CR residuals. We did not
find any studies examining diet, sleep or meditation.

3.3 Bias and Quality of Studies

Based on the six domains included in the QUIPS tool, five out of 18 studies reviewed
here were assessed as having moderate risk of bias and 13 as low, indicating that the
quality of the included studies was high (Table 4). Study participation and attrition domains
were reported to have the most prompting items with moderate and/or high risk of bias.
Ten out of 18 studies were evaluated as having moderate risk of bias in the participation
domain, since eight studies included small sample size, with less than 100 subjects, and
10 studies didn’t report the period and place of recruitment of participants, such analysis
and findings may not be stable, reliable and comparable. In the attrition domain, seven
out of 18 studies were cohort studies, with three and four studies reporting moderate and
high risk of bias, respectively, regarding the lack of information on the participants lost

to follow-up, which may be associated with the effect of lifestyle factors on cognition

in face of the brain markers. Among the seven cohort studies, two included only a few
follow-ups within two years (Amato et al., 2013; Casaletto et al., 2020b). The short
follow-up timeframe of these two studies may limit the ability to investigate the role of
lifestyle factors in the relationship between brain markers and cognition, so those studies
may not provide informative evidence (Fratiglioni et al., 2004). The remaining 11 studies
were cross-sectional studies, which cannot supply causal inferences, but rather can help
identify potential associations to be further explored in future longitudinal studies. In terms
of the prognostic factor measurement domain, with the exception of one study focusing
on physical activity with an objective measurement (Buchman et al., 2019), all the other
17 studies measured lifestyle factors with self-reported data, which could result in recall
and response biases, especially for some questions inquiring information at a younger age
or some questions answered by informants on behalf of the study participants (Reed et
al., 2011; Rouillard et al., 2017; Xu et al., 2020; Xu et al., 2019). The measures for each
lifestyle factor and CR varied across studies, which may contribute to the inconsistent
findings (Nunnari et al., 2016). Controlling for relevant variables is also a crucial issue,
as many factors (e.g., age, sex, occupation) may be related to lifestyle behaviors and

such factors may also be associated with brain markers and cognition. In the analysis,

all studies controlled for demographics and/or education; some of the studies controlled
for occupation attainment and medical comorbidities or health status; two studies didn’t
control for any of these potential confounders (Harris et al., 2015; Rouillard et al., 2017).
Outcome measurement and statistical analysis domains were assessed as having low risk of
bias among all the included studies.
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In summary, although risk of bias, poor quality of study design, and sample size were
commonly stated in the limitation section of those studies, the summary of their main
findings is broadly applicable to conclude that certain lifestyle activity factors, including
physical activity and cognitive leisure activity, seem to have a beneficial effect on the
association between brain markers and cognitive function.

4. Discussion

This review summarized three CR models (residual, moderation, and controlling models)
that were commonly used in previous studies, and examined the role of seven selected
modifiable lifestyle factors in the association between brain markers and cognition. This
review included 18 studies with 25 associations among four lifestyle factors, confirming
lifestyle activity factors (physical activity and cognitive leisure activity) may provide CR
and have a protective impact on the associations between brain markers and cognition.

The residual model revealed less relationship between modifiable lifestyle factors and CR
residuals, compared to the moderation and controlling models. This may be because these
residuals cannot fully explain the majority of the variance in cognition due to the limited
number of brain markers and other unmeasurable factors (Habeck et al., 2017; Zahodne

et al., 2015; Zahodne et al., 2013). Moderation model examines the attenuated effects of
lifestyle activity factors on the relationship between specific brain markers and cognition,
which indicates that the lifestyle activity factors may exert moderation impacts according to
the type of brain characteristics or pathologies and cognition (Bennett et al., 2003; Xu et al.,
2015).

This review yielded results similar to previous reviews, indicating that lifestyle factors might
impart cognitive reserve (Amanollahi et al., 2021; Fratiglioni et al., 2004; Scarmeas and
Stern, 2003). However, previous reviews were not designed to include studies analyzing

all three essential components of CR (lifestyle factors, brain markers and cognition)
(Amanollahi et al., 2021; Fratiglioni et al., 2004). Based on the CR concept, it may not

be appropriate to test CR capacity without accounting for brain markers (Stern et al., 2020;
Reserve and Resilience Workshop). Furthermore, we have summarized the various CR
models used to examine the role of each lifestyle factor in the relationship between brain
markers and cognition. Clarifying these analytical models can help guide future studies on
this research topic and avoid study design pitfalls. Finally, previous reviews only included a
few different lifestyle activity factors, like social networks (Fratiglioni et al., 2004), social
engagement (Amanollahi et al., 2021) and bilingualism (Amanollahi et al., 2021). As per
recent reports (Livingston et al., 2020; World Health Organization, 2019) suggest the risk of
dementia and cognitive decline can be reduced through modifying risk factors. It is therefore
important to comprehensively evaluate and elucidate the mechanisms for a wider range

of madifiable lifestyle factors. This may encourage at-risk populations to adopt healthy
behaviors in order to attenuate cognitive decline, and may help decision-makers tailor the
policies or recommendations based on the role of each lifestyle factor.

While the exact biological mechanisms remain unclear and different lifestyle factors might
have different underlying mechanisms, many studies are ongoing to investigate the neural
basis for CR. A few potential mechanisms have been proposed, including compensation
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and efficiency mechanisms (Barulli and Stern, 2013). CR may exert a compensatory effect
before the damaging effect of neuropathology is manifested. For example, there was a
weaker association between brain markers (e.g., Amyloid p) and cognitive performance
among people with higher CR (Barulli and Stern, 2013; Yaffe et al., 2011). The biological
mechanism for compensation lies in that actively engaged in lifestyle activities may increase
synaptogenesis of the unaffected neurons, which may compensate for the brain damage

to help the brain tolerate more loss before developing cognitive impairment (Churchill et
al., 2002; Fratiglioni et al., 2004; Milgram et al., 2006; Oh et al., 2018; Scarmeas, 2007;
Scarmeas and Stern, 2003). Lifestyle activity factors may also enhance the efficiency or
capacity of brain networks when performing the cognitive functions, and the flexibility

of the brain networks when shifting operations to alternate circuits, or non-neuronal
components of the brain (Churchill et al., 2002; Scarmeas, 2007; Scarmeas and Stern, 2003).
More studies are needed to confirm those mechanisms and explore other possible biological
mechanisms.

Overall, some research gaps that are worthy of further exploration. To begin with, more
studies are needed for some lifestyle factors, such as diet, sleep, meditation, smoking, and
alcohol assumption, when exploring the mechanisms underlying the association between
those lifestyle factors and cognition. Finding more factors that influence CR may tailor
multidomain interventions to reduce the risk of cognitive diseases and delay the onset

of these diseases. In addition, the measurements used in the previous studies varied and
might hinder the consistent findings. Thus, it may be helpful to develop a standardized
measurement of lifestyle factors (Casaletto et al., 2020b; Chan et al., 2018; Ikanga et

al., 2017; Levi et al., 2013). Moreover, future studies may want to compare the quantity

and reliability of each CR model and to identify the appropriate CR models in the study.
Furthermore, better and higher-quality cohort or experimental designs with larger sample
sizes are warranted to help validate and distinguish the metrics and effect sizes with different
sample characteristics (Anaturk et al., 2021; Bartres-Faz et al., 2009; Casaletto et al., 2020b;
Chirles et al., 2017; Clare et al., 2017; Harris et al., 2015; Morales Ortiz and Fernandez,
2020; Rouillard et al., 2017; Sobral et al., 2014; Sobral et al., 2015; Sumowski et al.,

2013; Xu et al., 2020; Xu et al., 2019; Yao et al., 2020). As a long time window and

a long duration of healthy behaviors may be needed to observe the protective impact of
lifestyle factors on cognition among the population with similar brain status, it will be
helpful to expand the follow-up timeframe and assess the health behaviors in early-life or
mid-life (Amato et al., 2013; Buchman et al., 2019; Helzner et al., 2007; Sumowski et al.,
2010). Finally, biology mechanisms, particularly through experimental studies with animals
(Corpas et al., 2019; Frolinger et al., 2019; Rungratanawanich et al., 2019; Zhang et al.,
2018) or cells (Mota and Kelly, 2020), need to be further elucidated to ensure the causal
effects (Buchman et al., 2019; Casaletto et al., 2020b; Chan et al., 2018; Fratiglioni et al.,
2004; Snitz et al., 2020; Xu et al., 2019). Data-driven approaches (e.g., functional MRI) may
also help clarify the mechanisms underlying CR in the setting of brain pathology (Anaturk et
al., 2021; Casaletto et al., 2020a; Chirles et al., 2017; Negash et al., 2013; Snitz et al., 2020;
Sumowski et al., 2013).

This study has certain limitations. First, as we focused on more general modifiable lifestyle
factors in this review, some other lifestyle factors potentially relevant to CR but less
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studied were excluded from the literature search, e.g., multilingualism, the single activity
like visiting the museum, volunteering, musical practice, training, social network, genetic
variability and personality, etc. (Anaturk et al., 2021; Craik et al., 2010; Crane et al., 2010;
Fancourt et al., 2018; Fratiglioni et al., 2004; Hall et al., 2009; Jha et al., 2017; Kail and
Carr, 2020; Lombardi et al., 2018; Negash et al., 2013; Perquin et al., 2013; Reed et al.,
2011; Seinfeld et al., 2013; Strong and Mast, 2019; Sumowski et al., 2010; Vernooij-Dassen
etal., 2021; Yao et al., 2020; Zheng et al., 2018). In addition, there are some intrinsic
limitations of the three CR models we reviewed here. For the moderation model, unless
there is a way to consolidate all brain measures, multiple models will have to be tested

for each brain measure one by one. Residual models or controlling models can overcome
this problem by including all available brain measures in the same model, however, it may
still not be able to capture a true “reserve of cognition”, as some unmeasured factors may
still explain the remaining cognitive variations (Habeck et al., 2017; Zahodne et al., 2015;
Zahodne et al., 2013).

Our study has some novelties and advantages. We summarized the models currently used

in the literature in CR analysis. As can be seen from Table 1, for each lifestyle factor,
multiple models have been used which may help explain the inconsistency of the results.
By summarizing the models and identifying certain pitfalls in previous studies, our review
also provides a solid foundation in terms of study design and model selection for future
studies aiming to examine the CR potential of lifestyles factors. The current review

focused on multiple modifiable lifestyle factors together and identified factors that share the
same CR mechanism for cognitive benefits, which may be helpful for future multidomain
intervention, since combinations of these health factors and behaviors seem to be more
effective at reducing the risk of cognitive diseases than individual factors (Guo et al., 2021).

5. Conclusion

This review provides evidence to support the hypothesis that lifestyle activity factors may
mitigate the associations between brain markers and cognition, suggesting that tailored
health policies on lifestyle activities may have far-reaching consequences to attenuate
cognition decline and delay the onset of dementia. Significance of the role of each lifestyle
activity factor varied by CR models. In general, it is less likely to find significant impacts
of lifestyle factors using the residual models compared to the moderation or controlling
models. Lifestyle factors only moderated specific, but not all, brain markers on cognition.
Standardized measurements of lifestyle factors and CR and underlying mechanisms need to
be further addressed.
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Highlights
. Three CR models have been used commonly in the literature.
. Lifestyle activity factors (physical/cognitive leisure activities) may supply
CR.
. Lifestyle activity factors moderate effect of specific brain markers on
cognition.
. Data on other lifestyle factors (diet, sleep, and meditation, etc.) are scarce.
. Standardized measurements of lifestyle factors and CR are needed.
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Figure 2. Cognitive reserve mechanisms for the role of lifestyle factors in the associations
between brain markers and cognition.

Abbreviations: LS: lifestyle factors; CR: cognitive reserve.

Note:

Model 1-Residual: analysing the associations between lifestyle factors and CR residuals,
which are quantified as the unexplained variance in cognition after taking demographic and
brain markers of cognition into account.

Model 2-Moderation; testing whether lifestyle factors moderate the association between
brain status and cognition by examining the interaction between lifestyle factors and brain
markers on cognition.

Model 3-Controlling model: conducting multivariable regressions with lifestyle factors

as the predictors and cognition as the outcomes while accounting for brain markers, or
regressing lifestyle factors with brain markers, controlling for cognition.
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Table 1

Summary of three models used for testing the role of lifestyle factors in the associations between brain
markers and cognition.

Lifestyle factors Residual Moderation  Controlling model  Total
Diet 0 0 0 0
Smoking 2 0 0 2
Alcohol consumption 2 0 0 2
Physical activity 2 3 0 5
Cognitive leisure activity 2 6 6 14
Sleeping 0 0 0 0
Meditation 0 0 0 0
Multidomain lifestyle factors 1 1 0 2
Total 9 10 6 25
Note:

Model 1-Residual: analysing the associations between lifestyle factors and CR residuals, which are quantified as the unexplained variance in
cognition after taking demographic and brain markers of cognition into account.

Model 2-Moderation: testing whether lifestyle factors moderate the association between brain status and cognition by examining the interaction
between lifestyle factors and brain markers on cognition.

Model 3-Controlling model: conducting multivariable regressions with lifestyle factors as the predictors and cognition as the outcomes while
accounting for brain markers, or regressing lifestyle factors with brain markers, controlling for cognition.
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Table 3

Current evidence concerning the role of lifestyle factors in the associations between brain markers and
cognition.

Lifestyle factors Residual Moderation  Controlling model  Total
Diet d d d d
Smoking c d a c
Alcohol consumption c d a c
Physical activity c b ad b
Cognitive leisure activity a b b b
Sleeping d d a a
Meditation d d d d
Multidomain lifestyle factors ¢ b a b

Note:

Model 1-Residual: analysing the associations between lifestyle factors and CR residuals, which are quantified as the unexplained variance in
cognition after taking demographic and brain markers of cognition into account.

Model 2-Moderation: testing whether lifestyle factors moderate the association between brain status and cognition by examining the interaction
between lifestyle factors and brain markers on cognition.

Model 3-Controlling model: conducting multivariable regressions with lifestyle factors as the predictors and cognition as the outcomes while
accounting for brain markers, or regressing lifestyle factors with brain markers, controlling for cognition.

a. . . . . . . . .
Strong evidence (i.e., evidence from well-designed studies with consistent findings).
Emerging evidence (i.e., less consistent findings).
Limited evidence with no significance (i.e., limited number of studies reporting no significant associations).

a: . . .
No evidence (i.e., no studies).
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