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Abstract

Age-related deterioration of attention decreases the ability to stay focused on the task at hand due to less efficient selection
of relevant information and increased distractibility in the face of irrelevant, but salient stimuli. While older (compared with
younger) adults may have difficulty suppressing salient distractors, the extent of these challenges differs vastly across
individuals. Cognitive reserve measured by proxies of cognitively enriching life experiences, such as education, occupation,
and leisure activities, is thought to mitigate the effects of the aging process and account for variability in trajectories of
cognitive decline. Based on combined behavioral and neuroimaging (voxel-based morphometry) analyses of demographic,
cognitive, and neural markers of aging and cognitive reserve proxy measures, we examine here predictors of variability in
the age-related changes in attention function, indexed by ability to suppress salient distraction. Our findings indicate that in
healthy (neurotypical), aging gray matter volume within several right lateralized fronto-parietal brain regions varies
according to both levels of cognitive reserve (education) and the capacity to effectively select visual stimuli amid salient
distraction. Thus, we provide here novel experimental evidence supporting Robertson’s theory of a right lateralized neural

basis for cognitive reserve.
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Introduction

Cognitive decline is frequently associated with aging (Ott et al.
1995; Lipnicki et al. 2013), yet older adults differ vastly in their
capacity to withstand the aging process (Rapp and Amaral
1992; Norton et al. 2014). Some older adults experience only a
gradual drop in cognitive functioning or even no substantial

deterioration, while others experience rapid decline and demen-
tia (Hayden et al. 2011). Thus, identifying the neurobiological
basis of this heterogeneity would aid to our understanding of
optimal neurocognitive aging (Stern 2012) and subsequently
help tailor intervention programs to improve brain health and
preserve cognitive function in the elderly population, particularly
in those who are at increased risk of dementia (Prince et al. 2015).

Received: 25 April 2020; Revised: 11 July 2020; Accepted: 7 August 2020
© The Author(s) 2020. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

0202 1800190 ZZ uo Jasn weybuiwlig Jo AlsioAun Aq £65768S/6702e6)/1/1/81018/SWIW0102182/Woo dnoolwapese//:sdjy WoJ) papeojumod


http://creativecommons.org/licenses/by/4.0/
https://academic.oup.com/
http://orcid.org/0000-0002-4536-0021

2 | Cerebral Cortex Communications, 2020, Vol. 1, No. 1

The term neurocognitive/cognitive reserve, or simply reserve,
refers to the observation that older adults who have been
exposed to more cognitively stimulating environments are
better protected against clinical symptomatology of a variety
of neurological conditions, despite substantial disease-related
neuropathological changes (Stern et al. 1992; Cabeza et al.
2018; Stern et al. 2018; Xu et al. 2019). In their seminal PET
study, Stern et al. (1992) examined regional cerebral blood flow
over parietotemporal cortex (as a proxy marker of disease
progression) in 3 groups of Alzheimer’s disease patients. The
groups were matched on clinical presentation of the disease,
but differed according to levels of educational attainment.
More advanced AD-related neuropathology (indexed by lower
levels of parietotemporal perfusion) was observed in the group
with the highest levels of educational attainment, indicating a
greater preservation of cognitive function in this cohort, given
their relative pathology. The authors proposed that high levels
of education resulted in a neuroprotective effect against the
clinical symptoms of the disease—a conclusion which has since
been substantiated by a large body of epidemiological work
highlighting the importance of education to the preservation
of neurocognitive function in both healthy and pathological
aging conditions (e.g., Ott et al. 1995; Launer et al. 1999; Le
Carret et al. 2003; Zhang and Luck 2009). In fact, recently, The
Lancet Commission for dementia prevention (Livingston et al. 2017)
estimated that around the globe as many as 30% of Alzheimer’s
disease cases can be linked to 7 risk factors (diabetes, midlife
hypertension, midlife obesity, physical inactivity, depression,
smoking, and low educational attainment), all of which are
modifiable and among which the highest estimated population-
attributable risk factor was low educational attainment (Norton
et al. 2014). While the original work on cognitive reserve has
focused on Alzheimer’s patients (for review see Stern 2012),
the term has since been used to account for heterogeneity in
neurotypical (healthy) cognitive aging. Moreover, in addition
to education, the ongoing research on cognitive reserve in
neurotypical aging has highlighted the role of occupational
and leisure activities as additional factors offsetting the age-
related cognitive decline (i.e., proxies of neurocognitive reserve;
for review, see Cabeza et al. 2018).

Despite substantial evidence that exposure to cognitively
enriched activities can mitigate the clinical presentation of
neuropathological conditions such as Alzheimer’s disease or
offset cognitive decline in healthy aging, the neuro-anatomical
substrates supporting this phenomenon are unclear. In his
pioneering theoretical work on cognitive reserve, Robertson
(Robertson 2013, 2014) proposed that a lifetime of engaging
noradrenergic-rich cognitive processes strengthens the right-
lateralized fronto-parietal networks, which in turn contributes
to the behavioral observations of neurocognitive reserve.
Cognitively stimulating environments, such as those provided
by education, organically necessitate several core cognitive
processes including arousal, sustained attention, and response
to novelty (Robertson 2014). These cognitive operations rely,
to varying extents on the noradrenergic (or locus-coeruleus
norepinephrine; LC-NE) system. The LC-NE system shows a
strong right lateralization and is functionally linked with the
frontoparietal attention networks (Oke et al. 1978; Robinson 1979;
Grefkes et al. 2010; Jodo and Aston-Jones 1997; Jodo et al. 1998;
Singewald and Philippu 1998; Shalev et al. 2019), particularly the
right lateralized “ventral attention network” which encompasses
temporoparietal and ventral frontal regions (Corbetta and
Shulman 2002; Sara 2009). Computational modeling work using
lateralized visual attention tasks in healthy aging (Brosnan,

Demaria, et al. 2018), and neuroimaging work with Alzheimer’s
patients (van Loenhoud et al. 2017) provided initial support for
Robertson’s right hemisphere hypothesis of reserve. However,
a unified investigation of cognition, levels of enrichment, and
neuroanatomy would provide a comprehensive understanding
of the complex interactions between individual differences
in cognitive function, environmental influences, and brain
structure, an idea which motivated the current study.

In addition to identifying modifiable lifestyle factors that
protect against the behavioral manifestations of neuropathology,
there has been substantial work investigating how highly speci-
fied cognitive capacities decline during the natural aging process
(for a comprehensive review see Cabeza et al. 2017). One of the
cognitive functions that are strongly affected by aging is atten-
tion, as recently reviewed by Zanto and Gazzaley (2017). Age-
related declines in attention are heterogeneous and complex,
affecting numerous processes and functions such as selective,
divided, and sustained attention as well as attentional capture
(Zanto and Gazzaley, 2014, 2017). For example, as we age, atten-
tional functions deteriorate resulting in less efficient selection of
relevant information and increased distractibility by task irrele-
vant but salient stimuli. Using the global-local task Tsventanov
and colleagues have elegantly demonstrated that, relative to
younger adults, older adults have difficulty in attending to task-
relevant target attributes in the presence of competing salient
distracting information (Tsvetanov et al. 2013). Their findings are
in agreement with the inhibitory deficit hypothesis, centered on
the idea that aging leads to a selective decrease in inhibitory
control, that is, in the ability to block (or inhibit) goal irrelevant
information (Hasher et al. 2007; Hasher 2015). This capacity to
effectively select and process task-relevant sensory information
is fundamental to everyday tasks and deficits in this capacity
can cause a cascade of functional issues, as can be observed
in Alzheimer’s patients (e.g., Rizzo et al. 2000) and in cases
of visual neglect following stroke (e.g., Corbetta and Shulman
2011). Indirect evidence from functional MRI, lesion, and animal
neurophysiology work has indicated that the right-lateralized
LC-NE system, which has close links with the fronto-parietal net-
work, particularly with the “ventral attention network” (Posner
and Petersen 1990; Aston-Jones et al. 1994; Aston-Jones et al.
1997; Corbetta and Shulman 2002; Hurley et al. 2004; Thiebaut
de Schotten et al. 2011; Sara and Bouret 2012; Robertson 2014;
Chechlacz et al. 2015), critically contributes to the capacity to
effectively select visual information from the environment. An
unanswered question is whether this right lateralized network,
sensitive to proxy measures of neurocognitive reserve, may relate
to inter-individual variability in the extent to which some older
adults might maintain a youth-like cognitive ability to inhibit
salient distracting stimuli as described by Tsvetanov et al. (2013).

In this paper, we ask whether a common right-lateralized
anatomical basis underpins cognitive reserve and individual
variation in cognitive function (the ability to ignore salient
distraction) in those over the age of 65 years. Specifically, we
first examine whether reserve, captured by proxies calculated by
Cognitive Reserve Index (CRI) questionnaire (Nucci et al. 2012),
predicts inter-individual variability in the effect of saliency on
attentional selection measured with global-local task (Tsvetanov
et al. 2013) in a group of older adults. Subsequently, we employ
voxel-based morphometry (Ashburner and Friston 2000; Good
et al. 2001) to capture the neural markers of the observed
cognitive reserve. We hypothesize that: (1) cognitive reserve
would offset age-related deficits in ignoring salient distraction,
thereby accounting for heterogeneity in performance in the
global-local task and (2) a right lateralized neural substrate
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of cognitive reserve would underpin individual differences in
the capacity to effectively select visual stimuli amid salient
distraction.

Materials and Methods
Participants

A total of 60 older adults participated in the study (26 males; age
range 65-84; mean + SD age 76.7 £4.7), consisting of a magnetic
resonance imaging (MRI) session and behavioral testing (the
Global Local task and Cognitive Reserve Index questionnaire). All
participants were recruited either from the Psychology panel of
elderly volunteers or the Birmingham 1000 Elders group, both
established at the University of Birmingham. The 2 panels of
elderly volunteers consist of adults aged 65 or over who are in
good health and have no pre-existing cognitive impairment. All
study volunteers had normal or corrected-to-normal vision, had
no history of psychiatric or neurological disease, and were right-
handed (self-report). Due to MRI contraindications, 10 partici-
pants were unable to undergo the MRI scan.

The study was approved by the University of Birmingham
Ethical Review Committee. All study participants provided writ-
ten informed consent and received monetary compensation for
participation in agreement with approved ethics protocols.

Global Local Task
Stimuli

We used compound-letter stimuli created by Tsvetanov et al.
(2013), based on a previously published global-local task design
(Mevorach et al. 2006; Mevorach, Humphreys, et al. 2009; Mevo-
rach, Shalev, et al. 2009; Mevorach et al. 2010). The compound-
letter stimuli comprised either the letters “H” or “S” (Local letters)
combined into orthogonal letter figure (either “H” or “S” Global
letter; see Fig. 1). The compound letters could either be congruent
where Local and Global letters matched (i.e., a Global letter “H”
comprised Local “H” letters, and a Global letter “S” comprised
Local “S” letters) or incongruent where Local and Global letters
differed (i.e., either a Global letter “H” comprised “S” letters and
vice versa; see Fig. 1). The compound letters were then manip-
ulated to enhance the relative saliency of either their “Global”
or “Local” attributes. To increase the relative saliency of the
“Local” letters, the compound letters were made of red and white
letters (Fig. 1 top row; high local saliency). To increase the relative
saliency of the “Global” letters, the local letters all appeared in red
color and were blurred (Fig. 1 bottom row; high global saliency).

Experimental Procedure

At the beginning of each block, participants were instructed to
focus either on the global or the local letter’s attribute (as illus-
trated in Fig. 2A), while ignoring the irrelevant information of the
other level. They were requested to indicate whether the letter
at the attended level (target) was either “H” or “S” by pressing
the “H” or “S” key on a computer keyboard, respectively. The
unattended stimulus attribute (distractor) was either congruent
with respect to the target identity (e.g., both target and distractor
were the letter H, or both were the letter S) or incongruent (e.g.,
target was H and distractor was S, or vice versa). Within each
block, 50% of the trials were congruent and 50% were incon-
gruent. In addition, in half of the blocks, the target was salient,
whereas in the remaining half of the blocks, the distractor was
salient. Overall there were 4 possible block types based on the
orthogonal combination of 2 saliency levels (distractor salient
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or target salient) and the task-relevant stimulus attribute that
participants were requested to judge (Global or Local). The exper-
iment commenced with a short demonstration and a practice
session of at least 10 trials, or until the experimenter could verify
that the instructions were clear and participants were capable
of doing the task. During the practice trials, participants were
encouraged to ask questions and/or indicate if they had any
difficulty, before beginning the experimental run. Each exper-
imental block type was repeated once and had 40 trials. The
order of blocks was randomly allocated. Each trial started with a
fixation point presented for 1500 ms, and followed by 200 ms of a
blank screen. The global-local letter stimulus was then presented
for 300 ms and disappeared, leaving a blank screen until the
response. The trial ended when participants indicated the letter
they identified. The task was administered using Presentation
software (Neurobehavioral Systems, Albany, CA). An overview of
the task is illustrated in Figure 2B.

Cognitive Reserve

All study participants completed the Cognitive Reserve Index
questionnaire (CRIg; Nucci et al. 2012). With this assessment,
CR is estimated based on a semi-structured interview aimed
at quantifying the amount of CR accumulated throughout the
lifetime, based on evaluation of education level as well as day-
to-day engagements in professional and leisure activities. The
CRIq is a validated measure comprised of 3 subscales assessing
education, the complexity of professional activities, and leisure-
time activities (Nucci et al. 2012). Based on the frequency and
duration (in years) across lifespan of various activities assessed
by each subscale, 4 different factors are calculated including
overall cognitive reserve index (CRI), CRI education, CRI working
activity, and CRI leisure time.

Statistical Analyses

For the purpose of the statistical analyses, we calculated mean
accuracy and response times of correct responses for each
individual on each experimental condition (i.e., congruency,
target/distractor saliency, and the global/local configuration to
attend) of the Global Local Task. As the behavioral performance
was measured in adults aged 65 or over, we used accuracy
as our main dependent variable to avoid potential motor
confounds that are associated with aging (e.g., Roggeveen et al.
2007; Shalev et al. 2016; Haupt et al. 2018). Preliminary data
inspection indicated substantial variability in accuracy among
experimental conditions as well as inter-individual differences
in performance. Thus, the analysis approach based on accuracy
measured allowed us to assess attentional capacity without
relying on response speed, which is likely to be related to motor
difficulties in older age (Roggeveen et al. 2007). Tsvetanov et al.
(2013) previously showed age-specific deficits in congruency
interference when distractors were salient (Saliency Distraction),
irrespective of whether participants were attending global or
local attributes of the stimuli. We started our analysis procedure
with an ANOVA test to verify the congruency interference in
accuracy indices at the group level. This analysis was then
followed by a regression analysis, targeting Saliency Distraction
as a behavioral marker and assessing its associations with age
and cognitive reserve.

Validation of the Experimental Manipulation

We carried out a 2x2x2 repeated-measures ANOVA with
accuracy rate as the dependent variable, and congruency
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Incongruent Congruent

5 H-H
5

Local Salient 5 5 H H
5

5 H H

Global Salient

Figure 1. Examples of compound-letter stimuli used in the Global Local task illustrating the congruency (i.e., Global and Local letters either matched or mismatched)
and saliency (either high local or high global saliency) manipulations.

A Attend “local” level Attend “global” level

O Please report the @ 5 Please report the
LOCAL letters 5 GLOBAL letters

Target  Distractor Distractor  Target
Salient Salient Salient Salient

5

Please report the =
LOCAL letters 5

5

Figure 2. Global Local Task design. (A) The experiment consisted of different blocks in which participants were asked to concentrate only on the global or the local
level while ignoring the information at the other level. (B) Following the instruction screen, on each trial the presentation of a compound-letter was proceeded by a
presentation of a fixation point.
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(congruent vs. incongruent), saliency level (target salient vs.
distractor salient), and attended attribute (global/local) as
independent factors. This analysis aimed to detect the successful
manipulation of global/local congruency, irrespective of saliency
manipulation.

Assessing the Effect of Age and Cognitive Reserve on Saliency
Distraction

We employed a hierarchical regression analysis to address our
main research question: whether age and cognitive reserve
relate to attentional selection with salient distraction. Based
on the ANOVA analysis (as described above), we used the
‘congruency effect’ as a dependant variable in the subsequent
regression analysis. Specifically, our dependent variable was
the change in accuracy (in percentage) between congruent and
incongruent conditions when distractors were salient (Saliency
Distraction). This is in line with Tsvetanov et al. (2013) who
reported significant age differences between young and older
adults particularly for this condition. As predictors, we entered
age (in years) as the first block, and then 3 CRI factors (CRI
education, CRI working activity, and CRI leisure time) as the
second block. The 3 factors were entered in a stepwise approach,
to explore the contribution of specific components to the model.
This exploratory approach was then supplemented by a Bayesian
inference approach, to quantify the strength of the evidence in
support of the observed effects (Wetzels et al. 2011; Wagenmak-
ers et al. 2018). Bayesian regression analyses were conducted
using an open-source statistical software JASP (Love et al. 2019).
When conducting a Bayesian linear regression analysis, we
included age in our null model and then added the 3 CRI factors
as predictors to observe the potential contribution of each. We
reported Bayes factors in favor of the alternative hypothesis,
expressing the probability of the data given H1 relative to HO
(BF10). We calculated the Bayes Factor Inclusion probabilities
(BF10) using a Jeffrey-Zellner-Siow prior (using the default prior
scale of 0.0354), to verify our exploratory stepwise regression
procedure. In addition, we report Bayes factors expressing the
likelihood of the specific model against all possible models (BFm).
The Bayes factors were subsequently interpreted in accordance
with previously published guides (Jeffreys 1961; Zellner and
Siow, 1980, 1984; Bayarri and Garcia-Donato 2007). For example,
a Bayes factor BFy can be interpreted such that a value of 3
indicates 3 times more support for the alternative hypothesis
than the null hypothesis, whereby a value of one-third indi-
cates 3 times more support for the null than the alternative
hypothesis (Jeffreys, 1961; Zellner and Siow 1980, 1984; Bayarri
and Garcia-Donato 2007).

MRI Data Acquisition

T1-weighted scans were acquired at the Birmingham University
Imaging Centre (BUIC) using a 3-T Philips Achieva MRI system
with a 32-channel head coil. T1-weighted structural scans were
acquired with a spatial resolution of 1x1x1 mm?® with the
following parameters: 176 sagittal slices, TR=7.5 ms, TE=3.5 ms
and flip angle=8.

MRI Data Pre-Processing and Voxel-Based Morphometry
(VBM)

T1-weighted scans from 50 participants (22 males; age range
65-84; mean + SD age 73.5 +£4.7) were included in the VBM analy-
ses. The pre-processing of T1 images, as well as all VBM analyses
were performed using the FMRIB Software Library (FSL v6.0.1;
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Smith et al. 2004; Woolrich et al. 2009; Jenkinson et al. 2012). We
used an optimized VBM protocol previously used to assessed age-
related brain changes (Good et al. 2001) as implemented in the
FSL-VBM toolbox (Douaud et al. 2007; http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FSLVBM). First, the T1 images were brain-extracted to
remove non-brain tissue using FSL BET tool (BET v2.1; Smith 2002)
and segmented to extract gray matter (GM) prior to registration to
MNI 152 standard space using non-linear registration (Andersson
et al., 2007). The resulting GM images were averaged and flipped
along the x-axis to create a left-right symmetric, study-specific
GM template. Subsequently, all individual native GM images
were non-linearly registered to this study-specific template and
“modulated” to correct for local expansion (or contraction) due
to the non-linear component of the spatial transformation. Next,
the modulated GM images were smoothed with an isotropic
Gaussian kernel with a sigma of 3.5 mm (~8 mm FWHM). For the
purpose of statistical analyses, we used a general linear model
(GLM) framework using permutation-based non-parametric test-
ing implemented in FSL-randomized tool (Winkler et al. 2014).
All presented findings are based on the whole-brain voxel-wise
analyses with recommended 10000 permutations (Dickie et al.
2015) and with the significance level set at P <0.05 using a
threshold-free cluster enhancement method (TFCE; Smith and
Nichols 2009) and a family-wise error (FWE) rate correction for
multiple comparisons across voxels. We first investigated the
effect of age on the regional volumetric GM changes. Further,
regression analyses were performed with either Saliency Distrac-
tion score, each off the CRI subscales, and a combination of both
CRI subscales and the saliency distraction score to explore the
GM covariation associated with these measures. In all regression
analyses, age and gender were included as covariates and the
measures entered into the analysis were demeaned. The cluster
tool and the Harvard-Oxford cortical atlas integrated into the FSL
image viewer (FSLeyes; https://git.fmrib.ox.ac.uk/fsl/fsleyes/fsle
yes/), as well as the Duvernoy Human Brain Atlas (Duvernoy et al.
1991) were used to report results from randomize.

Results

Validation of the Experimental Manipulation: Saliency
Distraction

Table 1 reports the full descriptive data of the Global Local task
including group accuracy and reaction times for all experimental
conditions.

The ANOVA results confirmed the existence of a congruency
effect (F(1,59)=22.400; P <0.001; partial »?> =0.275) during the
performance of the Global Local task. There were no other main
effects or interactions (all P’s > 0.09). These findings confirm that
accuracy can be used as a marker of cognitive interference in
the task. Notably, there was no main effect of the attended
attribute factor (global/local; P =0.379) and the attended attribute
did not interact with either the Salient (P =0.183) nor Congruency
(P =0.143) dimension. Accordingly, in our sample, there was no
bias towards either global or local stimulus attributes.

As such, Saliency Distraction (i.e., the change in accuracy
between congruent and incongruent conditions when distractors
were salient) was use as the dependent variable in subsequent
analyses.

Regression Analysis: The Effect of Age and Cognitive
Reserve on Saliency Distraction

A preliminary analysis which included all CRI factors as predic-
tors using a “stepwise” approach led to the inclusion of the CRI
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Table 1. Group performance on the Global Local Task, by each of the ANOVA factors. Means and standard deviations (in parenthesis)

Accuracy (%)

RT (ms)RT (ms)

Congruent Incongruent Congruent Incongruent
Attention to ‘global’ Target Salient 96% (.07) 84% (.27) 735 (238) 809 (244)
Distractor Salient 98% (.04) 83% (.23) 786 (342) 915 (297)
Attention to ‘local’ Target Salient 98% (.03) 90% (.24) 665 (297) 661 (291)
Distractor Salient 94% (.13) 87% (.25) 796 (290) 786 (313)

Table 2. Summary of the final regression model. The stepwise procedure indicated that only the CRI education factor (CRI_E) contributed to the
model. The third block included the interaction between CRI-E and Age, and was not significant

B R? R? change F change

Model #1 .148 148 9.363 (P =0.003)
Age .378*
Model #2 .248 .094 6.776 (P =0.012)
Age .399*
CRILE —.307*
Model #3 258 .007 .332 (P =0.482)
Age 1.244
CRLE 1.326
CRI_E X Age ~1.890
Note: *P <0.01.
education factor and the exclusion of 2 other factors (CRI leisure 2.5
time P =0.628; CRI working activity P =0.895).

As shown in Table 2, age significantly predicted congruency 2.0 1
interference in distractor-salient conditions, that is, Saliency
Distraction. This association was positive, meaning that older 157
participants were more likely to experience higher saliency inter- 10 -
ference. However, when CRI education factor was added as a ’
second predictor, the model fit improved significantly and CRI B 05 -
education appeared to mediate the interference (reflected in a
negative slope). These 2 factors did not interact. Interestingly, 0.0 - I L2
when estimating the contribution of all Cognitive Reserve factors I
using a stepwise procedure, we identified a specific contribu- -0.5
tion of the CRI education, while the 2 other factors were not
significant. -1.0 -

P I T 1 1
We supplemented the above analyses by a Bayesian infer- Age CRIE CRI_WA CRI_LA

ence approach, to quantify the strength of the evidence. First,
we defined a null-model in which age is the only predictor of
congruency interference in high distraction. We then added the
3 CRI factors to compare the models. The results indicated that
the CRI education factor had an effect on Saliency Distraction
(BF10 =5.869) and contributed to the regression model compared
with the null model (BFy =5.882). All other factors had lower
contributions, both independently and combined (all BF; range
between 0.359 and 2.091). The posterior coefficients are illus-
trated in Figure 3.

For completion, we carried out another analysis where we did
not define Age as part of the null-model and instead included
all factors together and compared with a null model. We found
strong evidence in support of a model which includes only the
Age and CRI-E factor, when contrasted with the null hypothesis
(model R? =0.248; BFy = 11.397; BFyo =77.110).

VBM Results

As anticipated based on prior findings (e.g., Good et al. 2001), VBM
analysis showed widespread volumetric GM changes associated
with age. There was a significant age-related reduction in the

Figure 3. Bayesian regression analysis: Posterior Coefficients with 95% Credible
Interval.

gray matter in several cortical regions within the frontal, parietal,
temporal, and occipital lobes bilaterally as well as subcortical
regions and the cerebellum (Fig. 4A, Table 3). Subsequent regres-
sion analysis indicated a relationship between the performance
on the Global Local task and GM volume in the right superior
temporal gyrus (STG). More specifically, in the examined group
of elderly participants reduced GM volume in the right STG was
a significant predictor of higher Saliency Distraction (worse per-
formance) on the behavioral task after covarying out the effect of
age and gender (Fig. 4B, Table 3).

The analysis of behavioral performance (see above) indicated
CRI education factor as a protective factor, that is, longer educa-
tion was a significant predictor of lower Saliency Distraction in
performance on the Global Local Task. The VBM analysis demon-
strated a similar protective effect of the CRI education factor
on GM volume (i.e., higher CRI education factor was a predictor
of higher GM volume), but such an effect was not observed for
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Figure 4. Voxel-wise differences in the gray matter associated with age and cognitive performance in older adults. (A) Wide-spread volumetric gray matter differences
associated with age (revealing widespread age-related reduction in the gray matter volume). (B) Reduced gray matter in the right STG predictive of higher Saliency
Distraction in the Global Local task over and above changes in gray matter associated with age.

Table 3. Local peaks of the significant clusters from the VBM analyses (corrected P-value < 0.05) exploring volumetric GM differences associated

with age and Saliency Distraction (Global Local Task)

Model Cortical region MNI coordinates t value Cluster size (voxels)
X Y Z
Age
Bilateral SFG, MFG, IFG, insula, putamen, 34 -10 -36 7.30 32372*
STG, MTG, SMG, AG, PC, calcarine, IOG, LG 10 ~14 42 3.75 888*
Right Cingulate gyrus Right IPS Left SMG 24 —64 54 3.37 249
—60 —40 46 2.71 17
Saliency distraction
Right STG 70 -18 4 4.77 276

Note: *Large clusters extending bilaterally.

Abbreviations: AG, angular gyrus; IFG, inferior frontal gyrus; I0G, inferior occipital gyrus; IPS, intraparietal sulcus; LG, lingual gyrus; MTG, middle temporal gyrus; PC,
precuneus and cuneus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; STG, superior temporal gyrus; VBM, voxel-based morphometry.

the other CRI measures (overall CRI, CRI working activity, and
CRI leisure time). Specifically, the voxel-wise regression analysis
revealed a significant association between higher CRI education
and higher GM volume in several cortical regions predominantly
within the right hemisphere (Fig. SA). Table 4 reports the cortical
regions showing significant associations between GM volume

and CRI education factor after correcting for multiple testing,
that is, significance level set at P < 0.01 based on Bonferroni cor-
rection. The final regression model including both CRI education
and Saliency Distraction showed that lower Saliency Distraction
on the Global Local Task in participants with higher CRI educa-
tion scores was associated with larger GM volume in the right
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Table 4. Local peaks of significant clusters from the VBM analyses (corrected P-value <0.01) exploring the effect of CRI education on regional

differences in GM volume

Model Cortical region MNI coordinates t value Cluster size (voxels)
X Y Z
CRLE
Right STG, MTG, SMG, insula, OFC, 60 -28 2 4.89 4385
hippocampus Right IFG Left insula Right 48 16 20 3.95 439
IPS Right Cingulate gyrus —42 -6 18 5.36 130
48 —64 12 391 126
4 34 -14 3.94 35
CRIL_E & saliency distraction
Right STG, insula, TPJ Right IFG Right SFG 68 -16 6 4.97 2849
50 8 22 4.30 171
22 40 40 4.96 83

Note: Abbreviations: CRI_E, cognitive reserve index education factor; IFG, inferior frontal gyrus; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; SFG, superior
frontal gyrus; SMG, supramarginal gyrus; STG, superior temporal gyrus; TPJ, temporo-parietal junction; VBM, voxel-based morphometry.

STG (large cluster extending into insular cortex) and temporo-
parietal junction (TPJ), as well as right inferior and superior
frontal gyri (Fig. 5B, Table 4).

Discussion

In our study, we combined behavioral (demographic), cognitive,
and imaging data to explore predictors of variability in the age-
related changes in attentional function, indexed by ability to
suppress salient distractions. First, we showed that among older
adults (=65 years old), higher education was associated with
reduced interference by salient distractors. We then used imag-
ing data to identify the neural substrates of inter-individual
variability in CRI and cognitive measures. Our data revealed
right lateralized neural substrates, which underpin the offsetting
effects of education (a proxy measure of cognitive reserve) on
age-related changes in attention function. The findings provide
compelling evidence in support of the hypothesis that a right
lateralized network has a key role in cognitive reserve (Robertson
2014).

What has emerged to date from research on aging and atten-
tion is the vast complexity and heterogeneous nature of the
processes and mechanisms affected. Functional deterioration in
different aspects of attention (e.g., selective, sustained, divided)
has been linked to different generalized theories of cognitive
aging attributing functional decline to slower processing speed,
deficits in working memory, and a limitation in perceptual and
processing capacities (for review see Zanto and Gazzaley, 2014,
2017). Numerous studies suggest that one important aspect of
age-related declines in attention is due to the inefficient selec-
tion of relevant information and increased distractibility by irrel-
evant stimuli (Healey et al., 2008; Schmitz et al., 2010; Campbell
etal., 2012; Tsvetanov et al., 2013;). This age-related deterioration
in attention is of particular interest as it directly affects the ability
to stay focused on current behavioral goals and to inhibit task-
irrelevant information, which in turn has a prominent impact
on various aspects of daily life. For example, as the ability to
suppress irrelevant salient information deteriorates, older adults
are more likely to cause accidents when driving or to fall when
walking, especially under “multitasking” condition (Gaspar et al.
2013). What also emerges from the literature is a large hetero-
geneity in the severity of deficits experienced by older adults, as
well as conflicting evidence regarding whether specific attention
functions are affected by the aging process. Thus, while any
insights into factors which could preserve attentional processes

and account for the observed heterogeneity of cognitive decline
in older population are of pressing interest, a careful selection of
tasks examining age-related changes in attention is necessary.
Here, we chose to focus on a task measuring age-specific deficits
in saliency interference, in accordance with the inhibitory deficit
hypothesis. From the viewpoint of the inhibitory deficit hypoth-
esis (inhibitory theory of cognitive aging), aging is associated
with a selective decrease in inhibitory control necessary to block
goal irrelevant information and suppress unwanted responses
(Hasher et al. 2007; Hasher 2015). The loss of inhibitory control
in older adults may be compensated for by increased top-down
excitatory guidance (Madden et al. 1999; Madden et al. 2004).
However, it is unclear to what extent top-down attentional pro-
cesses are preserved in aging and thus play a compensatory role
(Zanto and Gazzaley 2017). Furthermore, orthogonal to any top-
down compensatory processes, inhibitory control deficits might
still emerge under conditions in which distractors strongly com-
pete for selection with targets, problems which are putatively
exacerbated by aging. To account for that, Tsvetanov et al. (2013)
used the global-local task to highlight greater interference by
salient distractors among a group of older adults, compared
with young controls. Subsequently, in our study, we used this
saliency-interference effect as a cognitive marker, to examine
whether cognitive reserve (CR) predicts inter-individual variabil-
ity in attention in a group of older participants (>65 years old).
CR is a theoretical construct used to explain inter-individual
differences in susceptibility to cognitive decline associated with
disease pathology (e.g., Alzheimer’s disease) or normal aging
and as such is not assessed directly but measured by various
proxies (Stern et al. 2019). We set out to investigate here whether
educational attainment or occupational and/or leisure activities
frequently used as proxies of cognitive reserve (Nucci et al.
2012; Stern 2012) could ameliorate the effect of age on saliency
distraction in performance of the global-local task in the group
of elderly participants. Both age and education (but not other
proxy measures of CR) significantly predicted variability in
cognitive performance on the global local task, more specifically
on the level of congruency interference in the distractor-salient
condition. While age was positively associated with interference,
meaning that older participants were more likely to experience
higher saliency distraction, CRI education was negatively
associated with performance, suggesting a neuroprotective role.
Thus, our study shows that while interference from salient
distractors increases with age, time spent in education accounts
for the heterogeneity in the observed age-related deficit in
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Figure 5. (A) Voxel-wise regional difference in gray matter volume as a function of CRI education. (B) Regional volumetric gray matter differences associated with CRI
education and Saliency Distraction on the Global Local Task. CRI education was associated with greater gray matter volume and better cognitive performance (lower

Saliency Distraction).

saliency distraction. However, it should be noted that our cross-
sectional study design cannot answer the question of whether
the protective effect of education relates to the onset and/or rate
of decline in the ability to ignore salient distraction. Therefore,
future longitudinal studies are needed to determine whether
higher education delays decline or prevents an accelerated rate
of decline in the capacity to inhibit irrelevant salient information.
Itis also plausible that education might be associated with initial
levels of cognitive ability before old age, which then accounts
for the observed heterogeneity in performance later in life.
Finally, the ability to be less distractible and to more efficiently
select relevant information in early childhood would affect daily

functioning and could influence overall scholastic abilities, the
time spent in education, thereby indirectly impacting a range of
other factors relating to cognitive enrichment across lifespan.
Education is thought to build reserve via strengthening neu-
ral resources during childhood and early adulthood, which in
turn support maintenance of mental capacities across lifespan
(Cabeza et al. 2018). By contrast, occupation and leisure activities
continue to build up reserve later in life. Our findings, linking
variability in saliency interference in attention to education and
not professional or leisure activities, indicate that reserve accu-
mulated early in life modulates attention function in older adults
and that factors acting at different times during the lifespan may
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differentially contribute to the maintenance of mental capacities
throughout life. However, it should be noted that our findings
are limited to one specific aspect of attention measured by
performance on the Global Local task. Thus, it is plausible that
distinct proxy measures of cognitive reserve might be positively
associated with other facets of attention indexed by different
cognitive tasks. Moreover, these findings raise a follow up ques-
tion as to whether distinct cognitive functions (e.g., attention,
memory, language) in healthy older adults are homogeneously
affected by cognitive reserve in terms of the differential effects
of early versus late life factors.

In contrast to other reports indicating a strong relationship
between leisure or professional activities and cognitive func-
tion in older adults, we did not find similar associations. How-
ever, some studies have shown that the relationship between
life experiences and cognitive function later in life might dif-
fer depending on the type of leisure activities, as well as the
broader context of cognitively demanding jobs. Taken together,
this perhaps emphasizes the need for more comprehensive eval-
uation of the effects of various lifestyle and demographic fac-
tors on cognition and their interactions, rather than indexing
this aspect of cognitive reserve by a single proxy measure (for
further discussion, see Foubert-Samier et al. 2012; Clare et al.
2017; Park et al. 2019), which might not accurately reflect the
full scope of cognitive enrichment. Overall, measuring cognitive
reserve is challenging and up to date several different scale and
questionnaire measures have been developed and used, each
with different strengths and limitations. A recent systematic
review (Kartschmit et al. 2019) of 6 commonly used measures
highlighted that somewhat different proxy measures, different
lifetime dimensions, and/or different subscales are used to cal-
culate cognitive reserve. The choice of the most appropriate
scale or questionnaire is often driven by the specific research
question, which unfortunately results in a lack of consistency
between studies thereby hindering the comparability of findings
(Kartschmit et al. 2019). We opted here for CRIq (Nucci et al.
2012), emphasizing 3 specific dimensions capturing the most
commonly used cognitive reserve proxies: education, work activ-
ities, and leisure time, measured across entire lifespan, which we
used in our previous work (e.g., Brosnan, Demaria, et al. 2018).

To date, few studies have investigated the differential contri-
bution of distinct proxy measures of cognitive reserve on cog-
nitive aging. Interestingly, one such study provides compelling
evidence that education but not occupation or leisure activities
enhances brain reserve (Foubert-Samier et al. 2012). The authors
found a significant relationship between cognitive performance
assessed by short verbal fluency test and all 3 cognitive reserve
proxy measures. However, in a subsequent VBM analysis they
only found group differences in both gray and white matter
volume when comparing participants with high relative to low
education levels. Foubert-Samier et al. (2012) conclude that early
life cognitive stimulation measured by education results in struc-
tural brain changes measured by gray and white matter volume,
which have measurable effects later in life, that is, constituting a
so-called brain reserve.

Our VBM analyses revealed a significant association between
education and GM volume, showing larger GM volume in several
cortical regions, predominantly within the right hemisphere, in
participants with higher CRI education scores. As previously
noted, due to the cross-sectional nature of our study, we can-
not determine whether the regional volumetric GM differences
driven by levels of education result purely from improvements
of neural resources in early life or from potentially neuropro-
tective effects acquired across the whole life span. Similarly to

our right-lateralized findings, a recent study in a large group
of Alzheimer’s patients found that education correlated with a
neuroimaging capture of cognitive reserve modeled as a differ-
ence between predicted and observed GM volume and that this
effect was most pronounced within the right hemisphere (van
Loenhoud et al. 2017). Our subsequent analysis demonstrated
that lower Saliency Distraction (indicative of better cognitive
performance) in participants with higher CRI education scores
was associated with higher GM volume in the right STG, right
TPJ, and right inferior and superior frontal gyri. These regions
are known to be a part of the right-lateralized ventral attention
network (Corbetta et al. 2008; Corbetta and Shulman, 2002, 2011),
which is tightly linked with the locus-coeruleus noradrener-
gic system (Jodo and Aston-Jones 1997; Jodo et al. 1998; Sara
2009; Sara and Bouret 2012). Our findings indicate that older
adults who have been exposed to greater levels of cognitive
enrichment, through education, demonstrate increases in gray
matter volume within the regions of the right-lateralized ven-
tral attention network, which enhances their capacity to effec-
tively select visual stimuli amid salient distraction. Robertson
(2014) proposed that enriched cognitive environments like edu-
cation necessitate core cognitive processes including arousal and
sustained attention which, through their association with the
right lateralized noradrenergic system, may strengthen the right
fronto-parietal networks resulting in a neuroprotective buffer to
cognitive decline. Our results that right-lateralized brain reserve
(neural resources strengthen by education) offsets age-related
decline ability to ignore distraction provide novel and compelling
support for Robertson’s right-hemisphere hypothesis of cognitive
reserve. One of the limitations of our study is that we used voxel-
based morphometry and thus future work based on measures
of either functional or structural connectivity (Fox et al. 2006;
Thiebaut de Schotten et al. 2011; Chechlacz et al. 2015; Bros-
nan et al. 2020) is needed to directly support the notion that
the right lateralized fronto-parietal network underpins cognitive
reserve.

The concept of brain reserve has been introduced by Stern
to highlight inter-individual differences in brain structure as
anatomically quantifiable aspects of reserve, distinct from differ-
ences in cognitive processes underlying variability in susceptibil-
ity to cognitive decline, that is, cognitive reserve (Stern 2009, 2012;
Stern et al. 2018; Stern et al. 2019). However, this dichotomous
terminoloy predominantly used in dementia research has been
objected by some researchers primarily interested in the hetero-
geneity of cognitive decline in healthy aging. For example, Cabeza
and colleagues argue that such dichotomy should be eliminated
and replaced by a single-term reserve defined as cumulative
cognitive enhancement by genetic, and environmental factors
as well as neural resources, which offset age- or disease-related
cognitive decline (Cabeza et al. 2018). In the current study we
use term “right lateralized brain reserve” purely to describe a lat-
eralized and anatomically quantifiable aspect of reserve, rather
than suggesting that the distinction between brain and cognitive
reserve should be maintained.

In conclusion, our findings provide novel and important evi-
dence in support of hypothesis that cognitively enriched environ-
ments, achieved through education, alter structural organization
within right-lateralized fronto-parietal regions, which in turn
contributes to the preservation of cognitive function in aging,
for example, by offsetting the age-related decline in ability to
ignore salient distraction (Robertson, 2014). Our findings add
to the increasing body of literature exploring the relative con-
tribution of various sociodemographic and lifestyle factors to
cognitive reserve as well as relative contribution of earlier versus
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later life experiences to cognitive reserve (e.g., James et al. 2011,
Foubert-Samier et al. 2012; Clare et al. 2017; Cabeza et al. 2018).
Moreover, our study indicates that variability in the capacity to
suppress distractors in older adults is driven by the right later-
alized neural substrates of brain reserve, encompassing regions
within the right frontoparietal attention network (Corbetta and
Shulman, 2002). As the ability to inhibit distraction affects many
day-to-day cognitive tasks, the right lateralized network could
be potentially considered as a marker of neurocognitive health
and targeted by neurorehabilitation interventions to enhance
daily cognitive functioning in our rapidly growing aging popu-
lation. While these conclusions are highly speculative, they can
be further corroborated by a few recent studies. For example,
Moezzi et al. (2019) demonstrated association between cognitive
reserve and EEG markers of function connectivity within atten-
tion and executive function related networks. Also, crucially,
Brosnan et al. (Brosnan, Arvaneh, et al. 2018; Brosnan, Demaria,
et al. 2018) showed not only that during tDCS targeting the
right frontoparietal network EEG markers of selective attention
improved but also that in older adults with lower levels of CR
such an intervention significantly alters performance on a visual
attention task to resemble that of high reserve individuals.

Notes

We thank Dr Carmel Mevorach (School of Psychology, Univer-
sity of Birmingham) for the Global Local task materials and for
his helpful advice on setting up experimental testing. We also
warmly thank the volunteers from the School of Psychology
panel and the Birmingham 1000 Elders group for participation
in this study. Conflict of Interest: None declared.

Funding

Birmingham-Illinois Partnership for Discovery, Engagement and
Education (BRIDGE) Fellowship; Wellcome Trust Institutional
Strategic Support Fund critical data award (204846/Z/16/Z to
M.C.); Wellcome Trust Senior Investigator Award to Anna
Christina Nobre (104571/Z/14/Z to N.S.); NIHR Oxford Health
Biomedical Research Centre (to N.S.); Marie Sklodowska-Curie
Fellowship from the European Commission (AGEING PLASTIC-
ITY; 844246 to M.B.B.). The Wellcome Centre for Integrative
Neuroimaging is supported by core funding from the Wellcome
Trust (203139/Z/16/Z).

References

Ashburner J, Friston KJ. 2000. Voxel-based morphometry—the
methods. NeuroImage. 11:805-821.

Aston-Jones G, Rajkowski J, Kubiak P. 1997. Conditioned
responses of monkey locus coeruleus neurons anticipate
acquisition of discriminative behavior in a vigilance task.
Neuroscience. 80:697-715.

Aston-Jones G, Rajkowski J, Kubiak P, Alexinsky T. 1994. Locus
coeruleus neurons in monkey are selectively activated by
attended cues in a vigilance task. The Journal of Neuroscience.
14:4467-4480.

Andersson, Jenkinson, M, Smith, S. (2007) Non-linear registration,
aka Spatial normalisation. FMRIB technical report TRO7JA2 from
www.fmrib.ox.ac.uk/analysis/techrep

Bayarri MJ, Garcia-Donato G. 2007. Extending conventional priors
for testing general hypotheses in linear models. Biometrika.
94:135-152.

Right Lateralized Brain Reserve  Shalevetal. | 11

Brosnan MB, Arvaneh M, Harty S, Maguire T, O’Connell R,
Robertson IH, Dockree PM. 2018. Prefrontal modulation of
visual processing and sustained attention in aging, a tDCS-EEG
coregistration approach. Journal of Cognitive Neuroscience. 30:
1630-1645.

Brosnan MB, Demaria G, Petersen A, Dockree PM, Robertson IH,
Wiegand I. 2018. Plasticity of the right-lateralized cognitive
reserve network in ageing. Cerebral Cortex. 28:1749-1759.

Brosnan MB, Sabaroedin K, Silk T, Genc S, Newman DP, Lough-
nane GM, Fornito A, O’Connell RG, Bellgrove MA. 2020. Evidence
accumulation during perceptual decisions in humans varies as
a function of dorsal frontoparietal organization. Nature Human
Behaviour.

Cabeza R, Albert M, Belleville S, Craik FIM, Duarte A, Grady CL,
Lindenberger U, Nyberg L, Park DC, Reuter-Lorenz PA et al.
2018. Maintenance, reserve and compensation: the cognitive
neuroscience of healthy ageing. Nature Reviews. Neuroscience.
19:701-710.

Cabeza R, Nyberg L, Park DC. 2017. Cognitive neuroscience of aging :
linking cognitive and cerebral aging. New York: Oxford University
Press.

Campbell KL, Grady CL, Ng C, Hasher L. 2012. Age differences in
the frontoparietal cognitive control network: implications for
distractibility. Neuropsychologia. 50:2212-2223.

Chechlacz M, Gillebert CR, Vangkilde SA, Petersen A, Humphreys
GW. 2015. Structural variability within frontoparietal net-
works and individual differences in attentional functions: an
approach using the theory of visual attention. The Journal of
Neuroscience. 35:10647-10658.

Clare L, Wu YT, Teale JC, MacLeod C, Matthews F, Brayne C, Woods
B, Team CF-Ws. 2017. Potentially modifiable lifestyle factors,
cognitive reserve, and cognitive function in later life: a cross-
sectional study. PLoS Medicine. 14:€1002259.

Corbetta M, Patel G, Shulman GL. 2008. The reorienting system of
the human brain: from environment to theory of mind. Neuron.
58:306-324.

Corbetta M, Shulman GL. 2002. Control of goal-directed and
stimulus-driven attention in the brain. Nature Reviews. Neuro-
science. 3:201-215.

Corbetta M, Shulman GL. 2011. Spatial neglect and attention
networks. Annual Review of Neuroscience. 34:569-599.

Dickie DA, Mikhael S, Job DE, Wardlaw JM, Laidlaw DH, Bastin ME.
2015. Permutation and parametric tests for effect sizes in voxel-
based morphometry of gray matter volume in brain structural
MRI. Magnetic Resonance Imaging. 33:1299-1305.

Douaud G, Smith S, Jenkinson M, Behrens T, Johansen-Berg H,
Vickers J,James S, Voets N, Watkins K, Matthews PM et al. 2007.
Anatomically related grey and white matter abnormalities in
adolescent-onset schizophrenia. Brain. 130:2375-2386.

Duvernoy HM, Cabanis EA, Vannson JL. 1991. The human brain: sur-
face, three-dimensional sectional anatomy and MRI. Wien: Springer-
Verlag.

Foubert-Samier A, Catheline G, Amieva H, Dilharreguy B, Helmer
C, Allard M, Dartigues JF. 2012. Education, occupation, leisure
activities, and brain reserve: a population-based study. Neuro-
biology of Aging. 33:423 e415-423 e425.

Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME. 2006.
Spontaneous neuronal activity distinguishes human dorsal
and ventral attention systems. Proceedings of the National
Academy of Sciences of the United States of America. 103:10046—
10051.

Gaspar JG, Neider MB, Kramer AF. 2013. Falls risk and simulated
driving performance in older adults. Journal of Aging Research.
2013:356948.

0202 1800190 Zz uo Jasn weybuiwlig Jo AlsioAun Aq £65768S/6702e6)/1/1/81018/SWIW0100182/Wo0o dnoolwepese//:sdjy WoJ) papeojumod


www.fmrib.ox.ac.uk/analysis/techrep

12 | Cerebral Cortex Communications, 2020, Vol. 1, No. 1

Good CD, Johnsrude IS, Ashburner J, Henson RNA, Friston KJ,
Frackowiak RS]. 2001. A voxel-based morphometric study
of ageing in 465 normal adult human brains. Neurolmage.
14:21-36.

Grefkes C, Wang LE, Eickhoff SB, Fink GR. 2010. Noradrenergic
modulation of cortical networks engaged in visuomotor pro-
cessing. Cerebral Cortex. 20:783-797.

Hasher L. 2015. Inhibitory deficit hypothesis. In. The encyclopedia
of adulthood and aging. John Wiley & Sons. pp. 1-5.

Hasher L, Lustig C, Zacks R. 2007. Inhibitory mechanisms and the
control of attention. In. Variation in working memory. New York:
Oxford University Press. pp. 227-249.

Haupt M, Sorg C, Napiorkowski N, Finke K. 2018. Phasic alertness
cues modulate visual processing speed in healthy aging. Neu-
robiology of Aging. 70:30-39.

Hayden KM, Reed BR, Manly JJ, Tommet D, Pietrzak RH, Chelune
GJ, Yang FM, Revell AJ, Bennett DA, Jones RN. 2011. Cognitive
decline in the elderly: an analysis of population heterogeneity.
Age and Ageing. 40:684-689.

Healey MK, Campbell KL, Hasher L. 2008. Chapter 22 Cognitive
aging and increased distractibility: Costs and potential ben-
efits. In: Sossin WS, Lacaille J-C, Castellucci VF, Belleville S,
editors. Progress in brain research, Vol. 169. Elsevier. pp. 353-363.
https://doi.org/10.1016/S0079-6123(07)00022-2.

Hurley LM, Devilbiss DM, Waterhouse BD. 2004. A matter of
focus: monoaminergic modulation of stimulus coding in mam-
malian sensory networks. Current Opinion in Neurobiology. 14:
488-495.

James BD, Wilson RS, Barnes LL, Bennett DA. 2011. Late-life
social activity and cognitive decline in old age. Journal of the
International Neuropsychological Society. 17:998-1005.

Jeffreys H. 1961. Theory of probability. Oxford: Clarendon Press.

Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM.
2012. Fsl. NeuroImage. 62:782-790.

Jodo E, Aston-Jones G. 1997. Activation of locus coeruleus by
prefrontal cortex is mediated by excitatory amino acid inputs.
Brain Research. 768:327-332.

Jodo E, Chiang C, Aston-Jones G. 1998. Potent excitatory influence
of prefrontal cortex activity on noradrenergic locus coeruleus
neurons. Neuroscience. 83:63-79.

Kartschmit N, Mikolajczyk R, Schubert T, Lacruz ME. 2019. Mea-
suring Cognitive Reserve (CR) - A systematic review of mea-
surement properties of CR questionnaires for the adult popu-
lation. PloS One. 14(8):e0219851.

Launer LJ, Andersen K, Dewey ME, Letenneur L, Ott A,
Amaducci LA, Brayne C, Copeland JR, Dartigues JF, Kragh-
Sorensen P et al. 1999. Rates and risk factors for dementia
and Alzheimer’s disease: results from EURODEM pooled
analyses. EURODEM Incidence Research Group and Work
Groups. European Studies of Dementia. Neurology. 52:
78-84.

Le Carret N, Lafont S, Mayo W, Fabrigoule C. 2003. The effect
of education on cognitive performances and its implication
for the constitution of the cognitive reserve. Developmental
Neuropsychology. 23:317-337.

Love J, Selker R, Marsman M, Jamil T, Dropmann D, Verhagen J, Ly
A, Gronau QF, Smira M, Epskamp S et al. 2019. JASP: graphical
statistical software for common statistical designs. Journal of
Statistical Software. 88:1-17.

Lipnicki DM, Sachdev PS, Crawford J, Reppermund S, Kochan NA,
Trollor JN, Draper B, Slavin MJ, Kang K, Lux O et al. 2013. Risk
factors for late-life cognitive decline and variation with age
and sex in the Sydney Memory and Ageing Study. PLoS One.
8:e65841.

Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley
J, Ames D, Ballard C, Banerjee S, Burns A, Cohen-Mansfield ]
et al. 2017. Dementia prevention, intervention, and care. Lancet.
390:2673-2734.

Madden DJ, Gottlob LR, Allen PA. 1999. Adult age differences
in visual search accuracy: attentional guidance and target
detectability. Psychology and Aging. 14:683-694.

Madden DJ, Whiting WL, Cabeza R, Huettel SA. 2004. Age-related
preservation of top-down attentional guidance during visual
search. Psychology and Aging. 19:304-309.

Mevorach C, Hodsoll J, Allen H, Shalev L, Humphreys G. 2010.
Ignoring the elephant in the room: a neural circuit to down-
regulate salience. The Journal of Neuroscience. 30:6072-6079.

Mevorach C, Humphreys GW, Shalev L. 2006. Opposite biases in
salience-based selection for the left and right posterior parietal
cortex. Nature Neuroscience. 9:740-742.

Mevorach C, Humphreys GW, Shalev L. 2009. Reflexive and
preparatory selection and suppression of salient information
in the right and left posterior parietal cortex. Journal of Cognitive
Neuroscience. 21:1204-1214.

Mevorach C, Shalev L, Allen HA, Humphreys GW. 2009. The left
intraparietal sulcus modulates the selection of low salient
stimuli. Journal of Cognitive Neuroscience. 21:303-315.

Moezzi B, Lavrencic LM, Goldsworthy MR, Coussens S, Keage
HAD. 2019. Associations between EEG functional brain connec-
tivity and a cognitive reserve proxy in healthy older adults.
bioRxiv.625608.

Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. 2014. Poten-
tial for primary prevention of Alzheimer’s disease: an analysis
of population-based data. Lancet Neurology. 13:788-794.

Nucci M, Mapelli D, Mondini S. 2012. Cognitive Reserve Index
questionnaire (CRIqQ): a new instrument for measuring cogni-
tive reserve. Aging Clinical and Experimental Research. 24:218-226.

Oke A, Keller R, Mefford I, Adams RN. 1978. Lateralization of
norepinephrine in human thalamus. Science. 200:1411-1413.

Ott A, Breteler MM, van Harskamp F, Claus JJ, van der Cammen
TJ, Grobbee DE, Hofman A. 1995. Prevalence of Alzheimer’s
disease and vascular dementia: association with education.
The Rotterdam study. BMJ. 310:970-973.

Park S, Choi B, Choi C,KangJM, Lee JY.2019. Relationship between
education, leisure activities, and cognitive functions in older
adults. Aging & Mental Health. 23:1651-1660.

Posner MI, Petersen SE. 1990. The attention system of the human
brain. Annual Review of Neuroscience. 13:25-42.

Prince M, Wimo AGM, Ali GC, Wu YT, Prina M. 2015. World
Alzheimer Report 2015: the global impact of dementia: an analysis
of prevalence, incidence, cost and trends. London: Alzheimer’s Dis-
ease International. pp. 1-87.

Rapp PR, Amaral DG. 1992. Individual differences in the cognitive
and neurobiological consequences of normal aging. Trends in
Neurosciences. 15:340-345.

Rizzo M, Anderson SW, Dawson ], Myers R, Ball K. 2000.
Visual attention impairments in Alzheimer’s disease. Neurology.
54:1954-1959.

Robertson IH. 2013. A noradrenergic theory of cognitive reserve:
implications for Alzheimer’s disease. Neurobiology of Aging.
34:298-308.

Robertson IH. 2014. Right hemisphere role in cognitive reserve.
Neurobiology of Aging. 35:1375-1385.

Robinson RG. 1979. Differential behavioral and biochemical
effects of right and left hemispheric cerebral infarction in the
rat. Science. 205:707-710.

Roggeveen AB, Prime DJ, Ward LM. 2007. Lateralized readiness
potentials reveal motor slowing in the aging brain. The Journals

0202 1800190 Zz uo Jasn weybuiwlig Jo AlsioAun Aq £65768S/6702e6)/1/1/81018/SWIW0100182/Wo0o dnoolwepese//:sdjy WoJ) papeojumod


https://doi.org/10.1016/S0079-6123(07)00022-2

of Gerontology. Series B, Psychological Sciences and Social Sciences.
62:78-84.

Sara SJ. 2009. The locus coeruleus and noradrenergic modulation
of cognition. Nature Reviews. Neuroscience. 10:211-223.

Sara SJ, Bouret S. 2012. Orienting and reorienting: the locus
coeruleus mediates cognition through arousal. Neuron. 76:130-
141.

Schmitz TW, Cheng FHT, De Rosa E. 2010. Failing to ignore: para-
doxical neural effects of perceptual load on early attentional
selection in normal aging. The Journal of Neuroscience. 30:14750-
14758.

Shalev N, Humphreys G, Demeyere N. 2016. Assessing the tempo-
ral aspects of attention and its correlates in aging and chronic
stroke patients. Neuropsychologia. 92:59-68.

Shalev N, Vangkilde S, Neville MJ, Tunbridge EM, Nobre AC,
Chechlacz M. 2019. Dissociable catecholaminergic modula-
tion of visual attention: differential effects of catechol-O-
methyltransferase and dopamine beta-hydroxylase genes on
visual attention. Neuroscience. 412:175-189.

Singewald N, Philippu A. 1998. Release of neurotransmitters in
the locus coeruleus. Progress in Neurobiology. 56:237-267.

Smith SM. 2002. Fast robust automated brain extraction. Human
Brain Mapping. 17:143-155.

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens
TE, Johansen-Berg H, Bannister PR, De Luca M, Drobnjak I,
Flitney DE et al. 2004. Advances in functional and structural
MR image analysis and implementation as FSL. Neurolmage.
23(Suppl 1):5208-5219.

Smith SM, Nichols TE. 2009. Threshold-free cluster enhance-
ment: addressing problems of smoothing, threshold depen-
dence and localisation in cluster inference. Neurolmage.
44:83-98.

Stern Y. 2009. Cognitive reserve. Neuropsychologia. 47:2015-2028.

Stern Y. 2012. Cognitive reserve in ageing and Alzheimer’s dis-
ease. Lancet Neurology. 11:1006-1012.

Stern Y, Alexander GE, Prohovnik I, Mayeux R. 1992. Inverse
relationship between education and parietotemporal perfu-
sion deficit in Alzheimer’s disease. Annals of Neurology. 32:
371-375.

Stern Y, Arenaza-Urquijo EM, Bartres-Faz D, Belleville S, Cantilon
M, Chetelat G, Ewers M, Franzmeier N, Kempermann G, Kremen
WS et al. 2018. Whitepaper: defining and investigating cogni-
tive reserve, brain reserve, and brain maintenance. Alzheimer’s
& Dementia.

Stern Y, Barnes CA, Grady C, Jones RN, Raz N. 2019. Brain
reserve, cognitive reserve, compensation, and maintenance:

Right Lateralized Brain Reserve  Shalevetal. | 13

operationalization, validity, and mechanisms of cognitive
resilience. Neurobiology of Aging. 83:124-129.

Thiebaut de Schotten M, Dell’Acqua F, Forkel SJ, Simmons A, Ver-
gani F, Murphy DG, Catani M. 2011. A lateralized brain network
for visuospatial attention. Nature Neuroscience. 14:1245-1246.

Tsvetanov KA, Mevorach C, Allen H, Humphreys GW. 2013. Age-
related differences in selection by visual saliency. Attention,
Perception, & Psychophysics. 75:1382-1394.

van Loenhoud AC, Wink AM, Groot C, Verfaillie SCJ, Twisk J,
Barkhof F, van Berckel B, Scheltens P, van der Flier WM,
Ossenkoppele R. 2017. A neuroimaging approach to capture
cognitive reserve: application to Alzheimer’s disease. Human
Brain Mapping. 38:4703-4715.

Wagenmakers EJ, Marsman M, Jamil T, Ly A, Verhagen ], Love J,
Selker R, Gronau QF, Smira M, Epskamp S et al. 2018. Bayesian
inference for psychology. Part I: theoretical advantages and

practical ramifications. Psychonomic Bulletin & Review. 25:35-57.
Wetzels R, Matzke D, Lee MD, Rouder )N, Iverson GJ, Wagenmak-

ers EJ. 2011. Statistical evidence in experimental psychology:
an empirical comparison using 855 t tests. Perspectives on Psy-
chological Science. 6:291-298.

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE.
2014. Permutation inference for the general linear model. Neu-
rolmage. 92:381-397.

Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S,
Behrens T, Beckmann C, Jenkinson M, Smith SM. 2009. Bayesian
analysis of neuroimaging data in FSL. Neurolmage. 45:5173-
S186.

Xu H, Yang R, Qi X, Dintica C, Song R, Bennett DA, Xu W. 2019.
Association of lifespan cognitive reserve indicator with demen-
tia risk in the presence of brain pathologies. JAMA Neurology.
76:1184-1191.

Zanto TP, Gazzaley A. 2014. Attention and ageing. In. The Oxford
handbook of attention. New York, NY, US: Oxford University Press.
pp. 927-971.

Zanto TP, Gazzaley A. 2017. Cognitive control and the ageing
brain. In: Egner T, editor. The Wiley handbook of cognitive control.
Chichester: John Wiley & Sons, Ltd. 476-490.

Zellner A, Siow A. 1980. Posterior odds ratio for selected regres-
sion hypotheses. In: Bernardo JM, DeGroot MH, Lindley DV,
Smith AFM, editors. Bayesian statistics. Valencia: University
Press. pp. 585-603.

Zellner A, Siow A. 1984. Basic issues in econometrics. Chicago:
University of Chicago Press.

Zhang W, Luck SJ. 2009. Feature-based attention modulates feed-
forward visual processing. Nature Neuroscience. 12:24-25.

0202 1800190 Zz uo Jasn weybuiwlig Jo AlsioAun Aq £65768S/6702e6)/1/1/81018/SWIW0100182/Wo0o dnoolwepese//:sdjy WoJ) papeojumod



	Right Lateralized Brain Reserve Offsets Age-Related Deficits in Ignoring Distraction
	Introduction 
	Materials and Methods
	Participants
	Global Local Task
	Cognitive Reserve
	Statistical Analyses
	MRI Data Acquisition
	MRI Data Pre-Processing and Voxel-Based Morphometry VBM

	Results
	Validation of the Experimental Manipulation: Saliency Distraction
	Regression Analysis: The Effect of Age and Cognitive Reserve on Saliency Distraction
	VBM Results

	Discussion
	Notes
	Funding


