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The goal of this study was to identify the brain mechanisms underlying cognitive reserve using a para-
metric n-back working memory (WM) task in a sample of healthy older adults. We first identified the
WNM-related activations associated with years of education and then tested whether these activations
mitigated the detrimental impact of age on cognition. Thirty-nine older adults received a magnetic res-
onance imaging examination while completing an n-back task with different levels of WM load (0-, 1-
vs. 2-back). Results show that more education is associated with lower activation of the left medial su-
perior frontal gyrus (BA8) in the 1-back condition and a greater activation of the right caudate nucleus
in the 2-back condition. The caudate and frontal activations are task-positive and task-negative regions,
respectively. Moderation analyses indicate that the effect of age on performance is less detrimental in
participants with higher caudate activation in the 2-back condition. Overall, these results suggest that
cognitive reserve is explained by a superior ability to flexibly engage greater or novel activation as cog-
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( ) nitive demand increases.

© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
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1. Introduction

The concept of cognitive reserve has been proposed to ex-
plain why some individuals better cope than others with the
detrimental effects of aging or age-related neurodegenerative dis-
orders on cognition. In this context, cognitive reserve refers
to the notion that interindividual differences in brain function
may cause some people to be less susceptible to the cognitive
impact of age-related brain changes or neurodegenerative dis-
ease (Katzman, 1993; Stern, 2009; Stern et al., 2020). Arenaza-
Urquijo and Vemuri (2018) have proposed the term resilience in
the clinical context to capture the fact that some individuals can
better cope with pathology and remain cognitively intact despite
the presence of significant Alzheimer’s disease pathology in their
brain. Thus, both resilience and cognitive reserve seem to capture a
broadly similar concept, but resilience has been proposed for clini-
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cal populations. Here, we will use the term cognitive reserve as we
are focusing on older adults without suspected pathologies.

One important question regarding cognitive reserve is that the
functional mechanisms underlying it remain poorly understood
(Cabeza et al., 2018; Stern et al., 2020). Given that working mem-
ory (WM) is a cognitive function that is highly sensitive to age
(Reuter-Lorenz & Park, 2010; Belleville et al.,2015) and highly vari-
able in older individuals (Sylvain-Roy & Belleville, 2015), exploring
WNM-related activation associated with cognitive reserve may con-
tribute to understanding neural mechanisms behind cognitive re-
serve. Thus, this study aims to identify some of the brain processes
underlying cognitive reserve by examining which functional acti-
vations are associated with education, a well-established reserve
proxy (Stern et al., 2020), and assessing whether these activations
counteract the detrimental effects of age on cognition.

Neural flexibility and neural efficiency were examined as 2 pu-
tative mechanisms underlying cognitive reserve. Neural flexibility
refers to the capacity to engage greater activation of the task-
related network (i.e. primary network) or to activate alternative
brain regions when the task demand exceeds the capacity of the
system (Cabeza et al., 2018; Stern, 2009; Stern et al., 2020). It is
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hypothesized that neural flexibility should be observed in people
with larger scores on reserve proxies and result in a preserved
level of performance. There is some evidence that increased neu-
ral flexibility is associated with more education or higher scores on
reserve proxies, suggesting that flexibility may influence reserve ef-
fects. For example, Boller et al. (2017) found that higher education
levels are associated with larger recruitment of the left prefrontal
cortex during a WM task. Thus, individuals with a higher reserve
may be protected against the effects of the aging brain or brain
diseases, as they are able to recruit higher levels of the primary
brain network and/or engage alternative brain regions to perform
a task at more demanding levels.

Neural efficiency is defined as the capacity to complete a cog-
nitive task with minimal cerebral activation (Cabeza et al., 2018;
Stern, 2009; Stern et al., 2020). Thus, higher efficiency can be op-
erationally defined as individuals with higher scores on reserve
proxies and who show less activation than those with lower re-
serve proxy scores, while maintaining a similar performance level
as individuals with higher activation. This should be found in
brain regions that are typically recruited by the task. Lower levels
of activation that suggest efficiency were reported in individuals
with more education or higher scores on reserve proxy question-
naires (which combine education, occupational complexity, cogni-
tively stimulating leisure activities, etc.) for WM (Bartres-Faz et al.,
2009), episodic memory (Sole-Padulles et al., 2009) and verbal
comprehension (Bosch et al., 2010) tasks. Thus, efficiency may be
one possible mechanism underlying cognitive reserve, where indi-
viduals with higher reserve would require lower brain activation
of the task-related network than those with a lower reserve to
achieve a comparable level of performance.

In some cases, results interpreted to reflect neural efficiency
may also indicate inter-individual differences in deactivation. N-
back induced deactivations were found in the posterior cingulate
cortex, as well as frontal and temporal regions (for a meta-analysis,
see Mencarelli et al., 2019). This pattern of neural deactivations
is consistent with those found using other cognitive paradigms
(Anticevic et al., 2012; Binder, 2012) and overlaps with regions as-
sociated with the default mode network (DMN) (Schacter et al.,
2008; Laird et al.,, 2009). Interestingly, greater DMN deactivations
have been found to be associated with more efficient cognitive per-
formance (Sinha et al.,, 2007; Binder et al., 2003), suggesting that
the efficient deactivation of DMN may contribute to optimal cog-
nitive performance. Cross-sectional and longitudinal studies have
consistently reported lower task-induced deactivations in several
regions of the DMN (Winocur et al, 2006; Lustig et al., 2003;
Mak et al.,, 2017; Reuter-Lorenz et al., 2007; Nyberg et al., 2014;
Sambataro et al., 2010) in older adults compared to younger adults
engaged in a WM task (Eyler et al., 2014; Kramer et al., 2012).
While very few studies have examined this pattern in relation to
reserve proxies, at least one study reported that memory-impaired
older adults with higher scores on reserve proxies showed in-
creased deactivations within the DMN compared to those with
lower scores (Bosch et al.,, 2010). Thus, it is important to exam-
ine differences in both activation and deactivation, which will be
investigated in this present study.

Neural efficiency, and activation- and deactivation-related neu-
ral flexibility are not necessarily incompatible mechanisms. For in-
stance, some models have proposed that efficiency and flexibil-
ity may operate preferentially at different levels of the difficulty
spectrum (Boller et al., 2017; Reuter & Cappell, 2008; Steffener &
Stern, 2012). Efficiency could occur at lower task demand, but as
the primary network reaches its capacity, additional resources may
be recruited. Evidence for co-occurrence has been reported either
at the inter- or intra-individual levels. In some cases, this is ap-
parent in different age groups but not within the same individuals.

For example, Boller et al. (2017) found larger activation associated
with higher levels of education in a group of older adults (> 67
years of age), who were more likely to face difficulties with the
task. However, they did not observe this effect in adults between
the ages of 60-67. Thus, greater neural flexibility can allow older
adults with a higher reserve to adapt their patterns of brain ac-
tivation to cope with exceeding demand, whether this is due to
increasing age or task-demand (Anthony & Lin, 2017; Boller et al.,
2017; Steffener & Stern, 2012). In some conditions, neural efficiency
and neural flexibility seem to co-occur in older adults with higher
reserve (Haut et al., 2005; Scarmeas et al., 2003; Springer, McIn-
tosh, Winocur, & Grady, 2005). Even if this might appear coun-
terintuitive as efficiency and flexibility are conceptually conflicting
mechanisms, both have been associated with higher scores on re-
serve proxies. Both are plausible reserve mechanisms, which may
operate either concomitantly or at different levels of task demand.
However, no study has assessed this hypothesis directly in older
adults by manipulating task demand, and few studies have as-
sessed the role of deactivation-related neural flexibility as a po-
tential mechanism for reserve.

Furthermore, no study has analyzed whether these processes
moderate the deleterious effect of age on cognition. If cognitive re-
serve is subtended at the neural level by higher neural efficiency
at a low task load or higher flexibility at a high task load, the two
mechanisms should moderate the deleterious effect of age on cog-
nition (Stern et al., 2020). Identifying a moderation effect is critical
because it would demonstrate that these activation differences are
protective, which is the definition of a “true” reserve effect. Stud-
ies showing that individuals with more education are characterized
by a higher level of brain activation are only reporting the associ-
ation between a brain variable and a reserve proxy, rather than
demonstrating what is actually underlying reserve. The hypothe-
sis that an activation pattern reflects a reserve process can only
be confirmed if it is shown to be protective. To provide stronger
evidence that a brain variable plays the role of a reserve mech-
anism, moderation approaches can be used to assess if a higher
expression of the brain variable is associated with reduced detri-
mental effects of age (Stern, 2017). Only a few recent studies have
used moderation approaches in the cognitive reserve framework
and their results indicate that the approach is valid and promis-
ing (Benson et al., 2018; Ewers et al., 2017; Habeck et al, 2018).
These studies have identified that connectivity patterns, mainly
in cognitive control networks (e.g. frontoparietal, salience, me-
dial frontal cortex), moderate the relationship between cognition
and neurodegeneration, white-matter changes or hypometabolism.
While interesting, these studies focused on connectivity and
did not assess efficiency and flexibility processes as reserve
mechanisms.

The main objective of this study was to identify the functional
mechanisms underlying cognitive reserve in older adults by deter-
mining whether reserve is associated with increased neural effi-
ciency and/or improved activation- or deactivation-related flexibil-
ity. Based on recent findings, it was hypothesized that education-
related activation patterns vary as a function of task-demand. We
used an n-back WM task because it allows a parametric manipu-
lation of the task load. Increasing from 1- to 2-back manipulates
the difficulty level at a quantitative rather than qualitative level.
The task also has the advantage that its pattern of activation is
well established (see Bullmore et al., 2005 for a meta-analysis),
thus allowing to compare these results to the abundant literature
on this task. Imaging studies have shown that performing ver-
bal n-back tasks is associated with activation in several fronto-
parietal regions bilaterally (Jonides et al., 1997; Ragland et al.,
2002), and that increasing task load increases activation in these
regions (Braver et al., 1997; Jonides et al., 1997).
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If reserve is associated with efficiency, there should be an
inverse relationship between education and activation in task-
positive regions. Reduced activation should be found within or in
the vicinity of the regions activated by the task. If reserve is sub-
served by more flexible activations, higher activations should be
found in individuals with more education. These may be found ei-
ther in the primary network or new alternative regions and at dif-
ferent levels of task demand.

To establish that these differences truly subserve reserve effects,
a second objective was to assess if the activation differences as-
sociated with years of education moderate the deleterious effect
of age on cognition. It was hypothesized that the negative effect
of age on n-back performance would be attenuated in individu-
als showing the education-related activation pattern. Thus, for re-
gions associated with efficiency or deactivation, we expected that
individuals with a lower level of activation would perform bet-
ter on tasks than those with higher activation with increased age.
For flexibility, better performance is expected in individuals with
higher activation than in those with lower activation as age in-
creases. Determining that education-related activation differences
reduce detrimental effects of age on cognition would strongly sub-
stantiate their role in supporting cognitive reserve. Thus, modera-
tion analyses will assess whether the education-related differences
in brain activation indicate a more positive outcome for cognition
than what would normally be predicted with age.

For secondary analyses, we examined the correlation between
activation and the volume of white matter lesions (WML) and
whether the observed activations moderated the relationship be-
tween the volume of white matter lesions and WM performance.

2. Methods
2.1. Participants

Forty-one healthy older adults (24 women) age 65-88 were re-
cruited through the participants database of the Research Center
of the Institut universitaire de gériatrie de Montréal and through
ads posted in the community. All participants were right-handed
community-dwelling francophones and had normal or corrected-
to-normal vision and hearing. Participants were excluded if they
reported the presence or a history of a brain disease, alcoholism,
substance abuse, severe psychiatric disorders, general anesthesia
within the last 6 months, use of any medication that could impact
cognitive or cerebral functioning, or if they scored below the edu-
cation or age/education adjusted cut-off respectively on both the
Montreal Cognitive Assessment (MoCA; Nasreddine et al.,, 2005)
and the Mini-Mental State Examination (MMSE; McHugh et al.,
1975).

Participants were further characterized by cognitive measures
through the Free and Cued Recall Test (RL/RI; Van der Linden et al.,
2004), the Victoria Stroop Test (Regard, 1981) and the Geriatric De-
pression Scale (GDS; Yesavage et al., 1982). The number of years
of formal education completed without interruption was recorded
and used as a reserve proxy.

This study was approved by the Comité mixte d’éthique de la
recherche du Regroupement Neuroimagerie/Québec. All participants
provided informed written consent at the beginning of the study.

2.2. N-Back paradigm

A verbal n-back WM task was used to assess task-related func-
tional magnetic resonance imaging (fMRI) activation (Braver et al.,
1997). The task comprised a control (0-back) and two experimen-
tal conditions with a parametric difficulty gradient (1- and 2-back).

Participants were presented with a series of letters. Using a 2-
button answer box (yes/no), they were asked to indicate whether
the letter was an "X" (0-back condition), or if it was identical to
the letter presented one (1-back condition) or 2 positions (2-back
condition) earlier in the sequence. The task included 15 blocks al-
ternating in a pseudo-random fashion between the 3 conditions
(0-back, 1-back and 2-back). Each block was 32 seconds long and
contained 16 letters (5 targets) presented at a rate of 500 ms per
item. A 1500 ms crosshair interstimuli interval was presented be-
tween each stimulus. An additional 12-second rest period was in-
serted at the end of each block (see experimental paradigm in Fig-
ure S1). The task was projected on a screen visible through a mir-
ror attached to the head coil. A brief reminder of the condition
instructions was projected on the screen for 5 seconds at the be-
ginning of each block. Task presentation and data collection were
managed with E-Prime software (Psychology Software Tools, Inc.).
MRI-compatible glasses were used for participants needing visual
correction. Prior to the MRI session, all participants received a brief
training session to ensure they understood instructions and were
familiar with the task.

2.3. Neuroimaging data

2.3.1. MRI and fMRI acquisition parameters

Participants underwent structural and fMRI examinations on a
Siemens Magnetom TIM Trio 3T MRI system (Siemens Medical So-
lutions, Erlangen, Germany), using the Siemens 32-channel “receive
only” head coil at the Functional Neuroimaging Unit of the Re-
search Center of the Institut universitaire de gériatrie de Montréal.

A high resolution T1 weighted 3D-Multi-Echo MPRAGE (TR:
2530 ms; TE: 1.64 ms; flip angle: 7°; FoV: 256 mm; voxel size:
1.0 x 1.0 x 1.0 mm; 176 continuous slices) and FLAIR weighted se-
quence (Fluid Attenuated Inversion Recovery; TR: 9000 ms; TE: 90
ms; flip angle: 150°; FoV: 240 mm; voxel size: 0.9 x 0.9 x 4.0 mm
with 4.0 mm distance gap factor; 44 slices) were acquired to ob-
tain white matter lesion (WML) volume (white matter hypointen-
sity volume from T1-weighted image and white matter hyperinten-
sity volume from FLAIR). The task-related blood oxygen level de-
pendent (BOLD) signal was acquired using a T2* weighted gradient
echo EPI sequence (TR: 2500 ms; TE: 30 ms; flip angle: 90°; FoV:
192 mm; voxel size 3.0 x 3.0 x 3.0 mm with 3.0 mm distance gap
factor; 41 slices). Acquisition was in axial orientation coplanar with
AC-PC whole brain coverage. The order of acquisition was descend-
ing. The functional images were acquired in one run, and the first
3 volumes were automatically discarded by the fMRI scanner.

2.3.2. MRI image preprocessing

T1-weighted images were analyzed through FreeSurfer 5.3 auto-
mated software (https://surfer.nmr.mgh.harvard.edu/). White mat-
ter hypointensity volume was used after being proportioned ac-
cording to the participant’s estimated intracranial volume (ICV).
WML obtained with FreeSurfer was further validated through a
semi-automated technic developed by (Jagust et al., 2005) using
FLAIR images (only available in 37 participants). There was a very
high correlations between both measures.

2.3.3. fMRI image preprocessing and first-level analyses

Functional data were analyzed with Statistical Parametric Map-
ping (SPM12; http://www.fil.ion.uc.uk/spm) and fine motion cor-
rection was applied through Functional Image Artifact Correction
Heuristic (FIACH; Tierney et al., 2016), both implemented in MAT-
LAB 8.3.0 software (http://www.mathworks.com).

First, the images were aligned to a mean functional image for
head motion correction and were affined through FIACH, which
uses a 2-step procedure to identify and correct physiological and
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motion-generated noise in sensitive brain regions. Second, images
were slice-time corrected to the middle slice using SPM12’s Fourier
phase shift interpolation. Third, images were co-registered with
each subject’s anatomical MRI image. Finally, images were spa-
tially normalized to the Montreal Neurological Institute stereotaxic
space, resliced to 3 mm? voxels, and smoothed with a Gaussian
kernel of 8 mm full width at half maximum (FWHM).

The first-level analyses were fixed effects based on the gen-
eral linear model (GLM) with a box-car response. For each par-
ticipant, GLM was set up by specifying the onsets and durations
(32seconds) of the task blocks for 0-, 1- and 2-back as separate
regressors. The instructions were modeled as a condition of no-
interest and the rest periods were modeled as an implicit base-
line condition. The model function was convolved with a canonical
haemodynamic response function (HRF) with the time derivative.
Six motion parameters were included as covariates. A 128-second
high-pass filter was also applied to remove low frequencies from
the temporal series and a one-lag autoregression model was ap-
plied globally. Contrasts of interest were [1-back > 0-back] for 1-
back activation, [2-back > 0-back] for 2-back activation, and [2-
back > 1-back] for load-induced activation. The resulting set of im-
ages was used in a second level of analysis where subjects were
treated as a random variable. The resulting images were visualized
using either the BSPMVIEW (DOI: 10.5281/zenodo.168074) or the
xjView (http://www.alivelearn.net/xjview) toolboxes implemented
in SPM.

2.3.4. Neurofunctional analyses

2.3.4.1. WM-Related activation. Whole-brain one sample t-tests
were used in SPM12 to identify task-related activation. Positive and
negative contrasts were computed separately for the 1-back and 2-
back conditions, using the 0-back condition as a baseline, and for
the load-induced activation [2-back > 1-back]. In addition, a para-
metric analysis was conducted within a GLM. At the level of each
participant, all block conditions (0-back, 1-back, 2back) were mod-
eled together as a single regressor and weighted with individual N-
back load demand as regressors of interest (value O for the blocks
0-back condition; value 1 for blocks 1-back condition and value 2
for blocks with a 2-back condition). Contrast images for parameters
of load were used at the second level for random effects analyses
(one-sample t-test). The significance threshold for each single con-
trast was set to p < 0.001 uncorrected, at the voxel level, before a
clusterwise or voxel wise FWE correction (p < 0.05) was applied.

2.3.4.2. Education-related activation. A whole-brain multiple re-
gression analysis was conducted in SPM12 to assess task-related
brain activation associated with the number of years of educa-
tion. Positive and negative regressions between fMRI images and
years of education were conducted for the 3 contrasts of interest
(1-back, 2-back, load-induced). As education-related activation is
relatively unexplored and a weaker signal requiring more statisti-
cal power is expected relative to task-related activations, the sig-
nificance threshold was set to p < 0.001 uncorrected, at the voxel
level, before a clusterwise FWE correction (p < 0.05) was applied.
Given our a priori hypotheses, the threshold to examine activation
maps was set at p < 0.001 uncorrected, and only clusters where
a peak activation threshold of p < 0.05 (FWE) was reached were
considered for subsequent analyses. For validation, we also ana-
lyzed our data with a parametric procedure: The first level GLM
included a regressor for the task block with a parametric modu-
lator for WM load. The brain activation and deactivation, resulting
from the voxel-wise multiple regressions between years of educa-
tion and the parametric WM load regressor, was set to an uncor-
rected threshold of p < 0.005 to increase power.

2.4. Behavioral and moderation analyses

All the statistical analyses were computed with the IBM Sta-
tistical Package for Social Science 19 (SPSS) and results were in-
terpreted if they reached a threshold of p < 0.05. First, we used
the hit rate and false alarm rate to calculate a discrimination index
or corrected hit rate (hit rate minus false alarm rate; H-FA) (Snod-
grass and Corwin 1988) for each condition of the n-back task. A
repeated-measure ANOVA was computed with load (0-back, 1-back
and 2-back) as a repeated factor and the discrimination index as
the dependent variable. Pearson’s correlations were calculated to
assess the relationship between the discrimination index with age
and education.

Moderation analyses were then used to assess whether the
brain activation differences associated with years of education in-
teracted with the effect of age to predict WM performance on
the 1-back and the 2-back conditions (H-FA). Beta values from the
clusters activated by education were first extracted with the Mars-
Bar region of interest toolbox for SPM (Poline et al., 2002). The
interaction terms for the low-load and the high-load conditions
were created by multiplying the beta values with age (both cen-
tered). Separate hierarchical multiple regressions were then con-
ducted through SPSS 19 using each interaction term to predict the
participants’ WM performance. When significant, the moderation
effects were visualized and probed through the PROCESS macro for
SPSS (www.processmacro.org) following the procedure described
in Hayes and Rockwood (2017). In sum, based on the regression
equation, the macro automatically estimates several predicted val-
ues from different combinations (16th, 50th and 84th percentile)
of the predictor and moderator variables, which can be plotted af-
terwards in a diagram. The macro further generates a simple slope
analysis which provides the conditional effects of the predictor on
the predicted variable and their significance level for different val-
ues of the moderator (16th, 50th and 84th percentile).

2.5. Confounding variables

Pearson’s, Spearman’s or point biserial correlations were com-
puted between years of formal education and potential confound-
ing demographic and cognitive variables. In order to assess a po-
tential sex-specific influence on results, point biserial correlations
were computed between sex and other variables, as well as 2-
sample t-tests on WM-related activation maps resulting from the
2-back > 1-back, 2-back > 0-back and 1-back > 0-back contrasts
with sex as a grouping variable. The significance threshold was set
to p < 0.001 uncorrected at the voxel level, before a clusterwise
FWE correction (p < 0.05) was applied.

3. Results

Of the 41 participants initially recruited, two withdrew con-
sent following the clinical evaluation: one withdrew for health rea-
sons and the other refused MRI scanning. Two other participants
were excluded from the analyses because one fell asleep during
the MRI examination and the other was unable to complete the
task. The demographic, cognitive and clinical characteristics of the
37 participants (22 women) used in the analysis are presented in
Table 1.

No significant association was found between the number of
years of formal education and either age, sex, cognitive scores or
GDS (in all cases, p > 1). No association was found between sex
and any of these variables (in all cases, p > 1). Finally, there was
no significant WM-related activation difference between men and
women for any of the 3 contrasts of interest.
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Fig. 1. Brain maps and associated scatterplots resulting from the voxel-wise multiple regressions between years of education and task-related activation. These depict (A)
the negative relationship between the left medial frontal lobe and education in the 1-back > 0-back contrast (p < 0.001 unc.; k > 20 for visualization purposes); and (B)
the positive relationship between the right caudate nucleus and education in the 2-back > 0-back contrast (p < 0.05 clusterwise FWE). Color intensities reflect t-values.

Table 1
Demographic and clinical characteristics of participants
M (SD) Range
Age 73.11 (5.79) 65.00 - 88.00
Years of formal education 14.92 (3.73) 9.00 - 22.00
MoCA (max: 30) 28.54 (1.46) 24.00 - 30.00
MMSE (max: 30) 28.73 (1.20) 25.00 - 30.00
Stroop (plate 3; time) 26.18 (7.26) 15.30 - 47.81
RL/RI (total delayed recall; max: 16) 15.73 (0.56) 14.00 - 16.00
GDS (max: 15) 1.32 (1.60) 0.00 - 6.00
Accuracy (%)
0-back 96.89 (3.80)  86.25 - 100.00
1-back 93.21 (8.00)  71.25 - 100.00
2-back 85.88 (6.57) 61.25 - 95.00
H-FA
0-back 0.95 (0.07) 0.73 - 1.00
1-back 0.86 (0.16) 0.40 - 1.00
2-back 0.70 (0.13) 0.30 - 0.92

3.1. Education-related activation

In the 1-back condition, the regression analysis revealed no
education-related suprathreshold activation after the clusterwise
FWE correction for multiple comparisons (p < 0.05). However, use
of a more liberal threshold (p < 0.001 uncorrected) indicated that
more education was associated with lower activation in a cluster
located in the left medial superior frontal gyrus (BA8; k = 37 vox-
els; see Fig. 1A), where activation at peak coordinates [x: -9, y:
44, z: 50] reached significance at the voxel level (t: 5.87, p < 0.05
FWE). In the 2-back condition, the regression analysis indicated
that more education was associated with a higher activation of the
right caudate nucleus ([x: 15, y: -13, z: 23]; t: 5.32, p < 0.05 clus-
terwise FWE, k = 126 voxels; see Fig. 1B). A parametric analysis
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Fig. 2. Scatterplot displaying equation-based regressions between age and WM per-
formance (Hit-FA for the 2-back condition) separately for higher, middle and lower
ranges of activation in the right caudate nucleus. The conditional effect of age on
WM performance is significant for older adults with lower and middle range of ac-
tivation, but not for those with the higher range of activation.

with an uncorrected threshold led to the same activated and deac-
tivated regions (see Figure S2).

3.2. Moderation analyses

Separate moderation analyses were computed to assess
whether activation values in the two regions associated with years
of education (left medial superior frontal gyrus and right caudate
nucleus) moderated the detrimental effect of age on WM perfor-
mance (H-FA).

A first moderation model included age and activation of the
left medial superior frontal gyrus to predict WM performance
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Table 2

Statistical model of moderation analysis predicting 1-back performance (hit rate minus false alarm rate;

H-FA)

Full model
Fvalue  p value Predictors Beta p value
6.70 0.001**  Age -0.54 0.001**

Left Superior Frontal Gyrus Activation (B-value)  -0.24 0.103
Age* B-value -0.28 0.059

Note: * significant at p < 0.05; ** significant at p < 0.01

Table 3
Statistical model of moderation analysis predicting 2-back performance (hit rate minus false alarm
rate; H-FA)
Full model
Predictors Beta p value
F value  p value
6.32 0.002**  Age -0.33 0.024*
Right Caudate nucleus Activation (B-value) 0.20 0.197
Age* B-value 0.37 0.019*

Note: * significant at p < 0.05; ** significant at p < 0.01

(Table 2). The model was significant (F(3, 33) = 6.70, p = 0.001)
and indicated a meaningful contribution of age to WM perfor-
mance (8 = -0.54, p = 0.001; sr> = 0.27). However, the “age
by activation” interaction did not reach significance (8 = -0.28,
p = 0.059; sr* = 0.07).

A second moderation model included age and activation of the
right caudate nucleus to predict WM performance (Table 3). The
model was significant (F(3, 33) = 6.32, p = 0.002) and showed that
the “age by activation” interaction (8 = 0.37, p = 0.019; sr> = 0.12)
contributed the most to the prediction of performance, and that
age was also significant (8 = -0.33, p = 0.024; sr> = 0.11) Fig. 2.
shows that the negative relationship between age and WM perfor-
mance is weaker for individuals demonstrating higher activation
of the right caudate nucleus. The conditional effect of age on WM
performance is significant for the lower (T = 3.32, p = 0.002) and
middle (T = 2.56, p = 0.015) range of activation, but not for the
higher range (T = 0.16, p = 0.878).

3.3. Task-related activations/deactivations and performance

To determine whether education-related activation occurs in
specialized alternative regions, task-related activation and deacti-
vation were examined irrespective of education (see Supplemental
Figure S2 for activation maps in low and high-education groups).
The 1-0 back and 2-0 back contrasts both revealed a large and bi-
lateral parieto-occipital cluster of activation consistent with liter-
ature (Fig. 3A and B, Supplemental Table S1). The cluster included
the precunei, the inferior and superior parietal lobules, the angu-
lar and supramarginal gyri, and the middle and superior occipital
gyri. There was also a bilateral frontal cluster, which included the
middle, inferior, superior, and medial frontal gyri, the insula, and
the right middle cingulum. Other smaller clusters included a bilat-
eral temporal cluster comprising the inferior and middle tempo-
ral gyri and a posterior cerebellum cluster. Overall, activations for
the 1- and 2-back conditions took place in the same clusters. The
load-induced contrast revealed higher activation in the left mid-
dle occipital and superior parietal gyri as load increased (Fig. 3C;
see Supplemental Table S1). Deactivation occurred in bilateral mid-
dle orbital gyrus and right superior temporal gyrus for 1-back con-
dition and in bilateral prefrontal cortex, bilateral superior temporal
gyrus and right middle temporal for 2-back condition (see coordi-
nates of clusters in Table S1). No significant deactivation was ob-
served in load-induced contrast.

Table 1 shows hit rate and discrimination indexes (H-FA) for the
3 conditions of the n-back task. As expected, the ANOVA indicated
a significant load effect (F(2, 72) = 59.09, p < 0.001). Contrast anal-
yses indicated that performance decreased from 0-back through 2-
back. Significant negative correlations were found between age and
the discrimination index for the 0-back (r(35) = -0.39, p = 0.019),
1-back (r(35) = -0.53, p = 0.001) and 2-back (r(35) = -0.36,
p = 0.029) conditions. Performance did not correlate with years
of formal education (0-back: (r(35) = 0.17, p = 0.308); 1-back:
(r(35) = 0.31, p = 0.056); 2-back: (r(35) = 0.09, p = 0.599)).

3.4. Impact of white matter changes

We completed two secondary analyses to assess the relation-
ship between WML and activation. These analyses are reported in
supplementary Tables S2 and S3. First, we determined that there
was no correlation between the volume of white matter changes
and the level of activation found in the two reported clusters. Sec-
ond, we found that for both clusters, activation did not moderate
the relationship between white matter volume and WM perfor-
mance.

4. Discussion

The goal of this study was to identify the functional mecha-
nisms underlying cognitive reserve in older adults. The first step
was to identify brain activation regions associated with more years
of formal education and determine if these activation differences
vary as a function of the task load. Manipulating the load was used
to examine whether the mechanisms proposed to be involved in
cognitive reserve occur at different levels of task demand. A sec-
ond step was to examine whether the activations associated with
education buffer the detrimental effect of age on WM performance.
This is a critical aspect of the study assessing whether the func-
tional correlates of education are protective. In this case, it can
be argued that these correlates may qualify as “true” reserve sub-
strates.

As expected, differences in education were associated with dif-
ferences in brain activation, and the pattern of education-related
activations varied as a function of the task load. In the high WM
load, more education was associated with higher activation in the
right caudate nucleus, an effect that was resistant to the cluster-
wise correction for multiple comparisons. In the low WM load



G. Ducharme-Laliberté, S. Mellah, B. Boller et al./Neurobiology of Aging 113 (2022) 63-72 69

A)
1-0 back S 4

B) .
2-0 back "

C)
2-1 back

44

15

10

Fig. 3. Brain map of the task-related activation (warm colors) and deactivation (cool colors) resulting from the one sample t-test. (A) 1-back > 0-back contrast; (B) 2-back
> 0-back contrast; and (C) 2-back > 1-back contrast. P < 0.05 voxel-wise FWE for visualization purposes. Color intensities reflect t-value.

condition, more education was associated with lower activation in
the left superior medial frontal gyrus (BA8). This effect was sig-
nificant when using a more liberal threshold (p < 0.001) but was
no longer present when a clusterwise correction for multiple com-
parisons was applied. In addition, the activation in the left supe-
rior medial frontal gyrus did not significantly moderate the re-
lation between age and WM. In contrast, the education-related
activation found in the right caudate nucleus mitigated the age-
related differences in WM performance. Overall, older age was as-
sociated with reduced WM performance. However, when examin-
ing how education relates to age for the prediction of WM perfor-
mance, there was an age effect on the 2-back performance in the
group of older adults showing lower activation of the right caudate
nucleus but no age effect in participants with higher activation.
The mechanisms reflected by this activation effect are discussed
below.

More education was associated with a higher activation of the
right caudate nucleus, but only in the high-load condition. This
result is reliable as activation resisted correction and moderation
was supported by a significant interaction. This activation is inter-
preted as reflecting neural flexibility, which refers to the capacity
to engage greater activation of the task-related network (i.e. pri-
mary network) or an increased ability to recruit new regions, when
the task demand exceeds the capacity of the specialized regions.
One interpretation is that participants with more education acti-
vate a new brain region when the task demand exceeds the ca-
pacity of the system. There are arguments to support this inter-
pretation: First, this region was not activated in individuals with
lower education nor for the whole sample, at low or high load
on the n-back task. Second, this is consistent with Owen et al.’s
meta-analysis of the n-back-related activations, which did not re-
port activation of the caudate nucleus (Owen et al., 2005). Thus,
as task demand increases, older adults with more education re-
cruited the caudate nucleus, a region that is not typically activated
by the task, while participants with lower education did not recruit

this brain region. Importantly, participants with higher activation
in this region showed no age effect for memory performance. Thus,
higher recruitment of this region by highly educated individuals is
beneficial to their performance, buffering the effect of age on per-
formance. The flexible recruitment of a “new” compensatory re-
gion in our sample is partly in line with the compensation-related
utilization of neural circuits hypothesis (CRUNCH; Reuter & Cap-
pell, 2008), which proposes that additional resources are needed
to compensate for the reduced processing efficiency of the ag-
ing brain. The model hypothesizes that as the primary network
reaches its capacity, the brain of an individual with higher edu-
cation would recruit compensatory regions in an alternative net-
work, which would maintain performance. Our results extend on
this model by showing that intensive cognitively stimulating ac-
tivities throughout one’s life (i.e. through education) may increase
this compensatory potential in older adults. The finding that this
activation moderates the relationship between age and WM per-
formance suggests that compensatory activation in alternative re-
gions may attenuate the impact of age on WM performance when
cognitive demand is high. This is congruent with a “true reserve
effect” because the activation reduces the detrimental effect of age
on cognition.

An alternative interpretation is that older adults with high ed-
ucation have more capacity to activate this area at a high cogni-
tive load than those with lower education. Indeed, the interpre-
tation that older adults with more education recruit a new re-
gion to buffer the effect of age on performance rests mostly on
the observation that this area is not typically recruited as seen in
Owen et al.’s meta-analysis. This may reflect the fact that the meta-
analysis included a wide range of education and age levels as these
are characteristics that will influence the level of activation in the
caudate nucleus. Studies of task-activation maps probably combine
different proportions of individuals with high and low education.
This stresses the importance that future meta-analyses consider
education, age, as well as other relevant socio-behavioral or de-
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mographic variables in their analyses as these may be strong mod-
ifiers of activation effects. An implication is that caution should be
exercised when interpreting whether an activation is inside or out-
side a typical positive or negative network, as we have observed
that education modifies the pattern of activation. As more and
more evidence indicate that activation varies with individual char-
acteristics, the inclusion of these factors in meta-analyses will pro-
vide a more realistic and perhaps more complex picture of what is
“typical” recruitment.

Lower activation of the left superior medial frontal gyrus (BAS8)
in individuals with more education could be interpreted as an in-
creased efficiency in individuals with less education. The inter-
pretation that lower activation of the left superior medial frontal
gyrus (BA8) reflects greater neural efficiency may be supported by
the fact that it took place during the low-demand condition, where
performance is high in both groups. Note that prior results have
also reported that higher scores on a composite reserve factor are
associated with lower activation in the left prefrontal region dur-
ing an n-back task (Bartres-Faz et al., 2009). However, BA8 was not
found to moderate the relationship between age and performance.

There have been some propositions regarding the location of
the cognitive reserve mechanisms in the brain. The implication
of the caudate nucleus is interesting as it is part of the fronto-
striatal network, which is believed to mediate load-dependent
prefrontal cortex activation and is associated with higher WM
capacity and maintenance (Jagust et al, 2009). Moreover, this
region has been shown to contribute to higher-order execu-
tive functions, particularly when there is a high degree of un-
certainty and/or when complex information is manipulated (see
Monchi et al, 2015 for a review). In turn, some studies have
proposed that reserve may be subserved by a generic or task-
invariant network (Stern, 2009, 2017). For instance, a vast network
of activations comprising frontal, parietal, temporal and cerebel-
lar regions (Stern et al,, 2018), and global functional connectiv-
ity of the left frontal cortex (Franzmeier et al., 2017), are poten-
tial candidates for such a generic substrate of cognitive reserve.
In the present study, it was hypothesized that the regions where
these mechanisms occur depend on the nature of the task. Here,
the caudate is a region that is part of the fronto-striatal net-
work and involved in WM. We propose that the regions found
to underlie reserve are involved or highly connected with the
task for which compensation is required. Interestingly however,
there is an extensive overlap between the WM network and those
indicated by Benson et al. (2018), Franzmeier et al. (2017) and
Stern et al. (2018), suggesting that these may correspond. It re-
mains to be determined whether this is because we have used a
task that elicits a putative “generic” network.

Our goal was to assess whether activation moderates the re-
lationship between age and WM performance. The use of age as
an indicator of the neurobiological changes accompanying WM de-
cline is pragmatic in that identification of the unique neuropatho-
logical features associated with WM decline requires a robust and
accurate model of what underlies this change. However, this choice
has limitations: One limitation is that it is not possible to iden-
tify the exact brain change or pathology that is protected by cau-
date activation. One candidate we have considered is white mat-
ter changes, which has been associated with WM decline in older
adults. However, we did not find that caudate nucleus activa-
tion moderated the association between white matter changes and
WM. Another limitation with our design is that individuals with
high education might have better brain maintenance, that is a
more preserved brain, which would explain the differential task-
related activation patterns. For example, we recently reported that
individuals with higher levels of education had a lower volume of
white matter lesions than individuals with lower levels of educa-

tion (Ducharme-Laliberté et al., 2022). Again, and consistent with
the lack of moderation, we did not observe a correlation between
white matter change and activation. In any case, the presence and
nature of the links between activation and maintenance should be
explored in future studies.

This study has many important and novel components. A crit-
ical strength was the use of moderation models to test whether
activation differences associated with years of education buffer the
impact of age on performance. This test has rarely been performed
in prior studies. We argue that only the finding that these activa-
tions are protective would confirm their interpretation as plausible
cognitive reserve mechanisms. Another strength of this study was
the manipulation of task load to elicit different processes. Further
studies should include a gradient of task demand to capture the
full extent of reserve processes across the task load. Another key
element is that we reported both task-negative and task-positive
activation maps, which also allows to assess the role of deactiva-
tion.

In addition to what was described above, the study also has
the following limitations: First, even though task load was manip-
ulated, the inclusion of only 2 levels of task demand limited our
ability to determine the full range of effects that increasing de-
mand may have on brain activation, and assess the possibility of
non-linear or inverse u-shape functions (Reuter & Cappell, 2008).
Sample size was relatively small and insufficient power may ex-
plain that the superior medial frontal gyrus activation did not re-
sist the correction for multiple comparison. Notably also, the age
effect on WM performance in participants with high activation of
the frontal lobe was marginally significant, which could be ex-
plained by our small sample size. This suggests that caution should
be exercised when interpreting the null results for the low load
condition. Furthermore, the relationship between education and
differences in activation must also be interpreted with caution
given that it relies on a cross-sectional design, thus limiting infer-
ence on causality. Additionally, we cannot rule out the contribution
of other factors associated with education including genotype, so-
cioeconomic status or lifestyle (e.g. nutrition, physical activity). Fi-
nally, we must acknowledge that there is inconsistency in the field
regarding the terminology associated with age-related interindivid-
ual differences, although recent attempts have been made to pro-
pose a consensus definition (Cabeza et al., 2018; Stern et al., 2020).
For example, neural flexibility as defined here is sometimes con-
sidered neural compensation or neural dedifferentiation by others
(Cabeza et al., 2018; Li & Lindenberger, 1999; Sikstrom et al., 2001;
Park et al., 2004). When attempting to differentiate these differ-
ent concepts, it may be useful to consider them in relation to per-
formance. For example, although both dedifferentiation and flex-
ibility lead to greater activation, greater dedifferentiation should
be associated with poorer performance, whereas greater flexibility
should be associated with better performance. The difference be-
tween neural flexibility and neural compensation is probably more
subtle, as both are associated with better performance. One dif-
ference might be that in the case of compensation, the difference
occurs within a group, whereas flexibility most often reflects dif-
ferences between two groups of individuals with varying reserve
proxies. Compensation may also depend on reserve to the extent
that individuals with more reserve may be better able to engage
compensation. Thus, the effect found here with a larger cognitive
load could reflect greater compensation in individuals with more
reserve.

In conclusion, this study indicates that cognitive reserve is sub-
tended by a greater ability to flexibly engage brain regions as task
demand exceeds capacity. This process is protective and allows in-
dividuals to maintain cognitive performance against the effects of
age. However, future studies are needed to replicate these results
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with a broader task demand range and larger sample sizes. Also,
the present results suggest that imaging studies investigating func-
tional recruitment associated with cognitive processes or future
meta-analyses should take into account the potential effects of fac-
tors, such as education or other reserve proxies on activation dif-
ferences, since these appear to moderate the effect of activation.
Finally, our results may be relevant to developing interventions to
increase cognitive reserve in older adults (Belleville et al.,, 2011;
Bier et al., 2014; Willis & Belleville, 2016), particularly as some in-
tervention studies were found to induce either improved efficiency
or greater flexibility depending on their content (Belleville et al.,
2014). Thus, another avenue for future research, which we are
currently undertaking, is to examine if engagement in cognitively
stimulating activities later in life fosters similar functional brain
processes and promotes reserve against the effects of age in in-
dividuals with lower levels of education or less cognitively stimu-
lating engagement early in life.
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