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Functional magnetic resonance imaging (fMRI) was used to assess the effect of cognitive training on brain

activation as a function of the learning phase and level of education. Forty older adults with subjective

cognitive decline (SCD) received 6 1-hour memory training sessions with the method of loci. Brain imag- 

ing (N = 29) was measured during word list encoding and retrieval before training (PRE), after 3 training 

sessions (POST3), and after 6 training sessions (POST6). Participants showed increased activation of the

left inferior pre-frontal gyrus from PRE to POST6 during encoding and reduced bilateral frontostriatal acti- 

vation from PRE to POST3 during retrieval, regardless of education. Activation changes from PRE to POST3

varied as a function of education in 2 regions of the right temporal lobe: participants with lower educa- 

tion showed increased activation, while those with higher education showed decreased activation. These

regions were initially less active in people with lower education. Results suggest a strategic shift in peo- 

ple with lower education and expertise building in those with higher education, along with a restoration

of initial education-related differences.

© 2022 The Authors. Published by Elsevier Inc.
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( http://creativecommons.org/licenses/by-nc-nd/4.0/ )

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Belleville, S., Mellah, S., Boller, B., & Ouellet, É. (2023). Activation changes induced by cognitive training are consistent with improved cognitive reserve in older adults with subjective cognitive decline. Neurobiology of Aging, 121, 
107-118.  CC BY  https://doi.org/10.1016/j.neurobiolaging.2022.10.010
1. Introduction

The cognitive reserve model has been proposed to account for

inter-individual variability in cognitive decline observed in older

age ( Cabeza et al., 2018 ; Stern et al., 2020 ). Cognitive reserve is

defined as a property of the brain, which would explain why

cognition may be better than expected given the amount of age

or disease-related changes present in a person’s brain ( https://

reserveandresilience.com/framework/ ). Cognitive reserve is thought

to operate through neural enhancement processes that mitigate

the impact of age-related decline or disease on cognition. For-

mal education and cognitively engaging activities were identi-
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fied as some of the factors that could promote cognitive reserve

( Fratiglioni et al., 2004 ; Kramer et al., 2004 ). 

As the brain is potentially malleable in adulthood, cognitive

training – defined as a set of behavioral approaches aimed at in-

creasing cognition – may provide a unique contribution to under-

standing the neuroplastic processes underlying cognitive reserve.

Cognitive training can be used to experimentally study the impact

of late-life cognitive stimulation on the brain and determine the

effect of different parameters on neuroplastic mechanisms. Such

studies have the additional benefit of identifying ways to poten-

tiate neuroprotective mechanisms, which could have major impli-

cations for older adults interested in maintaining brain and cog-

nitive health. Hence, cognitive interventions could be designed to

reproduce or amplify the effect of formal education on the brain.

In the following section, we will briefly describe studies that have

used brain imaging to assess the effect of education or other re-

serve proxies on brain function. We will then discuss the effect

of cognitive training on the brain in relation to models of learn-

ing that highlight the importance of the learning phase as a factor

that may modify the brain’s response to training. 
 open access article under the CC BY-NC-ND license
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Fig. 1. Design and participant flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1. The role of education on brain activation 

Results from studies examining the association between educa-

tion or other reserve proxies and brain activation have identified

3 patterns that may reflect differences in adaptability, defined as

the ability to adjust brain processes to age-related brain changes

( Steffener and Stern, 2012 ; Stern et al., 2018b ). First, some stud-

ies have reported a negative correlation between reserve proxies

and brain response ( Bartrés-Faz et al., 2009 ; Boller et al., 2017 ), a

pattern that could reflect a more efficient use of neural resources.

Second, studies have observed increased activation in individuals

with higher reserve proxies when conditions are more difficult,

which reflects higher neural capacity ( Steffener and Stern, 2012 ;

Stern et al., 2018a ). Finally, other studies report greater recruitment

of brain regions other than those typically activated by a task, sug-

gesting that cognitive reserve may allow more flexible compensa-

tion ( Colangeli et al., 2016 ; Steffener and Stern, 2012 ; Stern, 2009 ;

Tucker and Stern, 2011 ). In a recent study ( Belleville et al., 2021 ),

we found that higher scores on reserve proxies were associated

with greater activation of the right inferior temporal gyrus dur-

ing an episodic memory task. Furthermore, we observed a mod-

eration effect as older adults with a reduced hippocampal vol-

ume showed preserved memory if they had increased activation

in that region. Thus, higher recruitment of the right inferior tem-

poral lobe may provide neural adaptability to hippocampal volume

loss ( Belleville et al., 2021 ). 

1.2. The role of training on brain activation and differences related to

the training phase 

Studies that have used fMRI to assess the effect of cognitive

training on the brain often reported brain changes in the fron-

toparietal network ( Belleville et al., 2014 , 2011 ; ( Belleville and

Bherer, 2012 ; Duda and Sweet, 2020 ; Simon et al., 2020 ;

van Balkom et al., 2020 ) with additional increased activation of-
ten reported in temporal regions following memory training (e.g.,

Belleville et al., 2011 ; Hampstead et al., 2012 ; Simon et al., 2020 ).

However, changes in activation may depend on the training phase.

According to the triarchic theory of learning ( Chein and Schnei-

der, 2012 ), the metacognitive system, which is located mostly in

the anterior portion of the frontal lobe, would be recruited when

participants engage in a new task. With learning, the metacogni-

tive recruitment would no longer be necessary and would give way

to greater involvement of the cognitive control network, which is

involved in guiding processing to the most relevant components of

the task. This network is located in the dorsolateral prefrontal, an-

terior cingulate, and parietal cortices. As learners increase their ex-

pertise with practice, cognitive control processes would no longer

be required, and activation would reflect engagement of more au-

tomatic routines located in widely distributed cortical modules.

Our prior work on attentional training is broadly consistent with

the triarchic model as we found evidence that variable prior-

ity training that involved metacognitive strategies, results in in-

creased activation of the anterior portion of the prefrontal cortex

( Belleville et al., 2014 ). However, activation changes probably vary

as a function of individual characteristics at baseline. 

1.3. Interaction between training and education 

The INTERACTIVE model was proposed to predict differences

in activation as a function of individual and training character-

istics. The model proposes that the training phase should inter-

act with the level of education or prior expertise with the task

( Belleville et al., 2014 ). People with different levels of education

may stand at different phases of a continuum when they initi-

ate cognitive training: People with lower education may require

a larger dose of training to reach automaticity or to develop suf-

ficient “expertise”, so that metacognitive or attentional controlled

processes are no longer required. This means that the shift from

anterior to more posterior recruitment should occur later in people
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with lower levels of education. However, to our knowledge, the ef-

fect of the training phase on activation change has not been tested

with cognitive training in older adults with different levels of edu-

cation in previous studies. 

In summary, our prior study has found that lower education is

related to lower activation of the temporal lobe. Cognitive train-

ing could be considered as a form of “late-life education” that may

provide neuroprotection later in life. It is therefore critical to bet-

ter understand the brain changes induced by cognitive training,

whether they differ in people with higher or lower education, and

whether the effect of training on the brain is comparable to the

education difference examined at baseline. This should also con-

tribute to a better understanding of inter-individual age differences

on the brain. 

Thus, this study has 3 objectives: (1) Examine activation

changes related to training as a function of the intervention phase;

(2) Assess whether people with lower levels of formal education

have different initial brain activation patterns compared to those

with higher levels of education; (3) Determine whether changes

related to training and intervention phase differ as a function of

education and whether training changes are similar to the edu-

cation difference at baseline. Previous empirical work and models

of learning-dependent neuroplasticity offer critical predictions. (1)

According to the triarchic model of learning, activation of the an-

terior portion of the prefrontal cortex was expected to be present

prior to training, but to gradually decrease as participants learn

and practice the memory strategy, along with an increase in dor-

solateral prefrontal activation. Therefore, we expect a decrease ac-

tivation of the anterior prefrontal cortex with an increase in dorso-

lateral prefrontal activation when comparing activation for the dif-

ferent training phases. (2) Based on our prior work ( Belleville et al.,

2021 ), brain activation is expected to differ at baseline as a func-

tion of education level, with people with lower levels of education

expected to show less temporal activation than those with higher

levels of education. (3) If cognitive training involves mechanisms

similar to those of early education, activation of the temporal re-

gion is expected to increase following memory training, and this

increase should be more pronounced in older adults with lower

levels of education. 

Here, cognitive training involved teaching the method of loci,

a well-known mnemonic method that provides rich and elaborate

encoding to facilitate subsequent retrieval of material. Training was

provided over 6 1-hour sessions and brain activation was measured

prior to training, after 3 and 6 training sessions. This was assessed

in older adults with subjective cognitive decline (SCD), who have a

higher risk of progressing to dementia ( Jessen et al., 2020 , 2014 ).

These participants were not impaired on objective cognitive mea-

sures but report that their memory is not as good as it used to

be, and it worries them. Our primary goal was to identify acti-

vation changes measured during encoding and retrieval of word

lists. However, recognition was used at retrieval to reduce the in-

scan motion artifacts found from the verbal response in free recall.

Thus, off-scan free recall measurement was the primary behavioral

outcome, as this is a more sensitive task related to the technique

taught to participants during training. 

2. Material and methods 

2.1. Study design 

This was a mixed factorial design with training stage as a

within-subject factor and education as a between group factor 1 .
1 The data presented here is part of a larger project. Transfer and behavioral re- 

sults were presented in Boller et al 2021. 

 

 

 

Participants received memory training with the method of loci for

6 1-hour sessions provided every other weekday over 2 weeks (1

session per day, 3 sessions per week). MRI and behavioral mea-

sures were taken no more than 1 week prior to the first training

session (PRE), after the third training session (POST3) and no more

than 1 week following the last training session (POST6). The design

and participant flow are illustrated in Fig. 1 . The staff involved in

the assessment were different from those involved in the interven-

tion and they were unaware of the participants’ clinical status. 

2.2. Participants 

Participants were recruited from the community through ad-

vertisements in community centers, public conferences, and mag-

azines for seniors. To be included, participants were required

to be over age 50, francophone, have normal or corrected-to-

normal hearing and vision, and meet research criteria for SCD

( Belleville et al., 2019 ; Jessen et al., 2014 ). SCD criteria included

presence of a memory complaint with worries and absence of ob-

jective cognitive impairment. To assess the presence of a com-

plaint with worries, participants were asked: “Do you feel that

your memory is not as good as it used to be?” and “Does it

worry you?”. Absence of cognitive impairment was determined

based on the Montreal Cognitive Assessment (MoCA; score ≥ 26

( Nasreddine et al., 2005 )) and clinical tests of episodic memory

(RL/RI-16; ( Van der Linden et al., 2004 ); Logical Memory I subtest,

LM I [French version]; from Wechsler Memory Scale III, 1997)), lan-

guage (Boston Naming Test, BNT; ( Kaplan et al., 1983 )), and execu-

tive function (Stroop-Victoria; ( Troyer et al., 2006 ); French adapta-

tion from ( Moroni and Bayard, 2009 ); Norms from ( Tremblay et al.,

2016 )). Cognition was considered normal if performance was no

more than 1.5 standard deviations below the mean of age- and

education-matched normative samples or based on education-

adjusted cut-off scores used in the Alzheimer’s Disease Neuroimag-

ing Initiative study for the LM1 Subtest ( Belleville et al., 2019 ). 

Participants also completed the Geriatric Depression Scale to as-

sess depressive symptoms (GDS- 15); ( Yesavage et al., 1982 ), the

Hachinski Scale ( Hachinski et al., 1975 ) to assess vascular health,

the Charlson Comorbidity Index ( Charlson et al., 1987 ) to assess

general health, and the Activities of Daily Living-Prevention Instru-

ment (ADL-PI, from ADCS; ( Galasko et al., 2006 ) to measure func-

tional independence. The number of completed years of formal ed-

ucation was used as a proxy for cognitive reserve for the purposes

of this study. 

The study was approved by the Comité mixte d’éthique de la

recherche du Regroupement Neuroimagerie Québec (CMER-RNQ)

and all participants completed a written informed consent form

prior to study participation. 

2.3. Training 

The method of loci was used as a memory training program

( Lea, 1975 ). Using this technique, participants first learned a fixed

set of locations from their home. The selected locations were posi-

tioned along an orderly and stable route that the participant could

follow to recover their associations. Participants then learned to

create interactive image-based associations between locations and

item lists by matching the order of the locations on the route with

the order of the items in the list. For example, the first item in a

list was associated with the first location, the second item with

the second location, and so on. At retrieval, participants simply

walked their route to retrieve the association made between the

location and the items on the list ( Verhaeghen and Marcoen, 1996 ).

The technique and materials were adapted from the MEMO+ pro-

gram, which has been shown to be effective in healthy older adults
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and people with mild cognitive impairment ( Belleville et al., 2018 ,

2006 ). The mnemonic leads to the creation of rich and elaborate

encoding and retrieval cues. 

There were 6 1-hour sessions: Session 1 consisted of exercises

to improve mental imagery and teach participants to create inter-

active mental images, as this is a key part of successful use of the

method. Participants also selected and learned their route as well

as 12 familiar locations along the route. In Session 2, the principles

behind the method were learned. This was followed by a guided

practice using short lists of visually presented concrete words on a

PC computer run by E-prime 2 (Psychology Software Tools, Sharps-

burg, PA, USA). Participants were invited to practice the method

and received feedback and tips for creating vivid images. In Ses-

sions 3, additional exercises were provided with different lists, and

the level of difficulty was gradually increased by reducing the time

allocated to create the interactive images and by reducing feedback

and advice. This was continued over sessions 4–6. Each session

lasted approximately 50 minutes and was delivered face-to-face in

small groups of 2 – 4 participants. Half of the participants received

a brief training with virtual reality, but this was not included as a

factor because it did not modify functional brain outcomes or per-

formance (see ( Boller et al., 2021 ). 

2.4. Brain imaging measurement 

Scanning was performed using a SIEMENS 3T Magnetom TRIO

Tim System (Erlangen, Germany) at the Unité de Neuroimagerie

Fonctionnelle (UNF) of the Institut universitaire de gériatrie de

Montréal. Whole brain structural scans were obtained with a 3-

dimensional ME-MPRage anatomical sequence with TR = 2530 ms

(multiple TE: 1.64 ms, 3.5 ms, 5.36 ms, 7.22 ms; TI = 1200 ms, flip

angle = 7 °, FOV = 256 mm, 256 × 256 matrix, 176 slices, voxel

size = 1 × 1 × 1 mm 
3 ). Whole brain fMRI data were obtained

during 1 run of functional imaging data using an EPI T2 ∗ pulse se-

quence, in an axial plane (50 slices of 3mm thickness with no gap;

TR/TE = 2500/20 ms, flip angle = 90 °; voxel size = 3 × 3 × 3

mm 
3 , FOV = 220 mm, 74 × 74 matrix, descending acquisition). A

total of 380 images were acquired. 

During the scan, participants performed the encoding and re-

trieval of word lists. Participants were asked to memorize 4 lists

of 12 visually and semantically unrelated concrete words, which

were each presented for 4 seconds. Each list was followed by a

recognition phase where all the items from the previous list were

presented in a different order, in addition to 6 distractors. For each

item presented, participants were asked to determine if the word

was part of the learning list (Yes/No response). In the reference

condition, participants were asked to silently read 4 9-word lists

of weekdays presented in random order. One reference list was

presented before each encoding list. Different versions of the lists

with new stimuli were presented at the different scan sessions and

counterbalanced across participants. 

For the in-scan task, the number of old correctly recognized

words (Hit) and the number of new falsely recognized words

(False Alarm, FA) were recorded to determine recognition accuracy

based on a discrimination index (d-prime; d’), which was adapted

from signal detection theory ( Macmillan, 1993 ; Snodgrass and Cor-

win, 1988 ; Stanislaw and Todorov, 1999 ). 

2.5. Off-scan behavioral measure 

Memory was also measured off-scan using a free recall pro-

cedure, which is more comparable to the training protocol than

recognition. Participants were asked to memorize 2 lists of 12

visually-presented words and 2 lists of 12 auditorily-presented
words. Each item was presented at a rate of 1 item every 5 sec-

onds. Recall of each list was done in writing, immediately after

the end of its presentation, and participants were asked to report

the items in the order they came to mind. The mean number of

correctly recalled words pooled over the 4 lists was used as the

dependent variable. 

2.6. Statistical analyses 

Functional brain imaging data were preprocessed with Statis-

tical Parametric Mapping 12 (SPM12) ( http://www.fil.ion.ucl.ac.uk/

spm ) in Matlab v9.4.0 using the following steps: (1) realigning the

images to the first volume; (2) slice timing; (3) co-registering the

structural image to the mean functional image; (4) segmenting the

structural image into its constituent tissue classes; (5) applying the

estimated transformations to Montreal Neurological Institute (MNI)

space derived from the segmentation to the functional scans; (6)

smoothing the functional scans using a Gaussian kernel with a

Full Width at Half Maximum (FWHM) of 8 × 8 × 8 mm. At

the first level of analysis, a fixed effect general linear model at

the single subject level was conducted to obtain the task activa-

tion contrasts of interest. The models were fit using the hemody-

namic response function (HRF) and time derivative basis set with

the addition of 6 movement regressors. Low frequency variation

was eliminated using a 128-second high pass filter, and a one-lag

autoregression model was applied globally. As the in-scan mem-

ory task was a block design, we modelled the 3 conditions of

the task (weekday reading, encoding and recognition), leaving the

rest periods as an implicit baseline. Instructions were modelled

as no-interest regressors. All correct and incorrect trials were in-

cluded within the same regressor. At the second level of analy-

sis, one-sample t-tests were first conducted to obtain areas ac-

tivated and deactivated during the task. The interaction between

education and the training phase was investigated with the Sand-

wich Estimator (SwE) Toolbox for the Analysis of Longitudinal and

Repeated Measures Neuroimaging Data v2.1.0, implementing for

SPM12 ( Guillaume et al., 2014 ). The SwE method, which uses the

marginal model, has several advantages, including that no random

effects need to be specified, it can handle missing data (unbal-

anced design), and the setup of the design matrix and specifying

the contrasts are also simpler. We fitted the model with a simpli-

fied approach: 3 columns for the factorial effect of training phase

as repeated factors (PRE, POST3 and POST6), a column for educa-

tion (lower vs. higher), and another column to test their linear in-

teraction. The covariates included are age (i.e., cross-sectional age

(baseline age) and centred within-subject age of participant) and

sex. We used the modified SwE to estimate our model (which can

handle small groups) and false discovery rate (FDR) voxel-wise,

with a level of p < 0.05 inference, as usual for the parametric

mode. 

Using MARSBAR, we then extracted ( Brett et al., 2002 ) the av-

erage parameter estimates (beta weight), which provided infor-

mation on the effect size and direction of activation (BOLD re-

sponse of fMRI signal) in the education by training clusters. This

allowed interpretation of the pattern related to the training phases

as a function of education. The activation data was analyzed with

mixed ANOVAs using education (lower vs. higher) as a between-

subject factor and training phase (PRE, POST3 POST6) as a within-

subject factor. When required, the Greenhouse-Geisser correction

was used to correct for lack of sphericity. Since we were inter-

ested in how education modifies activation at each training phase,

presence of an interaction was followed with education x training

phase ANOVAs, that use PRE and POST3 as a repeated factor and

education (lower vs. higher) as a between-subject factor. ANOVAs

were also conducted for POST3 to POST6 as a repeated factor and

http://www.fil.ion.ucl.ac.uk/spm
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Table 1 

Characteristics of the participants at baseline. 

a) Participants with full neuroimaging and behavioral assessment Whole group N = 29 Lower education N = 14 Higher education N = 15 Group difference p value 

Age (y) 67 ± 8.44 69.4 ± 7.26 64.7 ± 9.09 .141 

Sex; number of females (%) 24 (83%) 12 (86%) 12 (80%) 1 

Education (y) a 15.10 ± 3.06 12.78 ± 2.39 17.27 ± 1.75 < .000 

MOCA (/30) 27.52 ± 1.66 27.5 ± 1.79 27.53 ± 1.60 .958 

RL/RI (total delayed recall /16) 12.21 ± 1.7 11.86 ± 1.75 12.53 ± 1.64 .293 

WMS logical memory II subtest (delayed recall) 14.5 ± 3.74 13.46 ± 4.11 15.4 ± 3.24 .184 

Stroop (time on third plate) 28.11 ± 1.37 28.37 ± 5.44 27.86 ± 9.05 .856 

Boston naming test (/15) 13.9 ± 1.26 13.57 ± 1.50 14.2 ± .94 .195 

Vocabulary (/19) 13.66 ± 2.72 13.21 ± 2.63 14.06 ± 1.87 .118 

GDS (/15) 1.83 ± .54 1.5 ± 2.62 2.13 ± 3.25 .567 

Charlson comorbidity index (/41) .59 ± .73 .64 ± .84 .53 ± .64 .698 

Hachinski score (/18) .72 ± .88 .93 ± .92 .53 ± .83 .236 

b) Participants with behavioral assessment Whole group N = 40 Lower education N = 20 Higher education N = 20 Group difference p value 

Age (y) 67 ± 7.49 68.7 ± 6.38 65.9 ± 8.39 .243 

Sex; number of females (%) 33 (82.5%) 18 (90%) 15 (75%) .407 

Education (y) a 15 ± 2.97 12.65 ± 2.13 17.25 ± 1.55 < .000 

MOCA (/30) 27.65 ± 1.62 27.7 ± 1.84 27.6 ± 1.43 .849 

RL/RI (total delayed recall /16) 12.05 ± 1.7 11.9 ± 1.77 12.2 ± 1.7 .589 

WMS logical memory II subtest (delayed recall) 14.5 ± 3.64 13.84 ± 4.17 15.2 ± 3.02 .254 

Stroop (time on third plate) 28.55 ± 7.3 29.05 ± 6.27 28.04 ± 8.36 .668 

Boston naming test (/15) 13.8 ± 1.21 13.7 ± 1.42 14 ± .97 .441 

Vocabulary (/19) 13.8 ± 2.22 13.55 ± 2.7 14.05 ± 1.64 .16 

GDS (/15) 1.9 ± 2.95 1.55 ± 2.23 2.25 ± 3.55 .461 

Charlson comorbidity index (/41) .55 ± .78 .50 ± .76 .60 ± .82 .692 

Hachinski score (/18) .80 ± 1.02 .85 ± .99 .75 ± 1.07 .760 

NOTE. Values are means ± SD. Analysis of t-test was performed for group difference. A Chi-Square test of independence was performed for sex. 

Abbreviations: MoCA = Montreal Cognitive Assessment ( Nasreddine et al., 2005 ); RL/RI = Free and Cued Recall Test ( Van der Linden et al., 2004 ); Stroop : Stroop-Victoria 

(Regard, 1981); Geriatric Depression Scale; GDS = Geriatric Depression Scale ( Yesavage et al., 1982 ); Charlson Comorbidity Index ( Charlson, Pompei, Ales, & MacKenzie, 

1987 ); Hachinski = Hachinski’s Ischemic Score ( Hachinski et al., 1975 ). 
a Significant group effect 

Table 2 

Performance for the off-scan (mean number of correct recall) and in-scan (dis- 

crimination index score d’) memory tasks at pretest (PRE) and after 3 (POST3) 

and 6 (POST6) training sessions in older adults with higher educationand lower 

education. 

a) off-scan task 

PRE POST3 POST6 

Participants who completed only behavioral assessment (N = 40) 

ALL 6.14 (.19) 7.83 (.31) 8.04 (.30) 

Lower education 6.26 (.27) 7.21 (.44) 7.59 (.43) 

Higher education 6.02 (.27) 8.44 (.44) 8.50 (.43) 

Participants who completed behavioral and neuroimaging assessments (N = 29) 

ALL 6.11 (.24) 7.84 (.35) 8.03 (.36) 

Lowe education 6.14 (.34) 6.93 (.51) 7.25 (.25) 

Higher education 6.07 (.33) 8.75 (.49) 8.80 (.49) 

b) in-scan task 

PRE POST3 POST6 

ALL 2.65 (.15) 2.84(.12) 2.84 (.15) 

Lower education 2.92 (.22) 2.91 (.17) 2.60(.21) 

Higher education 2.43 (.22) 2.78 (.17) 3.08 (.21) 

Note. Values are means (SE) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

education (lower vs. higher) as a between-subject factor. We also

performed an ANOVA with PRE and POST6 as a repeated factor and

education (lower vs. higher) as the between-subject factor, as this

analysis is consistent with what is typically done in PRE-POST in-

tervention studies. This analysis can thus be used to compare our

findings to those of prior studies and is likely to increase power. In

all cases, interactions were followed by paired comparisons. 

To analyze off-scan behavioral data, we used mixed ANOVAs

on correct recall as the dependent variable with training phase

(PRE, POST3 and POST6) as a within-subject factor and educa-
tion (lower vs. higher) as a between-subject factor. When required,

the Greenhouse-Geisser correction was used to correct for lack of

sphericity. Post-hoc comparisons were 2-sided, with an alpha level

of 0.05, where the Bonferroni–Holm multiple test adjustment was

applied. To analyze the in-scan memory data, we used a repeated-

factor ANOVA on d-prime as the dependant variable with training

phase (PRE, POST3 and POST6) as the repeated factor. 

The statistical analyses of behavioral data and extracted activa-

tion were performed using SPSS, version 25 (IBM Corp) software

package for Windows (SPSS Inc., Chicago, IL, USA). 

3. Results 

3.1. Demographic and behavioral data 

Participant flow is shown in Fig. 1 . Fifty-four participants were

assessed for eligibility (see Fig. 1 ). Of these, 42 met inclusion cri-

teria and 33 met neuroimaging inclusion criteria. Of the 33 meet-

ing neuroimaging criteria, four withdrew consent before follow-up.

Thus, 29 participants completed training and the data from 3 MRI

sessions was used for the neuroimaging analyses. Eleven additional

participants received training and behavioral assessments but did

not complete the full MRI procedure. These participants were not

included in the neuroimaging analysis, but to increase power, their

data was used to analyze off-scan behavior. Note that similar re-

sults were obtained overall with the smaller and larger data set

(see Table S1 and S1 Text in supplementary material). Table 1 a

presents the demographic and clinical data for the 29 participants

who completed the full protocol, separated by level of education.

Table 1 b presents the demographic and clinical data for the 40 par-

ticipants who did not complete fMRI examination but completed

the training and behavioral assessment. The lower and higher edu-

http://www.pnas.org/cgi/content/full/0800431105/DC1


112 S. Belleville, S. Mellah, B. Boller et al. / Neurobiology of Aging 121 (2023) 107–118 

Table 3 

Brain regions associated with the encoding and retrieval tasks at pretraining. 

a) Encoding task > reading MNI coordinates 

Anatomical labeling Extent t-value X y z 

R superior temporal gyrus 1067 6.913 66 -13 2 

R postcentral gyrus 6.476 63 -1 20 

R Putamen 5.870 24 5 17 

R insula lobe 5.234 45 11 2 

L insula lobe 715 6.020 -39 14 -4 

L inferior frontal gyrus (p. orbitalis) 5.780 -33 32 2 

L middle frontal gyrus 4.019 -39 50 14 

L Hippocampus 216 5.434 -33 -37 2 

L Thalamus 4.565 -15 -34 5 

L precentral gyrus 218 4.904 -54 -4 23 

L rolandic operculum 4.665 -45 -7 14 

R superior temporal gyrus 1067 6.913 66 -13 2 

R postcentral gyrus 6.476 63 -1 20 

R putamen 5.870 24 5 17 

b) Retrieval task > reading MNI coordinates 

Anatomical labeling Extent t-value X y z 

R caudate nucleus 4140 10.769 12 14 8 

L caudate nucleus 9.320 -9 14 8 

R rolandic operculum 9.302 63 -4 11 

R inferior frontal gyrus (p. opercularis) 9.148 45 14 11 

L insula lobe 9.012 -33 20 5 

R IFG (p. triangularis) 8.998 42 17 14 

L middle temporal gyrus 205 8.715 -60 -25 -1 

L cerebelum (VI) 118 7.758 -30 -58 -28 

L inferior temporal gyrus 6.051 -45 -49 -13 

L fusiform gyrus 5.710 -42 -58 -19 

R cerebelum (VI) 34 7.063 24 -61 -25 

R posterior-medial frontal 21 6.513 9 14 65 

FWE p < 0.05 voxelwise inference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Note that one participant was excluded from the behavioural analyses of in- 

scan recognition because his/her performance data was missing at postintervention. 
cation groups did not differ on demographic or neuropsychological

measures, except for level of education, which differed by design. 

Analysis of the off-scan performance data (see Table 2 a) indi-

cated an education by training phase interaction (F(2,76) = 5.571,

p = 0.008, eta-square = 0.128) and a training phase effect

(F(2,76) = 40.598, p < 0.001, eta-square = 0.517), but no educa-

tion effect (F(1,38) = 1.766, p = 0.192, eta-square = 0.044). A closer

examination of the interaction revealed an education x training

phase interaction in the PRE-POST6 comparison ( F (1,38) = 5,135,

p = 0.029, eta-square = 0.119), a main effect of training phase

( F (1, 38) = 56.063, p < 0.001, eta-square = 0.596) but no main

effect of education ( F (1,38) = 0.60, p = 0.443, eta-square = 0.016).

When analyzing the PRE-POST3 comparison, there was an educa-

tion x training phase interaction ( F (1, 38) = 8,637, p = 0.006, eta-

square = 0.185), a main effect of training phase ( F (1, 38) = 45.63,

p < 0.001, eta-square = 0.546) but no main effect of education

( F (1,38) = 1,196, p = 0.281, eta-square = 0.031). When analyzing

the POST3-POST6 comparison, there was no main effect of train-

ing phase (F(1,38) = 1.432, p = 0.239, eta-square = 0.036, ed-

ucation F (1,27) = 3.34, p = 0.075, eta-square = 0.081) or edu-

cation x training phase interaction ( F (1, 38) = 0.731, p = 0.398,

eta-square = 0.019). Mean comparisons for the higher educa-

tion group indicated an improvement in performance from PRE

to POST3 ( p < 0.001) with no further improvement from POST3

to POST6. Mean comparisons for the lower education group also

indicated an improvement in performance from PRE to POST3

( p = 0.001) with no further improvement from POST3 to POST6.

The magnitude of the effect from PRE to POST3 was larger in

the higher education group (mean difference = 2.412, SE = 0.352)

than lower education group (Mean difference = 0.950, SE = 0.352).

There were no significant group differences at any of the time

points. 
Analysis of the in-scan recognition ( Table 2 b) data 2 indicated no

education x training phase interaction (F(2,52) = 3.304 p = 0.058,

eta-square = 0.113, training phase (F(2,52) = 0.511, p = 0.575, eta-

square = 0.019) or education effect (F(1,26) = 0.063, p = 0.804,

eta-square = 0.002). 

3.2. Brain imaging data 

3.2.1. Baseline data (PRE) 

3.2.1.1. Task-related activation at PRE. Table 3 and Fig. 2 show the

regions associated with the encoding and retrieval task at pre-

training. Encoding activated 2 large fronto-temporal clusters, which

included the hippocampus in both hemispheres, as well as smaller

left occipital and fronto-striatal clusters. Retrieval activated a large

fronto-temporal cluster comprising the right superior and middle

temporal gyrus, the right superior, middle and medial frontal gyrus

as well striatal regions. Activation was also found in the left tem-

poral gyrus and left cerebellum. There was no negative activation

associated with the task. 

3.2.1.2. Education-related activation at PRE. There was no

education-related activation for encoding. For retrieval, one

cluster encompassing the right middle and inferior temporal gyri

(BA20, 21, 37) was positively associated with education ( Table 4 ,

Fig. 3 ). There was no region negatively associated with education. 

3.2.2. Training-related activations 

3.2.2.1. Main effects for training-related activations. Fig. 4 a shows

the main effect of training, that is, the training-related activation
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Fig. 2. Brain regions associated with the encoding and retrieval tasks at pretraining. 

Fig. 3. Brain regions associated with level of education at pretraining for the re- 

trieval task. 

Table 4 

Brain regions associated with level of education at pretraining. 

MNI coordinates 

Anatomical labeling Extent t-value x y z 

Encoding task 

None 

Retrieval task 

R inferior temporal gyrus (BA37) 234 5.729 54 -46 -16 

R middle temporal gyrus (BA21) 5.471 66 -22 -10 

FWE p < 0.05 clusterwise inference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

changes observed in both groups. At encoding, training resulted

in increased prefrontal activation in the left inferior frontal gyrus

(BA9), which is part of the dorsolateral prefrontal cortex from PRE

to POST6. At retrieval, there was decreased activation from PRE to

POST3 in a cluster comprising the left and right inferior and an-

terior portion of the middle frontal gyrus, left anterior cingulate
and basal ganglia. There were no further changes when comparing

POST3 to POST6. 

3.2.2.2. Education by training phase interactions. There was no edu-

cation by training phase interaction for encoding-related activation.

There was an education by training phase interaction for activa-

tion during retrieval in 2 regions of the right temporal lobe: the

right middle temporal gyrus (BA21) and the right inferior tempo-

ral gyrus (BA37). These interactions are illustrated in Fig. 4 b and

detailed in Table 5 . 

When analyzing activation in the right middle temporal gyrus

(BA21) with ANOVA, we observed an education x training phase

interaction, ( F (2,54) = 12.082, p < 0.001, eta-square = 0.309, with

no main effect of training phase, F (2,54) = 2.551, p = 0.088,

eta-square = 0.86, or education, F (1,27) = 0.182, p = 0.67,

eta-square = 0.007). To understand the source of the interac-

tion, we compared the different training phases. On the PRE-

POST3 comparison for the right middle temporal lobe, there was

an education x training phase interaction (F(1, 27) = 13.296,

p = 0.001, eta-square = 0.33) with no main effect of training

phase ( F (1, 27) = 3.469, p = 0.073, eta-square = 0.114) or ed-

ucation ( F (1,27) = 4.092, p = 0.053, eta-square = 0.132). Mean

comparisons indicated a decreased activation in the higher edu-

cation group ( p = 0.001; mean difference = -0.585, SE = 0.148)

but no change in the lower education group ( p = 0.226; mean

difference = 0.189, SE = 0.153). When analyzing the POST3-POST6

comparison, there was a main effect of the training phase ( F (1,

27) = 4.389, p = 0.046, eta-square = 0.14) with no main effect of

education, ( F (1,27) = 2.457, p = 0.129, eta-square = 0.08), or edu-

cation x training phase interaction ( F (1, 27) = 0.779, p = 0.385, eta-

square = 0.028) 

When analyzing the PRE-POST6, there was no main effect of

the training phase (F(1, 27) = 0.003, p = 0.96, eta-square = 0), and

no main effect of education ( F (1,27) = 1.450, eta-square = 0.05).

However, there was an education x training phase interaction ( F (1,
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Fig. 4. Brain region activation associated with training. 
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Table 5 

Brain regions associated with training. 

a) Main effects for the training-related activations 

MNI coordinates 

Anatomical labeling Extent z-value x y z 

Encoding task 

L inferior frontal gyrus (BA9) 120 26.98 -42 -2 29 

Retrieval task 

L temporal pole (BA38) 30 -4.729 -54 11 -10 

R temporal pole (BA38) 42 -4.272 51 17 -10 

L inferior frontal gyrus (p. triangularis) (BA32) 382 -3.830 -42 32 11 

L ACC (BA32) -3.550 -6 26 23 

L superior medial gyrus (BA10) -3.544 -15 47 5 

R middle orbital gyrus 259 -4.046 42 56 2 

R middle frontal gyrus (BA9,10) -3.993 27 50 5 

R superior medial gyrus -3.518 12 53 11 

R posterior-medial frontal 37 -4.033 9 17 65 

L Pallidum 262 -3.987 -9 2 2 

L Putamen -3.436 -18 8 11 

L rectal gyrus -3.375 -18 11 -10 

L mid orbital gyrus 20 -3.658 -3 53 -4 

R inferior frontal gyrus (p. triangularis) 33 -3.635 42 29 14 

R middle frontal gyrus -3.358 45 41 8 

p < 0.05 FWE voxel-wise inference 

b) Education by training phase interactions 

MNI coordinates 

Anatomical labeling Extent x-value x y z 

Encoding task 

None 

Retrieval task 

R middle temporal gyrus 120 24.51 63 -25 -16 

R fusiform gyrus 66 23.12 45 -64 -16 

R inferior gyrus 22 48 -49 -19 

p < 0.05 FDR voxel-wise inference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

27) = 20.620, p < 0.001, eta-square = 0.43). Mean comparisons in-

dicated an increased activation in the lower education group from

PRE to POST6 ( p = 0.048; Mean difference = 0.289, SE = 0.139).

There was a significant group difference at PRE ( p = 0.001) with

the higher education group activating more than the lower edu-

cation group (mean difference = 0.624, SE = 0.139) but the group

difference was no longer found at POST3 ( p = 0.396) and POST6

( p = 0.091). 

The education x training phase ANOVA for activation in the

right inferior temporal lobe (BA37) indicated an education x

training phase interaction ( F (2,54) = 11.714, p < 0.001, eta-

square = 0.303) and a main effect of training phase (F (2,54) = 3.757,

p = 0.031, eta-square = 0.122) but no effect of education

( F (1,27) = 0.007, p = 0.935, eta-square = 0.00). When analyzing

the PRE-POST3 comparison for the right inferior temporal lobe

(BA37), there was an education x training phase interaction ( F (1,

27) = 14.616, p < 0.001, eta-square = 0.351), but no main effect of

training phase ( F (1, 27) = 1.824, p = 0.188, eta-square = 0.063), or

education ( F (1,27) = 1.229, p = 0.277, eta-square = 0.044). Mean

comparisons indicate a decreased activation in the higher educa-

tion group ( p = 0.001; Mean difference = -0.503, SE = 0.135) but no

change in the lower education group ( p = 0.097; Mean difference =
0.24, SE = 0.14). When analyzing the POST3-POST6 comparison,

there was a main effect of phase (F(1, 27) = 9.29, p = 0.005, eta-

square = 0.256), but no main effect of education ( F (1,27) = 3.415,

p = 0.076, eta-square = 0.112), and no education x training phase

interaction ( F (1, 27) = 0.12, p = 0.732, eta-square = 0.004). Mean

comparisons indicate increased activation in the lower education

group ( p = 0.026; Mean difference = 0.281, SE = 0.119). 

When analyzing the PRE-POST6 comparison for the right infe-

rior temporal lobe (BA37), there was no main effect of training
phase ( F (1, 27) = 1.604, p = 0.216, eta-square = 0.056), or educa-

tion ( F (1,27) = 0.595, p = 0.447, eta-square = 0.022), but an ed-

ucation x training phase interaction ( F (1, 27) = 14.616, p < 0.001,

eta-square = 0.392). Mean comparisons indicate an increased acti-

vation in the lower education group from PRE to POST6 ( p = 0.048;

Mean difference = 0.289, SE = 0.139). There were significant group

differences at PRE ( p = 0.003) with the higher education group

activating more than the lower education group (mean differ-

ence = 0.504, SE = 0.153), but the group differences were no

longer found at POST3 ( p = 0.136) and POST6 ( p = 0.107). 

4. Discussion 

Our goal was to assess how cognitive stimulation provided by

formal education and cognitive training interface at the brain level

in older adults with subjective cognitive decline. This study ad-

dressed the activation changes induced by cognitive training at dif-

ferent training phases, and whether they varied in older adults

with lower vs. higher levels of education. The study also assessed

whether the changes related to training were similar to those asso-

ciated with education differences. Based on the triarchic model of

learning, activation changes were expected to be observed in the

prefrontal regions as learners increased their expertise. However,

our critical hypothesis was that lower education would be associ-

ated with lower levels of temporal activation at baseline, as found

in prior work, and that cognitive training would modify these brain

activations. Some of the training changes were expected to pro-

mote similar brain processes as those associated with formal edu-

cation as proposed by the INTERACTIVE model. 
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4.1. Training effect on brain activation 

When examining the baseline activation irrespective of educa-

tion, we found initial activation of the anterior frontal gyrus, an-

terior cingulate and basal ganglia at retrieval. Activation in that

cluster decreased from PRE to POST3 while activation of the dor-

solateral prefrontal cortex (BA 9) increased from PRE to POST6

at encoding. Initial activation of the anterior part of the frontal

lobe seems to reflect initial reliance on metacognitive processes,

which is required when people need to carry on an unfamil-

iar or demanding task followed by a reduction of that activation

along with increased engagement of the cognitive control network,

which guides attention to the most relevant aspects of information

processing. Thus, as predicted by the triarchic model, we found

a reversed learning phase effect when comparing the activation

change pattern of the 2 brain regions: As the cognitive control net-

work increases its engagement, the metacognitive region decreases

its involvement. Again, this is consistent with the triarchic learning

theory, which postulates that the involvement of the two networks

varies in the opposite direction as the learners move through the

different phases of learning. Thus, both the location and pattern of

change support the triarchic theory of learning. The observation of

an activation increase at encoding and activation reduction at re-

trieval is consistent with how training is provided as proposed by

the INTERACTIVE model. The gradual increase in activation of the

dorsolateral cortex at encoding is consistent with the fact that the

method of loci is applied at that stage and involves that partici-

pants pay attention to the content of the material which is relevant

to the learned mnemonic. Reduction at retrieval is also consistent

with the format of the memory training used here. As learners be-

come more competent in increasing the quality of their memory

trace at encoding, retrieval is expected to require reduced reliance

on active retrieval search. Thus, participants seem to reduce their

recruitment of regions involved in metacognitive processes dur-

ing retrieval because encoding is more active and better supports

learning. 

4.2. Effect of education at baseline 

The observation that higher levels of education are associated

with higher recruitment of the inferior temporal lobe is interesting

and consistent with our second hypothesis based on prior findings

( Belleville et al., 2021 ). In a prior work, we found that higher en-

gagement of the right inferior temporal lobe was associated with

higher reserve proxy and that it protected against hippocampal at-

rophy in older adults. The current findings confirm this earlier re-

sult in a slightly different population and using a different episodic

memory task. It is important to recognize that the cognitive en-

gagement activation reported in our previous work was found dur-

ing encoding as retrieval was not tested. In this current study, only

retrieval showed a significant education effect. This difference be-

tween the 2 studies may be due to differences in methods, popu-

lation or power 

4.3. Interaction between training and education 

When examining whether the right temporal lobe activation

changes with training phase and if this differs as a function of

the level of education, we observed a cross-over interaction be-

tween training phase and education. The interaction is explained

by the fact that before training, temporal activation (both in the

right middle temporal gyrus (BA21) and right inferior temporal

(BA37)) was lower at retrieval in the lower education compared

to the higher education group as mentioned above. Then, activa-

tion increased during training in the lower education group, while
it remained similar or decreased in the higher education group. As

a result, the 2 groups no longer differed at POST3 and later. This

confirms our third hypothesis that training has an effect compara-

ble to that of formal education. In terms of mechanism involved,

this pattern of brain changes may reflect a better engagement of

the memory-related network at retrieval in people with lower ed-

ucation and the development of automaticity in those with higher

education. When combined with the changes observed in the pre-

frontal regions, memory training seems to involve an increased en-

gagement of the cognitive controlled processes at encoding. During

retrieval, there is a lesser need to recruit metacognitive processes

as temporal regions that are part of the episodic memory network

become more involved during training, and this is particularly the

case in those people with lower education. The differences ob-

served in the temporal lobe activation changes when comparing

participants with higher and lower education are consistent with

a strategic shift in less educated people and increased expertise in

highly educated participants. 

A major goal here was to use a training protocol to examine the

neural implementation of cognitive reserve and determine if it was

potentially useful as a means of increasing reserve. Our results are

consistent with an increase in cognitive reserve in individuals with

lower education levels. However, they do not provide definitive ev-

idence that these individuals have indeed increased reserve, and

we must be wary of a phenomenological similarity. Additional cri-

teria must be met to conclude that there is an increase in cognitive

reserve in these individuals, including evidence that participants

show reduced cognitive decline over time and/or that these acti-

vation changes moderate the relationship between cognition and

their brain status, such as hippocampal atrophy. 

While the focus of this study was on brain changes, it is rel-

evant to discuss the behavioural results and implications for our

activation findings. Because free recall is more amenable to the

method of loci, we will focus here on the off-scan free recall data.

Results indicate that both groups increased from PRE to POST3

with no further change afterward. This can be related to our find-

ing that the anterior frontal gyrus, anterior cingulate, and basal

ganglia reduced their activation from PRE to POST3 at retrieval,

with no further change. We also note that most of the temporal

activation change occurred between PRE and POST3. Therefore, the

first few training sessions appear to be key in developing brain

processes that lead to behavioral changes. One possible explana-

tion for the lack of improvement after POST3 is accumulated in-

terference from the repeated use of the same locations over many

lists, which may have limited the training effect from sessions 3

to 6. However, this is unlikely as most studies that have exam-

ined proactive interference with the method of loci, compared to

other methods, actually report better recall and less interference,

even under conditions with high levels of interference ( Bass and

Oswald, 2014 ; De Beni and Cornoldi, 1988 ; Massen and Vaterrodt-

Plünnecke, 2006 ). These studies conclude that using the method

of loci actually reduces proactive interference by increasing dis-

tinctive encoding. Interestingly, analysis of the off-scan behavioural

data showed an interaction effect where older adults with higher

education benefitted more from PRE to POST3 than those with

lower education. This is an interesting observation that may be re-

lated to the activation findings and supports the notion that the

two groups were at different levels of their learning phase and

those with higher education had started to develop expertise ear-

lier. 

There are several limitations to this study. First, the sample size

is relatively small and replication with larger samples is required.

Second, the cognitive training method was limited to the method

of loci, which was considered a methodological strength because

it allows a more fine-grained evaluation of the brain mechanisms
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involved in task-relation activation. However, this approach lim-

its the generalizability of the results. Third, we could have used

a more comprehensive measure of reserve, such as reserve proxy

questionnaires that rely on broader characteristics rather than only

education. However, education has the advantage of being a well-

recognized predictor of dementia that is easy to quantify and does

not rely on subjective assessment. We compared the performance

of 2 educational subgroups separated by a median and, therefore,

some of the results could be interpreted as reflecting regression

to the mean. However, we take comfort in the fact that the re-

sults are consistent with independent theories of training-related

brain changes. Regardless, these limitations suggest that the out-

come model should be tested with different samples and proce-

dures. Another limitation is that recognition was used to assess re-

trieval in-scan to reduce motion artifacts. Because recognition is

not perfectly adapted to the method of loci, free-recall was used

off-scan to assess training efficacy. Finally, we did not ask par-

ticipants to report the strategy they used in-scan. Since our pro-

gram included one session on interactive imagery, and since there

is substantial literature on the effectiveness of interactive imagery

( Dunlosky and Hertzog, 1998 ; Smith et al., 1998 ), it is possible that

our participants used it as an encoding strategy in alternance with

the method of loci. 

5. Conclusions 

This study reported a number of critical findings in relation to

neural-based models of cognitive intervention and reserve. First, it

shows that the type of functional neural changes induced by cog-

nitive training differ as a function of the training phase, similar

to what is found in more traditional learning experiences. Brain

regions associated with metacognitive processes are initially en-

gaged during encoding, but gradually recede as participants move

through the learning phases, giving way to the cognitive control

network during retrieval. Our results also show different activation

changes in the temporal lobe in those with lower vs. higher lev-

els of education, and that the temporal activation changes follow-

ing training were similar to those associated with education. This

study contributes to the important question of whether reserve de-

pends only on cognitive experience accumulated over the course of

life or whether it can be promoted later in life. The results support

the hypothesis that cognitive reserve can be promoted by cognitive

training later in life. 
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