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Introduction: Cognitive reserve can be defined as a property of the brain that enables an individual to sustain
cognitive performance in spite of age-related neural changes. This study uses brain imaging to identify which

Aging cognitive reserve mechanisms protect against the detrimental effect of hippocampal atrophy on associative
Subjective cognitive decline

Mild cognitive impairment
Hippocampal atrophy
Associative memory

memory.
Methods: The study included 108 older adults from the Quebec Consortium for the early identification of Alz-
heimer’s disease. They received a magnetic resonance imaging examination to measure memory-related acti-
vations and hippocampal volume. Participants also completed a reserve-proxy questionnaire, and received a
comprehensive clinical assessment.

Results: Higher scores on the reserve questionnaire were associated with more activation in the right inferior
temporal and left occipital fusiform gyri. The activation of the right temporal gyrus moderated the relationship
between the volume of the hippocampus and face-name memory. A smaller volume was associated with weaker
memory in participants with lower activation, but not in those with greater activation.

Discussion: Recruitment of the temporal lobe protects against the detrimental effect of hippocampal atrophy on
associative memory and contributes to cognitive reserve.

factors may influence these protective brain properties and affect inter-
individual differences in cognitive reserve (Cabeza et al., 2018; Stern

1. Background

Cognitive aging is not uniform from one individual to another. Some
people appear to be more resilient than others against the effects of age-
related brain changes or neurodegenerative diseases on cognition
(Katzman, 1993; Stern, 2009; Stern et al., 2018a). This suggests the
existence of brain mechanisms that intervene to maintain cognitive
abilities despite the presence of brain damage. Cognitive reserve has
been proposed as a model to capture this phenomenon (Stern et al.,
2018a). It is defined as a property of the brain that enables an individual
to sustain cognitive performance in spite of age-related neural changes
or diseases. A number of favorable genetic, environmental or lifestyle

etal., 2018a). Conceptually, cognitive reserve differs from brain reserve,
which refers to the status of the brain at any point in time, and from
brain maintenance, which refers to the relative preservation of neural
resouces over time (Stern et al., 2018a). The concepts of cognitive
reserve, brain reserve and brain maintenance have been extremely
fruitful as frameworks to guide research on age-related inter-individual
differences and explain the impact of lifestyle factors on cognitive aging.
Even though cognitive reserve is thought to rely on a set of brain
properties and hence, conceptualized as a neubiological construct, its
neural mechanisms remain largely unknown. The goal of this paper is to
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identify some of the functional brain properties that underlie cognitive
reserve.

Over the past decade, functional magnetic resonance imaging (fMRI)
has been used to investigate the expression of cognitive reserve in terms
of functional brain responses. These studies have generally assessed
whether socio-behavioral proxies, such as intellectual quotient (IQ),
education or profession, are associated with a particular pattern of brain
response to cognitive tasks. The findings were interpreted under three
broad concepts (Steffener et al., 2011; Stern et al., 2018a): First, it was
found that higher scores on cognitive reserve proxies were associated
with a lower brain response in regions involved in the task. For instance,
studies have reported a negative correlation between reserve proxies
and brain response in the inferior frontal cortex during a working
memory task (Bartrés-Faz et al., 2009). This pattern could reflect higher
neural efficiency as a mechanism, meaning a more efficient use of neural
resources (Cabeza et al., 2018; Stern, 2009; Tucker and Stern, 2011).
Neural efficiency is an influential model in the field of inter-individual
differences in intelligence, and was proposed to explain the negative
relationship between intelligence quotient (IQ) and brain activation,
which was measured with a range of neuroimaging methods (Haier
et al., 1988; see Neubauer and Fink, 2009 for a review). Little is known
about the aspect of the brain that supports neural efficiency and whether
it is a reflection of the neurons themselves or the supporting structure
(vasculature, myelin, glia). However, it is hypothesized that neural ef-
ficiency is indicative of differentiated brain representations (Cabeza
et al.,, 2018). Other studies have observed that reserve proxies are
associated with higher activation for more difficult tasks, whether it be
due to age or task-demand, and proposed that the mechanism behind
this pattern may reflect a higher neural capacity (Steffener and Stern,
2012; Stern et al., 2018a). Finally, it was suggested that compensation
may occur when regions usually not recruited by the task are activated
to compensate for deficits in recruiting habitual networks (Cabeza et al.,
2018; Colangeli et al., 2016; Steffener and Stern, 2012; Stern, 2009;
Tucker and Stern, 2011). It has been proposed that these three mecha-
nisms are not mutually exclusive and intervene at different levels of task
difficulty (Boller et al., 2017; Bosch et al., 2010; Colangeli et al., 2016;
Solé-Padullés et al., 2009). The three mechanisms may reflect inter-
individual differences in adaptability, defined as the ability to adjust
cerebral processes to brain aging or brain injury (Steffener and Stern,
2012; Stern et al., 2018b).

As presented above, fMRI studies investigating the neural imple-
mentation of cognitive reserve typically examined the link between brain
activation and reserve proxies. Although these studies provide valuable
information regarding the associations between reserve proxies and brain
activation, they do not directly assess whether these activations are pro-
tective. To conceptually explain cognitive reserve, proxy-related activa-
tions should not only relate to typical socio-behavioral reserve proxies,
but also moderate the effect of pathological brain markers on cognition
(Steffener et al., 2011). In other words, it is necessary to demonstrate that
having these neurological attributes make individuals more resilient to
age-related changes in the brain, compared to individuals who don’t. The
very few studies that have relied on moderation analyses to examine the
protective effect of proxy-related activation differences show promising
effects. Benson et al. (2018) found that connectivity within the fronto-
parietal network moderates the detrimental effect of white matter le-
sions on executive functions in healthy middle-aged and older adults.
Stern et al. (2018b) reported that a task-invariant network moderated the
effect of cortical thickness on fluid reasoning.

The goal of this study is to identify the type and regions of functional
activation associated with reserve proxies and evaluate how these ac-
tivations moderate the detrimental effect of hippocampal atrophy on
associative memory. There are many reasons to study resilience against
the detrimental impact of hippocampal atrophy on associative memory.
Hippocampal atrophy is among the earliest brain markers of Alzheimer’s
disease (AD). Associative memory depends on hippocampal integrity,
which is impaired with AD and typical aging. Furthermore, cognitive

Neurolmage: Clinical 29 (2021) 102526

reserve may be a potentially relevant concept to explain inter-individual
age-related differences for both hippocampal volume and memory per-
formance (Nyberg et al., 2012). Surprisingly, very few studies have
assessed cognitive reserve in the context of associative memory in the
aging spectrum, and none have investigated its moderating effect.
Showing that individuals expressing a particular functional pattern do
not display the typically detrimental effect of hippocampal atrophy on
associative memory could identify crucial neural mechanisms underly-
ing cognitive reserve in aging.

The approach used in this study was to first identify whether dif-
ferences on a reserve proxy questionnaire were related to differences in
brain responses to associative memory. Then, proxy-related activations
were assessed to determine if they moderated the detrimental effect of
hippocampal atrophy on an independent associative memory task
administered outside the scanner in a different session. An independent
measure of associative memory was used to avoid circularity and ensure
that moderation was not contaminated by the effect of performance on
activation. Finally, the relationship between hippocampal volume and
associative memory was examined in individuals with high versus low
proxy-related activation to interpret the moderation effect. The study
included participants ranging from cognitively intact older adults, to
older adults with subjective cognitive decline (SCD) and mild cognitive
impairment (MCI). Using these three populations increased the range of
hippocampal atrophy and performance values and therefore, the likeli-
hood of finding a protective effect.

2. Methods
2.1. Participants

Participants included 108 older adults from the Quebec Consortium
for the early identification of Alzheimer’s disease (CIMA-Q). CIMA-Q is a
multi-center collaborative research infrastructure that tracks AD pro-
gression in older adults at risk for the disease (Belleville et al., 2019).
The consortium has created a longitudinal cohort of older adults
meeting criteria for SCD, MCI, dementia of the Alzheimer’s type (AD),
and healthy controls (HC).

CIMA-Q participants were community-dwelling older adults, who
were age 65 or over and either native French or English speakers. The
initial cohort (i.e., CIMAQ-1) comprises 290 participants (Gaudreau
et al., 2007). At baseline (2015-2017), 259 participants without de-
mentia were included; 43% had received an optional fMRI examination.
The study included 25 older adults with MCI, 58 older adults with SCD
and 25 HC, all of whom completed the clinical, neuropsychological, and
fMRI examination (Table 1). All procedures of recruitment, clinical,
cognitive, neuropsychiatric measures are described in Belleville et al.
(2014) and Belleville et al. (2019) and can be found in Supplementary
Material (S1 text). The CIMA-Q study and this present study were
approved by the Research Ethics Board of the Institut universitaire de
geériatrie de Montréal. All human subjects provided informed consent.

Identification of MCI was based on NIA/AA criteria (Albert et al.,
2011; McKhann et al., 2011). Participants with SCD met the criteria of
the Subjective Cognitive Decline Initiative (Jessen et al., 2014; Moli-
nuevo et al., 2017). HC were cognitively unimpaired and reported that
their memory was not as good as it used to be but they were not worried
about it.

2.2. Experimental and neuroimaging measures

2.2.1. Reserve proxy questionnaire

Reserve proxy was measured with the Cognitive Reserve Index
questionnaire (CRIq; adapted in French by Eduardo Cisneros) (Rami
etal., 2011). The questionnaire includes 15 questions covering different
aspects that have been proposed as reserve proxies, such as education,
profession, stimulating hobbies and physical activities. Larger scores
indicate larger reserve proxies, with a maximum score of 30.
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Table 1
Characteristics of participants.
P values
HC (N = 25) SCD (N = 58) MCI (N = 25) HC vs. SCD HC vs. MCI SCD vs. MCI

Age (years)* 71.1 (4.6) 72.4 (5.0) 75.6 (5.0) n.s. 0.005" 0.0221
Sex (M/F) 7/18 24/34 11/14 n.s. n.s. n.s.
Education (years) 15.6 (3.5) 15.2(3.3) 15.2 (3.3)° n.a. n.a. n.a.
Cognitive reserve questionnaire (/30) 17.5 (4.1) 16.6 (4.3) 17.2 (3.7) n.a. n.a. n.a.
GDS (/30)* 2.4 (3.1) 5.7 (4.6) 6.4 (5.3) 0.010' 0.008' n.s.
MoCA (/30)* 28.4 (1.9 27.9 (1.3) 24.9 (2.3) n.s. < 0.0017 < 0.001*
Logical Memory

Immediate recall (/25)* 14.9 (4.2) 14.9 (4.2) 11.7 (3.7) n.s. 0.013f 0.017"

Delayed recall (/25)* 15.1 (3.9) 13.1 (4.5) 10.9 (4.6) n.s. 0.003f n.s.
Face-Name associative recognition (/9)* 7.6 (0.9) 6.8 (1.8)" 6.0 (2.1) n.s. 0.004 n.s.
fMRI task

Recognition (corrected old hit rate) 0.80 (0.11) 0.81 (0.14) 0.74 (0.17) n.a. n.a. n.a.

Source (corrected source hit rate) 0.53 (0.17) 0.57 (0.20) 0.45 (0.21) n.a. n.a. n.a.

Recognition discrimination index (d’)* 2.3 (0.52) 2.28 (0.78) 1.75 (0.84) n.s. 0.032" 0.012f

Associative memory accuracy* 0.60 (0.18) 0.60 (0.19) 0.48 (0.20) n.s. n.s. 0.032f
Hippocampal volume* (average left and right volume) 0.29 (0.05)° 0.28 (0.06)* 0.24 (0.05)° n.s. 0.001° 0.006

Proportional value (% ICV)

Note: Values are means (SD). Analysis of variance was performed, followed by post hoc pairwise comparisons with Bonferroni correction. A Chi-Square test of in-
dependence was performed for sex.

Abbreviations: HC = healthy controls, SCD = subjective cognitive decline, MCI = mild cognitive impairment, GDS = Geriatric Depression Scale, MoCA = Montreal
Cognitive Assessment, fMRI = functional magnetic resonance imaging, ICV = intracranial volume, n.a. = No post hoc performed when the main group effect was non

significant. n.s. = Non significant side by side comparison.
*Significant main group effect.

fpost hoc comparison p < 0.05.

ipost hoc comparison p < 0.001.

Data missing for one participant.

Data missing for three participants.

#Data missing for five participants.

Associative memory score = Corrected source hit rate / (corrected old hit rate + corrected false alarme rate).

2.2.2. Associative face-name recognition

An associative face-name recognition test was used as an indepen-
dent measure of associative recognition, as it has been reported to be
highly sensitive to the early symptoms of AD (Belleville et al., 2017; Irish
etal., 2011). Our goal was to use a memory task that measured the same
associative memory process as the tasks used in the scanner, but that was
sufficiently different to reduce circularity. The face-name association
task was the best choice among the tasks included in the CIMA-Q pro-
tocol, because it measures associative memory and is presented visually,
similarly to the fMRI object-location task. The choice was also a prag-
matic one as we used CIMA-Q data. There was a significant and mod-
erate size correlation between performance on the two tasks (r = 0.249,
p < 0.05 when using accuracy on both tasks; r = 0.326, p < 0.01 when
using the discriminability index for the object-location task).

In the encoding phase, participants were shown a series of nine faces
of men and women, each associated with a different first name, and were
instructed to remember the name that was paired with the face. Faces
included younger, middle-age and older adults. Each pair was displayed
one at a time on the screen for eight seconds. There was an immediate
recall and a 20-minute delayed recall, where participants were asked to
report the name associated with the face. This was followed by a delayed
associative recognition phase, where the same nine faces were presented
on the screen and paired with a correct or incorrect first name. Partic-
ipants were asked to determine whether the face was paired with the
same name as in the learning phase (intact), with a name that had not
been presented in the learning phase (new), or with a name that was
presented in the learning phase but paired with a different face
(recombined) (Caillaud et al., 2019). Of the nine face-name pairs, three
were new intact, three were new, and three were recombined (Maximal
score = 9). Performance on the associative recognition portion was used
as the dependent variable based on score distribution.

2.2.3. Brain imaging

CIMA-Q uses a comprehensive imaging protocol harmonized for
manufacturers/software configurations to optimize commonality (Bel-
leville et al., 2019; Duchesne et al., 2019). This present study uses
anatomical 3D-T;-w and task-related fMRI sequences from this protocol
(cf. Table S1).

Segmentation of the hippocampus and volumetric analyses were
done with FreeSurfer 5.3 (Dale et al., 1999; Fischl et al., 1999).
Normative hippocampal volumes were obtained by converting values
into Z scores, correcting for age and sex (Potvin et al., 2016). Propor-
tional volumes were then computed by dividing hippocampal volume by
estimated intracranial volume. Since the analyses for the right and left
hippocampal volumes yielded similar effects, proportional values were
combined. Therefore, analyses presented in this study represent average
hippocampal volumes.

The associative memory task, which was completed in the scanner in
one session, consisted in encoding 78 colored pictures of common ob-
jects and their location in a four-quadrant grid. Thirty-nine gray squares
were used as control items. Each stimulus was presented for three sec-
onds with a 500 to 18500 ms inter-stimulus interval (ISI), during which
a fixation target was shown in the center of the screen. The order in
which the stimuli were presentated and the duration of ISI were opti-
mized for an efficient rapid event-related design with the Optseq2 tool
(http://surfer.nmr.mgh.harvard.edu/optseq/).

Participants were instructed to remember the object and its location.
Participants completed a retrieval phase outside the scanner, during
which 117 pictures (78 old, 39 new) were randomly presented onscreen.
Participants were asked to determine whether the item was presented
during the encoding phase by pressing a yes/no response button, and
indicate its location on the grid with a keypad (See Fig. S1 and S2 Text for
details).
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2.2.4. Functional data processing

Functional data processing was done with the Statistical Parametric
Mapping (SPM12) software (http://www.fil.ion.ucl.ac.uk/spm) in
Matlab v9.4.0. The functional images were realigned and corrected for
slice timing. Participants’ anatomical image was segmented and co-
registered with the fMRI images. Images were then normalized to the
MNI stereotaxic space and smoothed with an 8 mm FWHM gaussian
filter kernel. A fixed-effects general linear model at the single-subject
level was conducted to obtain the task activation in an event-related
design approach. The events were modeled with constant epoch (3
sec.; image presentation) and convolved with the full basis set including
the canonical hemodynamic response function (HRF) and its time and
dispersion derivatives. They were labelled according to response in the
retrieval phase (i.e., correct recognition/correct source; correct recog-
nition/wrong source; incorrect rejection, see S2 Text). The gray squares
were labelled as the control condition. Six realignment parameters were
included as covariates of no interest.

2.2.5. Activations related to the task

Activations associated with the task were analyzed in the HC group
to assess whether reserve-related activations were found in regions that
were activated by the task or in new regions. We used the following to
determine associative memory contrast: activations associated with the
control condition (gray squares) were subtracted from activations
associated with encoding items, which were both correctly recognized
and positioned during retrieval. This is a variant of the subsequent
memory effect as it identifies activation for trials in which later retrieval
was successful (Maillet and Rajah, 2014; Rypma and D’Esposito, 2003).
Group level analysis was considered to give a significant result if any
cluster had a FWE-corrected p-value < 0.05.

2.2.6. Activation related to reserve proxy questionnaire and reproducibility
analysis

Regions associated with the reserve proxy questionnaire were first
identified in the HC group to avoid the confounding effect of disease on
the relationship between reserve and activation. We used the associative
memory contrast described above with a whole brain multiple regres-
sion in SPM12 (clusterwise FWE correction, p < 0.05).

Since this is a critical measure, the reserve-related activations iden-
tified with the original CIMA-Q sample were validated in a separate
independent sample of 17 older adults tested in the same conditions to
assess reproducibility. This was done as a validation process to verify
that the reserve-related activation was not a characteristic of a particular
sample. Participants in the reproducibility study were recruited in a later
phase from the same community and in the same manner as the CIMA-Q
cohort. Regions of interest (ROIs) were created based on the reserve-
related activations identified with the CIMA-Q sample. These ROIs
were the used in the independent sample; extracted activation values
(betas) were assessed to determine if they correlated with the reserve
proxy questionnaire (See S3 Text for details of procedure and Table S2
for characteristics of participants).

2.2.7. Moderation analyses

This was followed by moderation analyses measuring whether acti-
vation amplitude in the proxy-related regions moderates the detrimental
effect of hippocampal atrophy on face-name associative memory. The
SPSS linear regression tool was used for the moderation analysis with
face-name associative recognition as a predicted score, hippocampal
volume as a predictor and activation amplitude (same contrast as in
Section 2.2.5) extracted with Marsbar (Brett et al., 2002) as a moderator.
To obtain the moderator, the variables (hippocampal volume and tem-
poral activation) were first mean-centered and then multiplied together.
In the case of a significant moderation effect, the effect of the predictor
was assessed using three moderator values: the mean, the value one
standard deviation above the mean, and the value one standard devia-
tion below the mean. These values are based on Cohen‘s Convention
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Table 2
Memory-related activations.

MNI Coordinates

Region Label Extent t-value X y z

Correct associative recognition > Grey square control

L Fusiform Gyrus (BA 37) 1318 10.914 -36 —67 -13
L Inferior Occipital Gyrus 1318 7.078 —24 —94 -1
R Fusiform Gyrus 1405 10.761 36 —-55 -16
R Inferior Temporal Gyrus 1405 9.062 48 -70 -4
L Superior Medial Frontal Gyrus 341 8.236 -6 20 44
L IFG (p. Orbitalis) 787 7.256 -30 32 -13
L IFG (p. Triangularis) 787 6.510 —48 29 23
Grey square control > Correct associative recognition
R Superior Temporal Gyrus 670 —7.802 51 —49 23
R Middle Temporal Gyrus 670 —6.189 63 —43 8

Abbreviations: BA: Brondman area; MNI: Montreal Neurological Institute;
Clusterwise FWE correction, p < 0.05.

(Cohen and Cohen, 1983) see also (Aiken et al., 1991), and were used to
measure conditional effects of hippocampal volume on face-name
associative recognition. The moderation was also probed using the
Jonhson-Neyman technique (Hayes, 2018; Hayes and Matthes, 2009,
Process Macro (http://processmacro.org/index.html)) to determine at
which specific level of activation (not centered) the effect of hippo-
campal volume on memory performance was significant.

3. Results

3.1. Brain activation and deactivation related to the associative memory
task

Table 2 illustrates the regions showing the brain’s blood-oxygen-
dependent (BOLD) signal change during the fMRI association task in
HC. The task activates the bilateral occipital lobe (left and right fusiform
gyrus and left inferior occipital gyrus), the right inferior temporal gyrus
and left medial and inferior frontal gyrus. Two regions of deactivation
were found in the right superior and middle temporal gyrus (See Fig. 52
and Table 2).

3.2. Activation related to reserve proxy questionnaire and reproducibility
analysis

Two regions were found to be positively correlated with the CRQ
reserve proxy questionnaire in HC. The first region was in the right
inferior temporal gyrus and the second in the left occipital fusiform
gyrus (See Fig. S3 and Table 3).

The reproducibility analysis supported the significant positive cor-
relation between the reserve proxy questionnaire and estimate param-
eters in the right temporal ROI (r = 0.53; p < 0.05 see Table S3).

3.3. Moderation analyses

As shown in Table 4a, right temporal activation significantly mod-
erates the effect of hippocampal volume on the face-name associative
recognition score. This interaction is illustrated in Fig. 1, and was probed

Table 3
Activation regions associated with the reserve-proxy questionnaire in the
healthy control group.

MNI Coordinates

Region Label Extent t-value X y z
Left Fusiform and Left Cerebellum 101 5.919 —42 -70 —22
Right Inferior Temporal (BA37) 76 5.345 51 —61 -1

Abbreviations: BA: Brondman area; MNI: Montreal Neurological Institute
(Clusterwise FWE correction, p < 0.05).
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Table 4

Neurolmage: Clinical 29 (2021) 102526

Moderation analysis of activation amplitude in the temporal lobe ROI and hippocampal volume on face-name associative recognition.

a) Moderation analysis

Predictor i P value 95% CI
Hippocampal volume 4.645 0.087 [—0.692; 9.982]
Right temporal activation 0.603 0.106 [-0.13; 1.335]
Hippocampal volume x right temporal activation interaction —12.59* 0.028 [—23.786; —1.402]
b) Conditional effects of hippocampal volume on face-name performance

Temporal activation B P value 95% CI

One SD below mean 9.94* 0.01 [2.204; 17.676]
At the mean 4.645 0.087 [—0.692; 9.982]
One SD above mean -0.65 0.841 [-7.084; 5.784]

*p < 0.05.
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Fig. 1. Illustration of the moderation effect of right temporal activation on the
relationship between the hippocampal volume and face-name recognition
performance. The effect of hippocampal volume on the face-name score was
significant only in the low activators (1 SD below the mean).

by testing the conditional effects of the hippocampal volume at three
levels of temporal activation: one standard deviation below the mean, at
the mean, and one standard deviation above the mean. As shown in
Table 4b, hippocampal volume was positively and significantly related
to face-name associative recognition when temporal activation was one
standard deviation below the mean (§ = 9.94; p < 0.01), but not when it
was at the mean (§ = 4.645; p = 0.09) or one standard deviation above
the mean (p = —0.65; p = 0.84). The Johnson-Neyman plot showed that
the positive relationship between the hippocampal volume and memory
performance was significant when temporal activation was lower than
0.2415 but non-significant with higher values of activation (see Fig. 2).
Thus, higher activation within the right temporal gyrus moderates the
detrimental effet of smaller hippocampal volume on memory perfor-
mance. There was no moderation effect for the fusiform gyrus (Table 5).

4. Discussion

The goal of this study was to identify functional brain mechanisms
supporting the hypothesis of cognitive reserve in older adults without
dementia. The study focused on processes that protect against the
detrimental effect of hippocampal atrophy because the hippocampus is
critical for associative memory, and altered by aging and AD (Atienza
etal., 2011; Chua et al., 2007; Sperling et al., 2003; Thielen et al., 2018).
Our study indicates that there is a moderation effect, where a smaller
hippocampal volume is associated with weaker associative memory in
participants with lower activation, but not in those with greater

activation. Our results indicate a positive association between reserve
proxies and activation of two regions: the inferior temporal gyrus in the
right hemisphere and the fusiform gyrus in the left hemisphere. A larger
score on the reserve proxy questionnaire is associated with greater
activation in both regions. The relationship between the reserve proxy
questionnaire and the right temporal lobe region was confirmed and
replicated in the reproducibility study.

When examining whether these activations moderate the relation-
ship between hippocampal volume and face-name memory, it was found
that activation of the right inferior temporal gyrus moderates the rela-
tionship between the hippocampal volume and performance on face-
name memory. Smaller hippocampal volume was associated with
lower face-name memory in participants with lower activation, but this
association was absent in participants with greater activation. Fig. 1
indicates that older adults with small hippocampal volumes and higher
activation demonstrated better face-name memory than those with
lower activation as compared with those with smaller volumes and
lower amplitude activation. The right inferior temporal gyrus is
involved in high-level visual processes and memory, particularly for
visual scenes and objects, (Kim, 2011; Riches et al., 1991) which is
consistent with the cognitive processes involved in the associative tasks
used. Overall, the pattern of results suggests that activation of the right
inferior temporal gyrus has a protective effect and that older adults with
a reduced hippocampal volume show preserved memory if they have
larger activation in that region.

As mentioned above, our study was interested in associative memory
because it is a process which depends on the hippocampus. Interestingly,
our moderation findings show that a smaller volume is associated with
weaker associative memory only in participants with lower activation,
and not in those with greater activation. This suggests that while hip-
pocampal volume may be involved in associative memory, the presence
of right temporal activation can be used to support that role in people
with a larger reserve. As a result, the relationship between hippocampal
volume and associative memory may no longer be observed in this
particular population. This stresses the importance of taking into ac-
count the effect of inter-individual differences on reserve proxies when
examining brain-behavior relationships.

The left fusiform gyrus was activated by the task and has been
frequently linked to both verbal and associative memory (Kim, 2011;
Maillet and Rajah, 2016). Although it was found to correlate with the
proxies, it was not found to be protective, meaning activation in this
region did not moderate the relationship between the hippocampus and
face-name association. This finding indicates that larger activation of
this region is not sufficient to protect against the detrimental effects of
hippocampal atrophy. Furthermore, the reproducibility study failed to
observe a similar relationship between the putative reserve proxies and
activation in the fusiform gyrus in a smaller independent sample. Acti-
vations associated with socio-behavioral measures are not always pro-
tective and are not direct measures of brain mechanisms that would
form a cognitive reserve. They reflect a variety of dimensions, which
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Fig. 2. Johnson- Neyman plot illustrating the condi-
tional effect of hippocampal volume on face-name
recognition score at each moderator level (mean
activation in the right inferior temporal ROI). The
vertical dotted lines represent the value of activation
at which the lower and upper limits of the confidence
interval crosses the zero point.

Lower activation below (< 0.2415; gray area) repre-
sents the significant effect (p < 0.05).

............ 95% Upper CI

Point estimate

95% Lower CI

-0,5 0 0.24 0.5 1

Temporal activation (beta)

Table 5
Moderation analysis of activation amplitude in the fusiform gyrus ROI and
hippocampal volume on face-name associative recognition.

Predictor B P value 95% CI

Hippocampal volume 4.396 0.104 [-0.917; 9.71]
Left fusiform activation —0.146 0.654 [-0.792; 0.5]
Hippocampal volume -2 0.674 [—11.44; 7.43]

x left fusiform activation interaction

may not all provide resilience against brain changes (Stern et al.,
2018b). Socio-behavioral proxies are convenient in the absence of a
comprehensive neurobiological model of reserve. However, as more
evidence clarifies the brain mechanisms that support these models,
research is likely to increasingly rely on more direct biological measures
to determine inter-individual resilience differences.

Our results have implications for neurobiological models of reserve.
The pattern observed reflects greater flexibility to engage the right
inferior temporal gyrus, which is recruited by the task and typically
involved with visual memory (Kim, 2011; Riches et al, 1991).
Recruiting the right temporal lobe minimizes the negative effect of
smaller hippocampal volume on associative memory. The right inferior
temporal gyrus is part of the memory network and its connection with
the hippocampus was found to predict associative memory performance
(Adnan et al., 2016). Thus, older adults with higher scores on reserve
proxies are better able to engage a region, which is potentially involved
in the task and interconnected with the impaired hippocampus. This in
turn, contributes to maintaining associative memory performance.

Observing that reserve relies on activation within the memory
network is probably due to this study’s use of a memory task to elicit
activation. For instance, other studies relying on executive tasks have
found improved efficiency or capacity within the frontal regions (Boller
et al.,, 2017). This may suggest that cognitive reserve involves cross-
cutting adaptability processes, which take place in different networks
engaged by the task. Adaptability is defined as the ability to adjust ce-
rebral processes to brain aging or injury (Steffener and Stern, 2012;
Stern et al., 2018a). One interesting question for future research is
whether individuals with high reserve develop higher adaptability
across all these networks or if different genetic, environmental or life-
style factors influence different networks.

It should be noted that the effects of cognitive reserve were tested
with a location-picture association, whereas moderation was assessed
with a face-name association. This methodology was used to ensure
relative independence between the task eliciting activation and the
moderation test, and for practical reaons given that face-name associa-
tion was included in the CIMAQ protocol. Given that the two tasks differ
in some ways and are not perfectly correlated, it is possible that slightly
different results may have been found using a more similar paradigm to
test moderation effects. For instance, the lack of a moderation effect for
the left fusiform gyrus may be due to the fact that face perception de-
pends more on the right than left fusiform gyrus (Rossion et al., 2003,
2000; Schiltz et al., 2010).

This study is innovative in several respects: First, very few studies
with a large sample size have assessed cognitive reserve in the context of
associative memory in the aging spectrum, and none have investigated
moderation models in relation to the impact of hippocampal volume on
associative memory. For this reason, no other study has provided sup-
porting evidence for an activation pattern that protects against hippo-
campal volume loss. Relying on task-related activation is another
strength of this study: the concept of cognitive reserve is used to explain
the disconnection between the state of the brain and cognitive perfor-
mance, which should be optimally addressed with activation related to a
task. Furthermore, the underlying mechanisms are likely to depend on
regions and functions involved in vulnerable cognitive processes. We
used an event-related fMRI paradigm and measured a subsequent
memory effect, which estimate the neural activity that supports suc-
cessful associative memory encoding. In addition, using an item-related
design showed that differences in activation patterns cannot be merely
explained by differences in behavior.

The study also has some limitations: First, it should be acknowledged
that fMRI is not a direct measure of neural activity, as it relies on BOLD
contrasts, and its signal depends on the task and design (Buxton et al.,
2004). It is better understood as a measure of neuronal unit function,
primarily reflecting the neuronal substrate and its vascularization ca-
pacity. Younger adults were not included, which did not provide a direct
measure of whether the activation pattern found in high-activation in-
dividuals is similar to that of younger adults. However, it is interesting to
note that older adults typically under-recruit posterior regions in favor
of anterior ones compared to younger adults (Maillet and Rajah, 2014).
Furthermore, this study was cross-sectional. Longitudinal studies will be
required to assess whether similar mechanisms are found when exam-
ining inter-individual differences on associative memory changes. We
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did not conduct beta-amyloid measurements in the group of participants
with MCI and SCD and therefore, they are likely to represent a heter-
ogenous sample with a proportion not progressing to dementia. Finally,
data was combined from different groups of older adults without de-
mentia. This was done to optimize statistical power as moderation is
known to require high power (McClelland and Judd, 1993; Whisman
and McClelland, 2005). Therefore this study cannot speak to potential
group differences along this spectrum. This is an interesting question for
future adequately powered studies because cognitive reserve effects may
be more potent in a more impaired population.

In conclusion, it was found that the right inferior temporal gyrus, a
region within the memory network that is highly connected with the
hippocampus, supports resilience against hippocampal atrophy in older
adults. This supports the notion that cognitive reserve may rely on the
adaptability of regions or networks that are involved in or inter-
connected to the cognitive process upon which it plays its protective
role.
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