GeroScience (2022) 44:2785-2800
https://doi.org/10.1007/s11357-022-00642-z

ORIGINAL ARTICLE

®

Check for
updates

Cognition and brain health among older adults in Iceland:

the AGES-Reykjavik study

Vaka Valsdéttir® - Brynja Bjork Magniisdottir
Sigurdur Sigurdsson® - Vilmundur Gudnason
Maria K. Jonsdottir

+ Milan Chang
+ Lenore J. Launer

Received: 31 May 2022 / Accepted: 5 August 2022 / Published online: 17 August 2022
© The Author(s), under exclusive licence to American Aging Association 2022

Abstract The paper aimed to compare how factors
previously identified as predictive factors for cogni-
tive decline and dementia related to cognitive per-
formance on the one hand and brain health on the
other. To that aim, multiple linear regression was
applied to the AGES-Reykjavik study epidemiologi-
cal data. Additionally, a regression analysis was per-
formed for change in cognition over 5 years, using
the same exposure factors. The study ran from 2002
to 2011, and the sample analyzed included 1707 par-
ticipants between the ages of 66 and 90. The data
contains MR imaging, cognitive testing, background
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data, and physiological measurements. Overall, we
conclude that risk factors linked to dementia relate
differently to cognition and brain health. Mobility,
physical strength, alcohol consumption, coronary
artery disease, and hypertension were associated with
cognition and brain volume. Smoking, depression,
diabetes, and body fat percentage were only associ-
ated with brain volume, not cognitive performance.
Modifiable factors previously linked to cognitive
reserve, such as educational attainment, participation
in leisure activities, multilingualism and good self-
reported health, were associated with cognitive func-
tion but did not relate to brain volume. These findings
show that, within the same participant pool, cogni-
tive reserve proxy variables have a relationship with
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cognitive performance but have no association with
relative brain volume measured simultaneously.

Keywords Cognitive aging - Brain health - Brain
pathology - Cognitive performance - Cognitive
reserve - AGES-Reykjavik study

An essential aspect of healthy and successful aging
is the trajectory of cognitive aging [1, 2]. Cognitive
aging affects individuals’ quality of life and well-
being, and retaining good cognition as you age is
considered very important by many [3, 4]. Cognitive
decline can substantially affect the daily function-
ing of those who experience it, and these individuals
become very dependent on the care of others [5].

Numerous factors affect the rate of cognitive
aging, including genetics, physical health, and life-
style choices, and it has been suggested that modifi-
able risk factors contribute to up to 50% of demen-
tia risk [6-8]. Among the risk and protective factors
that have been identified are alcohol consumption [9],
smoking [9], depression [9], physical activity [10,
11], body composition [12], sleep [13], hypertension
[14], diabetes [15], atrial fibrillation [16], coronary
artery disease [17], level of education [18], partici-
pation in leisure activities [19, 20], multilingualism
[21], self-reported health [22], healthy diet [19], and
mobility and strength [23, 24].

Cognition and brain pathology

Much of the research into cognitive aging and demen-
tia has been focused on brain pathology, which
is understandable since, in theory, it could lead
researchers to the root of what causes dementia and
closer to a cure [25]. There is no doubt that there is
a relationship between cognitive performance and
parameters of brain pathology, such as brain vol-
ume, brain infarcts, and white matter hyperintensities
[26-28]. Unfortunately, all of this work, identifying
the physiological underpinnings of dementia, has not
led us much closer to a cure [29].

When cognition and brain pathology has been
studied in parallel, for example, in Alzheimer’s dis-
ease studies, results have shown that having extensive
pathology does not automatically translate into the
individual experiencing cognitive impairment [30].
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This suggests that brain pathology is not the only
deciding factor when it comes to the symptoms of
dementia. Other avenues should therefore be consid-
ered. Even though this is the case, dementia research
is increasingly focused on biomarkers and less on
cognitive abilities [31-33].

Cognitive reserve

A considerable amount of literature is available that
attempts to explain why some people who, by a
physiological definition, would be considered to have
a dementing disease are more resistant to the cog-
nitive symptoms of dementia than others [34-36].
The problem with the literature on the topic is that
many terms have been used to describe the phenom-
enon, and some use the same terms while defining
them in different ways. This is the case even though
many attempts have been made to reach a consen-
sus [34-36]. In an ambitious white paper, Stern et al.
[36] suggested that the term cognitive reserve should
refer to the adaptableness of cognitive processes that
explain, to some extent, the differential susceptibility
of cognitive processes to brain aging. Brain reserve
should correspondingly refer to neurobiological
structure, the number of neurons or synapses, or other
structural characteristics of the brain that enable some
people to withstand the effects of brain aging better
than others. In another consensus paper, Cabeza et al.
[34] stated that they believed that the term reserve,
defined as brain resources accumulated through-
out the lifespan, should be used instead of using the
terms cognitive reserve and brain reserve separately.
According to the paper, since cognition is depend-
ent on the brain, a distinction should not be made
between the types of reserve, and reserve should be
used to discuss both cognitive and structural aspects
that allow individuals to resist the effects of brain
aging. This suggests that influential researchers in the
field are still conceptually going in different direc-
tions, which does not simplify the discussion on the
topic.

Although researchers have not been able to agree
on how to define the concept of reserve, most agree
that having a high reserve, most often referred to as
cognitive reserve, can predict cognitive performance
and the risk of incident dementia [35, 37]. Cognitive
reserve is usually measured through proxy measures
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that are quantifiable concepts related to cognitive
reserve. They include education level, occupational
status, and participation in cognitively stimulating lei-
sure activities [18, 35, 36, 38]. These factors account
for some individual differences in susceptibility to
age-related changes in brain pathology [36] and can
be considered modifiable, both early on and through-
out life [6, 7].

Present study

Cognitive performance is a key component of the
health of the older population. There is a connec-
tion between the pathology of the brain and cognitive
performance, albeit imperfect. We know that factors
contributing to cognition and brain pathology are cor-
related. We can, however, not assume, a priori, that
factors that have been shown to predict brain pathol-
ogy will predict cognitive performance in the same
way and vice versa. Therefore, it is vital to study
these concepts further to identify variables that con-
tribute to both cognition and brain pathology and pin-
point the factors that potentially contribute uniquely
to each of them.

The main aim of the present study was to identify
exposure factors that relate differentially to cognitive
performance and brain pathology. Without focusing
on what can be contributed to cognitive reserve and
what can be contributed to brain reserve, we wanted
to establish whether factors associated with cognitive
performance relate to brain pathology similarly. We
tried to identify factors that similarly relate to the two
measurements and factors that relate to the two differ-
ently. Cognitive change was also considered to gain
further insight into how cognitive performance devel-
ops among the older population. Therefore, an addi-
tional aim of the study was to examine whether those
same exposure factors were associated to change in
cognition over 5 years.

Materials and methods
Study population
The Reykjavik study was initiated by the Icelandic

Heart Association (IHA) in 1967 and included indi-
viduals born from 1907 to 1935 that lived in and

around the Reykjavik area in Iceland. The Age Gene/
Environment Susceptibility-Reykjavik study (AGES-
Reykjavik study) was a continuation of the Reykjavik
study. It included 5764 randomly selected survivors
from the Reykjavik study cohort that were asked to
participate in further testing. The AGES-Reykjavik
study was designed to examine the older popula-
tion’s risk factors related to disease and disability.
Measurements were carried out between 2002 and
2011. Participants were included in the data analy-
sis whether they fulfilled the study’s dementia crite-
rion or not [39, 40]. Measurements were taken twice,
approximately 5 years apart, and 3316 participants
participated in the second wave of data collection. At
baseline, the average Mini-Mental State Examination
(MMSE) score for participants included in the data
analysis was 27.51 (SD=2.02), ranging from 18 to
30.

Further description of the study design has previ-
ously been published [39]. The Icelandic National
Bioethics Committee and the Institutional Review
Board of the US National Institute on Aging, National
Institutes of Health, approved the AGES-Reykja-
vik study (VSN 00-063). All participants signed
informed consent before taking part in the study, and
participants were informed about their right to with-
draw consent at any point in time.

Research design and measures

For the primary analysis, results from a baseline
measurement were used as exposure variables. In
contrast, results from a follow-up measurement
5 years after the baseline measurement were used as
outcome variables. An additional analysis was also
performed where changes in cognitive performance
between measurements were used as an outcome var-
iable. Both cognitive performance and brain volume
were measured at baseline and follow-up.

Assessment of cognitive function

An extensive cognitive test battery comprised of eight
cognitive tests was used to assess cognition. They
included the California Verbal Learning Test [41];
Digits Forward [42]; Figure Comparison [43]; Digit
Symbol Substitution Test [42]; a modified Stroop
Test, Parts I, IT and III [44]; and Digits Backwards
[42]. Results from the eight cognitive tests were

@ Springer



2788

GeroScience (2022) 44:2785-2800

combined into one variable to create a general cog-
nitive ability variable [45]. The composite scores for
general cognitive ability were based on z-scores of
the raw scores for each test averaged over all eight
variables. Further description of these calculations
can be found in previously published material [46].
According to previous research into the AGES-Rey-
kjavik study dataset, the tests were divided into three
cognitive domains, a memory domain, a speed of pro-
cessing domain, and an executive function domain
[46]. Analyses corresponding to those performed for
general cognitive ability, relating to each cognitive
domain, are provided as supplementary material.

Change in general cognitive ability

Changes in general cognitive ability were calculated
by subtracting the baseline measurement for each
cognitive test from a follow-up measurement col-
lected 5 years later. The change in general cogni-
tive ability variable was calculated by averaging the
z-scores of the raw scores for change in cognition for
each of the eight tests.

Brain imaging

Magnetic resonance (MR) brain images were col-
lected during both rounds of data collection. The
image acquisition and image processing pipeline have
previously been described [47]. This study aimed not
to identify possible brain regions that could influence
specific types of cognitive performance; instead, the
goal was to get a general sense of whether the same
exposure factors would be associated with cognitive
health and brain health. Since studies have shown that
brain atrophy, loss of brain cells or a loss in the num-
ber of connections between brain cells, is indicative
of cognitive decline, brain volume was chosen as a
representative of brain pathology [48, 49]. The goal
was to utilize a robust indicator of brain health that
could be compared to cognitive health without differ-
entiating between individuals considered cognitively
healthy and individuals living with dementia. The
variables used for data analysis were relative white
matter volume (RWMV) and relative gray matter vol-
ume (RGMYV) [47]. The RWMV was calculated by
dividing the white matter volume (ml) by the intrac-
ranial volume (ICV) (the sum of gray matter volume,
white matter volume, white matter lesion volume, and
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cerebral spinal fluid volume). The RGMV was calcu-
lated the same way. The calculations resulted in a per-
centage score that shows the volume of white matter
and gray matter relative to the volume of the ICV.

Exposure variables

A search was performed within the AGES-Reykjavik
study dataset for variables identified in the literature as
predictors of brain aging and cognitive aging. These
variables were included in the initial analysis. Only
variables that had a significant relationship (before
applying a Benjamini—Hochberg correction [50]) to
either cognitive health or brain health (RWMV or
RGMYV) were included in the final analysis. Sex was
incorporated as a control variable since it has been
established that cognitive aging differs between males
and females [51]. Age was also included as a control
variable since it is a strong predictor of cognitive aging
[52]. Descriptions of each of the sixteen variables
included in the models and information about how they
were measured can be found in Table 1.

Analytical sample

Figure 1 shows a flowchart of the participant selection
process for the primary analysis. The sample con-
sisted of 1707 participants. Since the brain volume
variables were not included in the analysis of cogni-
tive change, participants that were only missing data
for brain volume were included in the study. There-
fore 1901 participants were included in the analysis
of cognitive change.

Statistical analysis

Means and standard deviations for continuous variables
and counts and percentages for discrete variables were
displayed for all variables included in the models.

For the primary analysis, linear regression mod-
els were used to analyze how exposure variables
related to outcome variables. Each model included
the same exposure variables but had different out-
come variables related to cognition or brain health
(MR brain imaging parameters). As an additional
analysis, a linear regression model was also used to
analyze how exposure variables related to changes
in cognitive performance.
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Table 1 Description of exposure variables

Sex Male, female
Age Subject age at first measurement
Mobility Timed up and go test (TUG) measured in seconds . A lower score represents better mobility

Leisure activities

Foreign languages
Education

Self-reported health

Physical strength
Smoking

Coronary artery disease
Alcohol consumption
Depression

Diabetes

Hypertension

Body fat percentage
ApoE €4 carrier

Average of days per month engaged, reported for mental and social leisure activities (movies, lectures,
church, crossword puzzles, board/card games, and computer games)

Number of foreign languages spoken

Education level completed: primary school, secondary, college, university (primary and secondary school
were combined into one group)

Self-estimation of general health: excellent, very good, good, fair, poor (two categories: 1, poor and fair; 2,
good to excellent)

Maximum strength value in leg in newtons

Smoking status: never smoked, previous smoker, current smoker

Coronary artery disease diagnosis based on rose angina, MI ECG, and use of nitrates: yes, possible case, no

Grams of alcohol per week consumed

Geriatric Depression Scale score®

Diagnosed as diabetes by self-report, fasting glucose, or medication use: yes, no

Hypertension, derived from physiological measurements (systolic blood pressure, diastolic blood pressure):
yes, pre-hypertension, no

Bioelectric Impedance (BIA): percent body fat
Apolipoprotein E (ApoE) genotype positive carrier: yes, no

2 [53]. [54]

Fig. 1 Flowchart of the

primary analysis

participant selection for the AGES-Reykjavik Study population
at baseline
n=5,764
Participants that did not participate in the follow-up
round of data collection
n =2,448
n=23,316
Missing value for at least one outcome variable
n =884
n=2432
Missing value for at least one exposure variable
n =725

Analyzed sample
n=1,707
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The Benjamini—Hochberg correction was used for
all linear regression models to control for false dis-
covery rate caused by multiple comparisons [50].

Results

Descriptive statistics

Exposure variables

Table 2 shows both the means and standard devia-
tions and counts and percentages, for every expo-
sure variable. Sex and age were included in the
models as control variables.

Outcome variables

Three outcome variables were modeled, general
cognitive ability, relative white matter volume, and

relative gray matter volume. The means and stand-
ard deviations for those variables for both sexes
are displayed in Table 3. Results from #-tests com-
paring males and females on these outcome vari-
ables showed that women had better outcomes on all
measurements.

Regression models comparing cognitive performance
and brain health

Regression analysis was applied to test which vari-
ables had an association with cognitive performance
and brain health using exposure variables that have
previously been identified as factors that contribute
to cognitive aging and dementia risk. The exposure
variables were entered into the model simultaneously
after it was ascertained that no assumption was vio-
lated, including the assumptions of normality and
multicollinearity.

Table 4 shows regression models for general cog-
nitive ability, relative white matter volume, and

Table 2 Descriptive

statistics for exposure M SD
variables showing means, Age 74.24 4.47
standard deviations, counts Mobility (sec) 11.31 2.61
and percentages Leisure activity (days/month) 5.62 3.67
Foreign languages (languages spoken) 2.10 1.51
Physical strength (Newtons) 345.41 114.83
Alcohol consumption (grams/week) 17.18 33.36
Depression (Geriatric Depression Scale score) 1.93 1.90
Body fat percentage (%) 29.08 8.08
n(%)
Male 724 (42.4)
Education (Primary and secondary school as reference) 1220 (71.5)
College 285 (16.7)
University 202 (11.8)
Self-reported health—good to excellent 1326 (77.7)
Smoking (Never as reference) 754 (44.2)
Previously 782 (45.8)
Current 171 (10.0)
Coronary artery disease (No as reference) 1309 (76.7)
Possible case 116 (6.8)
Yes 282 (16.5)
Diabetes—diagnosed with 154 (9.0)
Hypertension (No as reference) 195 (11.4)
Pre-Hypertension 689 (40.4)
Yes 823 (48.2)
ApoE €4 carrier 454 (26.6)

@ Springer



GeroScience (2022) 44:2785-2800

2791

Table 3 Descriptive statistics for outcome variables and statistical difference between males and females

Overall

Male Female

M SD n

M SD n M SD n )4

General cognitive ability score

<0.001 0.62 1707
Relative white matter volume (%) 24.71 0.03 1707
Relative gray matter volume (%) 45.24 0.02 1707

-0.12 0.64 724 0.09 0.60 983 <.001
24.58 2.01 724 24.81 1.97 983 017
43.78 2.94 724 46.32 2.94 983 <.001

relative gray matter volume, including the same expo-
sure variables. All three regression models were sig-
nificant (p <0.001).

Cognitive health

Nine exposure variables were associated with gen-
eral cognitive ability (Table 4). Seven variables were
positively related to general cognitive ability (mobil-
ity, leisure activities, foreign languages, college edu-
cation, self-reported health, physical strength, and
alcohol consumption). These results indicate that,
for example, an individual’s general cognitive ability
was likely to be better if he spoke more languages and
participated in more leisure activities. It should be
noted that although mobility appears to have a nega-
tive association with general cognitive ability, that is
only because the test that measures mobility meas-
ures the time it takes a person to stand up. Therefore
a negative association implies that an individual that
stands up in less time has a better general cognitive
ability. Two variables were negatively associated with
general cognitive ability (confirmed case of coronary
artery disease and hypertension). This indicates that
having coronary artery disease or hypertension makes
an individual less likely to score high on general cog-
nitive ability.

Corresponding results for the three cognitive
domains, memory, speed of processing, and execu-
tive function, can be found in Supplementary Table 1.
Most of the exposure variables associated with gen-
eral cognitive ability were associated with at least one
of the cognitive domains. Coronary artery disease
was, however, not associated with any domains, even
though it was associated with general cognitive abil-
ity. Having a university education, having depressive
symptoms, and having diabetes were associated with
one of the domains, but those variables were not asso-
ciated with general cognitive ability.

Brain health

Relative white matter volume Eight exposure var-
iables were associated with relative white matter vol-
ume (Table 4). Two variables were positively related
to RWMV (mobility and physical strength), meaning
that having more mobility and physical strength made
an individual more likely to have greater RWMV. Six
variables were negatively associated with RWMV
(currently smoking, confirmed case of coronary
artery disease, depression, diabetes, hypertension,
and body fat percentage). This indicates, for example,
that smoking or having a higher body fat percentage
made an individual less likely to have greater RWMV.

Relative gray matter volume Five exposure vari-
ables were associated with relative gray matter vol-
ume (Table 4). One variable was positively related to
RGMYV (mobility), suggesting that with better mobil-
ity, an individual was more likely to have greater
RGMV. Four variables were negatively associated
with RGMV (former smoker, current smoker, con-
firmed case of coronary artery disease, and alco-
hol consumption). This means that smoking, having
coronary artery disease, or consuming more alco-
hol makes an individual less likely to have greater
RGMV.

Regression model for cognitive change

Using the same exposure variables as before, linear
regression analysis was also applied to predict change
in cognitive performance over 5 years. Table 5 shows
a regression model for change in general cognitive
ability. The exposure variables were entered into the
model simultaneously after it was ascertained that
no assumption was violated, including the assump-
tions of normality and multicollinearity. In addition
to sex and age, cognitive performance at baseline

@ Springer
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Table S Linear rggression Change in general cognitive ability

model for change in general

cognitive ability B p P
Male ® 0.183 209 <.001*
Age? -0.013 —.134 <.001*
Mobility ® —0.011 —.063 .011%*
Leisure activities 0.002 .018 463
Foreign languages 0.014 .050 104
Education (Primary or secondary school education as reference)

College education 0.022 .019 458
University education 0.032 .024 .393

Self-reported health 0.058 .057 L021%*
Physical strength <0.001 .096 .004*

ase?( and age are control Smoking (Never having smoked as reference)

variables. "The TUG Previously smoked ~0.006 —.007 775

test for mobility has a

negative relationship with Current smoker 0.007 .005 .837

the outcome variables. A Coronary artery disease (No coronary artery disease as reference)

low score represents more Possible case of coronary artery disease 0.035 .020 .370

mobility. Better mobility is Confirmed case of coronary artery disease —0.019 —.016 485

therefore related to a better . -

outcome Alcohol consumption 0.001 .048 .043

*Variables marked with one Dfepressmn —0.008 —.034 174

asterisk have a significant Diabetes 0.024 016 467

p value after a Benjamini— Hypertension (No hypertension as reference)

g%(]:hliir\% cgrtr)tlactlon red Pre-hypertension —-0.052 —.059 111

. ariables marke .

with two asterisks have Hypertension —0.056 —.065 .083

a p value <0.05 but are Body Fat Percentage —0.002 —.031 393

considered non-significant ApoE &4 carrier -0.076 —.078 .001*

after the Benjamini— R?
Hochberg correction

.074

was included in the model as a control variable. The
model was significant with p <0.001.

Three exposure variables were associated with a
change in general cognitive ability (Table 5). Mobil-
ity and physical strength were positively related to
change in general cognitive ability meaning that gen-
eral cognitive ability was less likely to deteriorate
over the 5 years between measurements if an individ-
ual had good mobility and physical strength at base-
line. Being an ApoE &4 carrier was negatively associ-
ated with general cognitive ability making an ApoE
&4 carrier more likely to deteriorate in the five years
between measurements.

Corresponding results for changes in the three cog-
nitive domains, memory, speed of processing, and
executive function, can be found in Supplementary
Table 2. Only one of the exposure variables associ-
ated with change in general cognitive ability, being an
ApoE €4 carrier, was also associated with change in

a cognitive domain. However, mobility and physical
strength were not associated with changes in any of
the domains, even though they were associated with
change in general cognitive ability. Self-reported
health and alcohol consumption were associated with
change in at least one of the domains, but those vari-
ables were not associated with change in general cog-
nitive ability.

Regression models for cognition with brain volume
as exposure variables

Since it is known that brain volume predicts cogni-
tion [27], additional analyses were performed where
RWMV and RGMV were included as exposure
variables in the models for general cognitive ability
(Supplementary Table 3) and change in general cog-
nitive ability (Supplementary Table 4). These analy-
ses aimed to establish whether including the brain
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volume variables in the models for cognition would
render other exposure variables insignificant.

When RWMV and RGMV were included in the
models for cognitive performance as exposure vari-
ables, both RWMV and RGMV were significant
and had a positive association with cognition. Hav-
ing more brain volume means that an individual was
more likely to score higher on general cognitive abil-
ity. The only change to the other exposure variables
was that coronary artery disease became insignificant.

When RWMYV and RGMV were included in the
model for cognitive change as exposure variables, no
other variables than brain volume were significant.
Both RWMV and RGMV had a positive association
to change in general cognitive ability, meaning that
those with more brain volume were less likely to
deteriorate over the 5 years between measurements.

Discussion

This study compared how risk factors for cognitive
decline and dementia are differentially associated
with cognitive performance and brain health. The
findings suggest a considerable difference between
risk and protective factors strongly associated with
brain health and those strongly associated with
cognition.

Factors only related to cognition

Leisure activities, foreign languages, education, and
self-reported health only had a significant relation-
ship to cognition, not brain volume. Education is
considered an essential predictor of cognition [7, 18].
A longitudinal study that looked at the relationship
between education, school performance, occupation,
and dementia showed that good school performance
was protective against dementia risk and that the pro-
tective effect was even more substantial if good per-
formance in school was accompanied by occupational
complexity later in life [55].

Clinical measures of brain tissue volume and brain
function based on the AGES-Reykjavik study dataset
suggest that conditions in utero are associated with
late-life brain volume and brain function [56]. An
adverse intrauterine environment was only related to
poorer cognitive function for those with lower edu-
cation levels. A high level of education minimizes a
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suboptimal intrauterine environment’s effect on cog-
nition. Results such as these could explain why it
seems that the relationship to the pathology of demen-
tia is not as strong as the relationship to the clinical
manifestations of dementia. Rather than educational
attainment being directly linked to brain pathology,
when these factors are introduced into the equation, it
makes up for suboptimal brain structure, which would
otherwise translate into cognitive performance.

The time people spend on leisure activities also
has a significant relationship to cognition. The find-
ings align with previous research showing a relation-
ship between participating in leisure activities and
maintaining cognitive function [19]. Furthermore,
Saczynski et al. [20] previously suggested that lei-
sure activity participation reduced the effect of brain
lesions on cognitive performance. Like educational
attainment, this would explain why leisure activities
only had an association with cognitive performance,
not brain volume. Participation in leisure activities
can prevent brain lesions from having the effect they
otherwise would have on cognition.

These two variables, education and participation
in leisure activities, are often mentioned as proxy
measures for cognitive reserve and are recognized as
such in the literature [34—-36]. However, self-reported
health and multilingualism could also contribute to
cognitive reserve [34]. The findings reported here are
in line with other studies showing that multilingual-
ism predicts cognitive performance in the later adult-
hood [57, 58]. More specifically, it seems that lifelong
bilingualism is protective when it comes to the onset
of symptoms of dementia [58, 59]. However, a recent
randomized controlled trial suggested that foreign
language learning at an older age does not improve
cognition [60], which casts doubt on findings that
have indicated that foreign language learning at an
older age can enhance cognitive functioning [61, 62].
It, therefore, seems that the importance of multilin-
gualism lies in language acquisition earlier in life and
might operate as a protective factor through cognitive
reserve, in a similar manner as educational attainment
and participation in leisure activities.

The fact that self-reported health was related to
cognitive performance in this study is in line with
other research suggesting that self-reported health
predicts dementia risk and cognitive function [22,
63]. Although it is not often mentioned as a proxy
measure for cognitive reserve, it could well be that
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these factors work together to establish a better cog-
nitive reserve. Studies have shown that personal-
ity traits matter in cognitive reserve [64]. Having
low tendencies towards neuroticism and being open
to experiences is related to better cognitive reserve.
Neuroticism has also been linked to the mental aspect
of the experience of health-related quality of life [65].
Based on these studies and the fact that neuroticism
is also linked to increased dementia risk, how indi-
viduals view their health could be an essential con-
tributor to cognitive reserve. This is further supported
by recent studies that have established that having a
positive attitude toward aging can work protectively
against dementia overriding to some extent the effects
of the ApoE &4 gene [66].

It should be noted that when brain volume was
added to the model as an exposure variable, the sig-
nificance of other variables in the model remained.
Therefore, adding brain volume to the models did
not reduce the relationship between these variables
and cognitive performance. Both RWMV and RGMV
were also significant. This is in line with other stud-
ies that consider cognitive reserve in conjunction with
brain pathologies [67]. These findings suggest that
brain volume is vital for cognitive performance. At
the same time, it is evident that cognitive reserve also
contributes substantially to cognitive performance in
an independent manner.

Change in cognition

When change in cognition was analyzed, very few of
the exposure variables were associated with general
cognitive ability. Only mobility and physical strength
had a positive relationship with change in general
cognitive ability, while being an ApoE &4 carrier, had
a negative association with change in general cogni-
tive ability. These results are similar to the findings
of other studies showing that predictors of cognitive
function often do not predict cognitive decline [9—,
68-70]. When brain volume was added to the models
as an exposure variable, it was associated with cogni-
tive change while other exposure variables were not.
This suggests that brain volume would better predict
cognitive decline over 5 years than exposure factors
that are known predictors of cognitive performance. It
is possible that factors that show an association with
brain volume also have a relationship with cogni-
tive performance, mediated through brain pathology.

They would likely need a longer time interval than
5 years to be able to show an association with cogni-
tive performance.

Factors associated with brain volume

Mobility, physical strength, alcohol consumption,
coronary artery disease, and hypertension were asso-
ciated with cognition and brain volume. The fact that
some predictors of dementia and cognitive decline
show a relationship to both cognitive performance
and brain pathology does not come as a surprise since
many studies have established that the two are corre-
lated [27, 71].

The variables only associated with brain volume,
not cognitive performance, were smoking, depres-
sion, diabetes, and body fat percentage. Smoking or
having previously smoked, having depressive symp-
toms, having diabetes, and having a high body fat
percentage are all factors that make an individual
more likely to have less brain volume. Although these
variables do not show an association with cognitive
performance within this dataset, that is not to say
that they do not predict cognitive performance as has
been reported in other studies [9, 12, 46]. It could be
that more than 5 years need to pass between meas-
urements for the relationship between these variables
and cognitive performance to come to light. These
variables do predict brain volume, and brain volume
does have an association with cognitive performance
when included as an exposure variable.

It should be acknowledged that researchers have
criticized the use of total brain volume as a measure
of cognitive performance and cognitive decline since
studies have shown that age-related deterioration in
different brain structures does not happen simulta-
neously [71] and brain atrophy does not necessarily
indicate neuronal loss [72]. However, the purpose
of this study was to compare how known predictors
of cognitive health would relate to cognitive perfor-
mance on the one hand and brain pathology on the
other. Therefore, relative white matter volume and
relative gray matter volume were deemed acceptable
as robust representatives of brain pathology for this
study.

Great effort has been put into research focusing on
the pathology of dementia [73, 74]. While progress
has been made and available treatments can alleviate
the symptoms, no cure has been found which suggests
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that brain pathology cannot easily be changed [29,
73]. Additionally, when considering clinical impor-
tance, cognitive performance may be regarded as
more critical than neuropathological symptoms,
suggesting that the focus on preventative measures
should be on cognitive outcomes rather than the
pathology [75]. By putting more effort into research
related to factors associated with cognitive perfor-
mance, alongside the emphasis on the long-term goal
of curing brain pathology, a better opportunity is cre-
ated to limit cognitive decline amongst those that
have cognitive impairment.

An interesting outcome of the current study is that
alcohol consumption had a significant relationship
with cognitive performance and brain volume, but the
effects were in the opposite directions. More alcohol
consumption was related to better cognitive perfor-
mance, but more consumption was associated with
less grey matter volume. This is in line with previous
findings [9, 19, 76, 77]. Some studies have even sug-
gested that moderate alcohol consumption has a pro-
tective effect on cognitive performance [9, 19]. Why
alcohol consumption has a significant relationship to
s0 many outcome variables in this study is unknown.
It does come as somewhat of a surprise, especially
since the protective effect of moderate alcohol con-
sumption had been questioned [78]. It could be, as
suggested by Topiwala and Ebmeier [78], that the
explanation is that alcohol consumption is highly
associated with other know protective factors such
as socioeconomic status and education. Given how
mixed the findings are in the literature, the relation-
ship between alcohol consumption and the outcome
variables in this study should be interpreted with
caution.

Strengths and limitations

An essential strength of this study is the dataset used
in the analysis, the AGES-Reykjavik study dataset.
The dataset is well suited for this type of analysis. It
includes information from cognitive tests, MR brain
imaging data, and various risk factors associated
with cognitive aging, both physiological and demo-
graphical, all from the same individuals. Addition-
ally, the subsample of participants selected for the
AGES-Reykjavik study was chosen randomly from
the Reykjavik study, which comprised a random
sample of approximately 30,000 randomly selected
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individuals living in Reykjavik in 1967 [39]. This
ensures that participants of all capabilities were
chosen for the study, not only the most active and
healthy individuals. Finally, the size of the dataset
and the thorough examinations performed on par-
ticipants strengthen the findings and generalizability
of the results. Another strength of the study is that
all exposure variables were based on information
collected 5 years before the information for the out-
come variables was collected. This strengthens the
assumption that the exposure variables are predictors
of both cognitive performance and brain health but
are not only correlated with the outcome variables.

The study’s greatest strength is also one of its
weaknesses. The dataset had already been collected
before this research project started, so the data col-
lection could not be amended to suit this study.
Therefore, this project is limited to the information
contained within the AGES-Reykjavik study and
does not include all the variables considered impor-
tant for cognitive aging in a format that would have
made it possible to include them in the analysis.
Another weakness of the dataset is that many of the
variables are based on self-reported data (e.g., how
many foreign languages do you speak?). This could
introduce some inaccuracy to the dataset. Variables
relating to diet, physical activity, and sleep were
a part of the initial dataset but did not significantly
correlate to cognition or brain volume. This could
be because of the dataset’s limitations; for example,
sleep was only measured in self-report of how many
hours an individual slept each night on average and
physical activity, and diet was measured by delayed
self-reported information. Had the dataset not been
previously collected, it could have been possible to
structure the variables differently for the intended
analysis.

Furthermore, due to the data analysis applied
to the dataset, around half of the participants that
participated in the second round of data collection
were excluded from the final analysis. This was
unavoidable but expected when working with so
many different variables in the same model. It is not
unlikely that a certain selection bias was introduced
into the dataset when those who did not participate
in the follow-up measurement were excluded from
the data analysis. This should, however, not have a
significant effect on the results of this study since
the aim was to compare how exposure factors relate
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to two different elements, brain health and cognitive
health, within the same group of participants.

Future research

Although these models give insight into how risk
factors differentially relate to cognitive performance
and brain health, they do not provide very accurate
predictions, based on these exposure variables, of
how the cognition of the participants will develop
with time [79]. More accurate predictions could be
reached by applying other data analysis methods,
such as machine learning. Such methods could allow
for an approach to tackling cognitive decline tailored
to everyone. A follow-up analysis will be performed.
A machine learning approach will be applied to the
AGES-Reykjavik study dataset to predict the likeli-
hood that a person has dementia based on data col-
lected about the individual 5 years prior.

Conclusion

The study shows that exposure variables linked to
dementia relate differently to cognition and brain
health. Even though exposure variables, such as
speaking more foreign languages, participating in lei-
sure activities, obtaining a higher level of education,
and having better self-reported health do not have a
relationship to brain volume, they have an evident
relationship to cognition. It has been suggested that
cognitive reserve bridges the gap between an indi-
vidual’s actual cognitive capabilities and brain age or
brain pathology [35]. The analyses performed in this
study show that, within the same participant pool,
cognitive reserve proxy variables have a relationship
with cognitive performance but have no association
with relative brain volume measured simultaneously.
These findings indicate that, without contributing to
an individual’s brain pathology, being high on cogni-
tive reserve can positively impact cognitive perfor-
mance. The results of this study have implications for
the definitions of reserve since they indicate that the
two terms, brain reserve and cognitive reserve, are
independent, a least to some extent. Therefore, a dis-
tinction should be made between the two instead of
grouping them under the term reserve. Since affect-
ing the brain would most likely require substantial
intervention, these findings present an opportunity to

affect cognition without relying on affecting the brain
directly. Developing preventative measures that focus
on these modifiable factors could allow for a signifi-
cant change in the cognitive performance of the older
population and, thereby, the quality of life of those
individuals.
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