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ARTICLE INFO ABSTRACT

Keywords: The goal of this study was to assess how task-related hyperactivation relates to brain network dysfunction and
Functional connectivity memory performance in individuals at risk of Alzheimer’s disease (AD). Eighty participants from the CIMA-Q
Hyperactivation

cohort were included, of which 28 had subjective cognitive decline plus (SCD"), as they had memory com-
plaints and worries in addition to a smaller hippocampal volume and/or an APOE4 allele, 26 had amnestic mild
cognitive impairment (MCI) and 26 were healthy controls without memory complaints. Functional magnetic
resonance imaging (fMRI) activation was measured during an object-location memory task. Seed-partial least
square analyses (seed-PLS) were conducted in controls and in the SCD*/MCI groups to yield sets of orthogonal
latent variables (LVs) assessing the triple association between: i) seed activity in brain regions found to be hy-
peractive in individuals at risk of AD (left hippocampus, left superior parietal lobule, right inferior temporal
lobe), ii) latent patterns of whole-brain task-related activation, and iii) associative memory performance. Three
LVs in the SCD™* and MCI groups (67.88% of total covariance explained) and two LVs in the controls (77.85% of
total covariance explained) were significant. While controls and SCD*/MCI groups shared a common pattern of
memory-related connectivity, patterns of hyperactivation-networks interactions were unique to the clinical
groups. Interestingly, higher hippocampal connectivity was associated with poorer memory performance
whereas higher neocortical connectivity predicted better memory performance in SCD* and MCI groups. Our
data provides empirical evidence that early dysfunction in brain activation and connectivity is present in the very
early stages of AD and offers new insights on the relationship between functional brain alterations and memory
performance.
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1. Introduction signature of AD and may shed light on early brain dysfunction related to

the disease.

Early changes in brain function have been proposed to represent an
early hallmark of Alzheimer’s disease (AD) (Pasquini et al., 2019;
Sperling et al., 2010, 2011). Interestingly, individuals in the early stages
of AD show increased brain activation — a phenomenon known as
hyperactivation — in regions vulnerable to AD. Increased task-related
fMRI activation has been reported in patients with mild cognitive
impairment (MCI) and subjective cognitive decline (SCD), compared to
healthy controls (Celone et al., 2006; Clément and Belleville, 2010;
2012; Clément et al., 2010, 2013; Corriveau-Lecavalier et al., 2019,
2021; Erketal., 2011; Rodda et al., 2009, 2011). Therefore, the presence
of hyperactivation in specific brain regions could serve as an early

Increasing knowledge about functional brain changes in AD shows
that the disease not only targets specific brain regions but also impacts
the functional integrity and connectivity of multiple brain networks (see
Jacobs et al., 2013 for a meta-analysis). Hence it is plausible that
hyperactivation found in brain regions vulnerable to the disease may be
associated with altered patterns of functional connectivity in brain
networks affected by AD. Preclinical studies and animal models suggest
that early hyperactivation of specific brain regions could drive and/or be
driven by dysfunction in neuronal networks (for a review, see Zott et al.,
2018). This is consistent with the finding that hyperactivation occurs in
brain areas that are part of large-scale networks vulnerable to the early
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pathophysiological processes of AD (Chhatwal et al., 2018; Jones et al.,
2016, 2017; Franzmeier et al., 2020a, 2020b). For example, task-related
hyperactivation has repeatedly been observed in the hippocampus
(Berron et al., 2019; Celone et al., 2006; Corriveau-Lecavalier et al.,
2019; Corriveau-Lecavalier et al., 2021, Dickerson et al., 2004; Dick-
erson et al., 2005; Huijbers et al., 2015, 2019; Kircher et al., 2007;
Putcha et al., 2011) and temporo-parietal areas (Clément and Belleville,
2010; 2012; Clément et al., 2010, 2013; Corriveau-Lecavalier et al.,
2019; Elman et al., 2014; Marks et al., 2017). These regions are inte-
grated in functional brain networks known to be affected in AD, such as
the default mode and the fronto-parietal/task-positive and dorsal
attention networks (Chhatwal et al., 2018; Franzmeier et al., 2020a;
Greicius et al., 2004; Jones et al., 2011, 2016, 2017; Schultz et al., 2017;
Sepulcre et al., 2017; Franzmeier et al., 2019).

Thus, one important question is whether regional hyperactivation is
associated with network dysfunction in individuals at risk of AD. This
link would be plausible given that early neuronal hyperactivity is
thought to originate in sites of early AD pathology accumulation (Bero
etal., 2011; Busche et al., 2012, 2019; Wu et al., 2016). Abnormalities in
brain activation might then propagate to functionally connected re-
gions, orchestrating AD pathology through topological propagation in
an activity-dependent manner (Bischof et al., 2019; Franzmeier et al.,
2019, 2020a, 2020b; Kim et al., 2019; Vogel et al., 2020). However, the
presence of hyperactivation in localized regions vulnerable to AD and
brain network dysfunction have only been assessed separately and their
relationship remains unknown. This study aims to assess the link be-
tween hyperactivation and network dysfunction in individuals with MCI
and SCD. Individuals with MCI show signs of cognitive impairment and
while they do not meet criteria for dementia, they are at high risk of
developing the disease. Participants with SCD complain about poor
memory but do not show signs of cognitive impairment. However, a
significant proportion of these individuals will progress to MCIL. Hence
the study of individuals with MCI and SCD allows the assessment of
brain alterations occurring in the early stages of AD, prior to a dementia
diagnosis. Given that SCD is a heterogenous construct and that other
causes unrelated to neurodegenerative disease can result in memory
complaints, we used the recent SCD plus (SCD™; Jessen et al., 2014,
2020) criteria, which suggest reliance on biomarkers that increase the
likelihood of preclinical AD in individuals with SCD. Participants with
SCD" had smaller hippocampal volumes and/or APOE4 genotype.

Another important objective of this study is to better understand
functional brain alterations underlying cognitive impairment in patients
with SCD' and MCI. Task-related designs are of particular relevance to
assess patterns of dysfunction in brain activation and connectivity,
which may underlie cognitive impairment associated with the early
phases of AD. Moreover, it has been suggested that the relationship
between hyperactivation and cognitive performance could vary as a
function of the brain regions, where hyperactivation is observed and/or
disease stage (Jones et al., 2016, 2017; Leal et al., 2017; Marks et al.,
2017). Thus, our goal was to assess if hyperactivation found in different
brain areas differentially relates to patterns of functional connectivity
and memory performance in individuals with SCD™ and MCI. Associa-
tive memory is one of the first cognitive functions to decline in patients
with AD (Atienza et al., 2011; Troyer et al.,, 2008). Thus, studying
associative memory may help clarify the relationship between alter-
ations in regional brain activation and connectivity, and cognitive
impairment in individuals at risk of AD.

In summary, it is hypothesized that early hyperactivation is linked to
patterns of functional connectivity in brain networks associated with
higher-order cognitive functions, such as associative memory in people
at risk of dementia. This altered hyperactivation-network interaction
should be associated with differences in cognitive symptomatology of
the disease. To test this hypothesis, a multivariate seed-based partial
least square (seed-PLS; Krishnan et al., 2011; McIntosh and Lobaugh,
2004) analysis was used to assess between-group similarities and dif-
ferences in the triple association between: i) seed activity in brain
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regions found to be hyperactive in individuals at risk of AD, ii) latent
patterns of whole-brain task-related activation, and iii) associative
memory performance in individuals with SCD™, MCI or controls. Brain
activation was measured during an object-location associative memory
task. Regions of interest (ROI) chosen for seed activation were the left
hippocampus, the right inferior temporal gyrus and the left superior
parietal lobule. These regions were selected because they were found to
be either hyperactive or hypoactive in participants with SCD™ and MCI
used for this study (Corriveau-Lecavalier et al., 2021) and were thus
considered to represent potential candidates to reveal AD-related
network dysfunction.

2. Materials and methods
2.1. Participants

The study included data from participants from the Consortium for
the Early Identification of Alzheimer’s disease-Quebec (CIMA-Q) cohort.
CIMA-Q’s main objective is to characterize a longitudinal observational
cohort of>350 community-dwelling older men and women recruited
from three Canadian cities (Montreal, Sherbrooke and Quebec City). The
CIMA-Q cohort includes participants that are either 1) cognitively
healthy without memory complaints, 2) cognitively healthy with SCD,
3) suffering from MCI, or 4) diagnosed with dementia due to probable
AD. CIMA-Q collects clinical, cognitive, biological, radiological and
pathological data from these participants in order to, 1) establish an
early diagnosis of AD, 2) make a well-characterized cohort available to
the scientific community, 3) identify therapeutic targets and in-
terventions to prevent or slow cognitive decline and AD, and 4) support
clinical studies (Belleville et al., 2019). Data for this study were obtained
from 108 CIMAQ participants who completed the fMRI memory exam-
ination at baseline. fMRI activation in this subgroup was reported in
Corriveau-Lecavalier et al. (2021). This study was approved by the
CIMA-Q research committee as well as the Comité mixte d’éthique de la
recherche vieillissement-neuroimagerie of the Centre intégré universitaire de
santé et de services sociaux du Centre-Sud-de-l'Tle-de-Montréal. All partic-
ipants provided written informed consent prior to taking part in the
study.

The SCD™ classification was based on the Subjective Cognitive
Decline Initiative (Jessen et al., 2014) criteria, which relies on the
presence of genetic (i.e. APOE genotype) and brain imaging (i.e. brain
atrophy on MRI) biomarkers as evidence for an increased risk of pre-
clinical AD. The presence of SCD was determined based on the question
“Do you feel like your memory is becoming worse?’’, of which three
answers were possible: 1) No, 2) Yes, but it does not worry me, and 3)
Yes, this worries me. To be categorized as SCD, participants had to
report both memory complaints and worries (answer 3). In addition,
SCD participants had to perform within normal ranges on standardized
clinical tests (scores of > 26 on the Montreal Cognitive Assessment or
MoCA; Nasreddine et al., 2005; score of < 3 for 0-7 years of education,
<5 for 8-15 years, and < 9 for 16 or more years on the Logical Memory
subtest of the Wechsler, 1987) and a score of 0 on the Clinical Dementia
Rating Scale or CDR (Morris, 1997). In order to meet biomarker-based
criteria for SCD*, participants also had to carry at least one APOE4
allele and/or have smaller left or right hippocampal volume. Small
hippocampal volume was determined to be one standard deviation
below the group mean of the control group, which comprised cogni-
tively healthy participants without memory complaints from the CIMA-
Q cohort, who were matched for age, sex and education (see below). Of
the 61 CIMA-Q SCD participants with available fMRI data, 28 met the
criteria for SCD* and were retained for analysis, of which 10 were
APOE4 positive, 21 had smaller left or right hippocampal volumes, and 4
had both risk factors.

The MCI criteria were based on the NIA-AA workgroup (Albert et al.,
2011). These criteria required the presence of 1) presence of memory
complaints and worries, 2) objective cognitive decline based on
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standardized clinical tests (scores between 20 and 25 on the MoCA;
score of < 2 for 0-7 years of education, <4 for 8-15 years, and < 8 for 16
or more years on the Logical Memory subtest of the Wechsler Memory
Scale), and 3) and a score of 0.5 on the CDR.

The control group included older adults without memory com-
plaints, who performed within the normal range on standardized clinical
tests (MoCA, Logical Memory and CDR,; see criteria for SCD for cut-offs).

Inclusion criteria were being older than 65 years of age, living in the
community, being able to understand, read, and write French or English,
having sufficient auditory and visual acuity to participate to a neuro-
psychological assessment, and agreeing to the clinical procedure and to
a blood test. Participants were excluded if they planned to move outside
of Quebec in the next three years, had a central nervous central system
disease (e.g. subdural hematoma, subarachnoid hemorrhage, active
epilepsy, primary or metastatic brain cancer), intracranial brain surgery,
history of addiction to alcohol, drugs or narcotics, daily consumption of
benzodiazepines equivalent or higher than 1 mg of lorazepam taken
orally, and/or an illness or condition that could compromise participa-
tion in the study. All participants met safety criteria for inclusion in an
MRI study and were right-handed.

All participants underwent an extensive assessment to characterize
them on clinical, physical and cognitive levels (see Belleville et al, 2019
for more details about the CIMA-Q assessments). Blood sampling was
conducted to determine participants’ APOE genotype. Blood samples
were obtained under fasting conditions (~10 h) and were processed
immediately after the clinical assessment (10-30 min) or frozen at
—80 °Cs.

2.2. fMRI task and procedure

The memory task has been described in a separate publication
(Belleville et al, 2019; Corriveau-Lecavalier et al., 2021). Brain activa-
tion was acquired during a 10-minute in-scan encoding phase of a
memory task. Participants were exposed to 78 coloured pictures of
common objects belonging to one of six semantic categories (musical
instruments, animals, fruits and vegetables, kitchen tools, sports gear
and food) and 39 grey squares (control condition). Participants were
asked to memorize the stimuli, as well as their position on the screen,
and pay attention to the grey squares without memorizing them. To
ensure that participants kept their attention on the task, they were asked
to press a button on a remote control with their right hand when the
stimulus was presented (picture or grey square). Stimuli were displayed
on a black background for three seconds in one of four quadrants on a
computer screen (top left; top tight; bottom left; bottom right) with an
inter-stimuli interval varying from 500 to 18,500 ms. The order of
presentation of the stimuli was randomized across participants. In-
structions were displayed prior to the encoding phase.

Retrieval was done in a separate room 10 min following the scanning
session. Participants were presented with the 78 previously studied
pictures and 39 new pictures, one at a time at the center of a computer
screen. For each picture, participants were asked to indicate whether
they had seen the picture during the encoding phase or not by pressing
“Yes’’ or “No’’ on a keyboard. If a picture was identified as previously
seen, the participant had to indicate in which quadrant they had seen the
stimulus using a keypad with buttons identified according to the loca-
tions on the four-position grid matching the visual display. There was an
unlimited time to provide a response. The order of presentation of the
stimuli differed from the encoding phase and was randomized across
participants. To ensure participants understood the procedure, they
performed a short practice of the task in a mock MRI with a reduced
number of stimuli that differed from those used in the task.

2.3. Image acquisition

Data acquisition was performed at four different sites according to
local scanning capacity (Unité de neuroimagerie fonctionnelle,
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Montreal, N = 42; Montreal Neurological Institute, Montreal, N = 18;
Centre intégré en neuroimagerie et stimulation de Québec, Quebec City,
N = 14; Centre de recherche du CHUS, Sherbrooke, N = 6). The CIMA-Q
scanning protocol is referred to as the Canadian Dementia Imaging
Protocol (Duchesne et al., 2019; www.cdip-pcid.ca). Image acquisition
was performed using Siemens Healthcare (TrioTim) or Philips Medical
Systems (Achieva and Ingenia) scanners with a magnetic field of 3 Tesla.
Sequences were harmonized between the sites of the MRI scan to opti-
mize image quality between manufacturers/types of scan. Quality con-
trol procedures were performed monthly to ensure cross-scan
comparability. Briefly, T1 images were acquired in sagittal orientation,
with a time of echo (TE) of 3.3 milli-seconds (mm) (Philips) or 2.98 ms
(Siemens), a time of repetition (TR) of 2300 ms, a flip angle of 9°, a voxel
size of 1 x 1 x 1 mm, and a matrix and field of view (FOV) of 256 x 248
mm. fMRI images were acquired according to the anterior-posterior
commissure (AC-PC) orientation minus 20°, using echo-planar imag-
ing (EPI) sequences sensitive to blood oxygen level-dependant (BOLD)
contrast, with an inter-slice gap of 0.3 mm, a TE of 25 ms, a TR of 2500
ms, a flip angle of 9°, a voxel size of 3 x 3 x 3 mm, a FOV of either 240 x
240 mm (Phillips) or 222 x 222 mm (Siemens), and a matrix of either
80 x 80 mm (Phillips) or 74 x 74 mm (Siemens). The interested reader
can consult Supplementary Materials 1 for additional details about
acquisition parameters.

2.4. fMRI preprocessing

Individual functional images were preprocessed using Statistical
Parametric Mapping 12 (SPM12; Wellcome Department of Imaging
Neuroscience, Institute of Neurology, London, England) typical pipeline
steps. The first four volumes of the run were discarded to exclude ar-
tefacts due to excessive movement. Functional images were unwrapped
and realigned to median volume to create a mean image for every
subject. The mean functional image was then coregistered to the cor-
responding anatomical T;-weighted image, corrected for within-run
movement and normalized to the Montreal Neurological Institute tem-
plate with a voxel size of 3 x 3 x 3 mm. Images were smoothed by
applying an 8 mm full width at half maximum (FWHM) Gaussian kernel.
A high-passed filter (128 s) was applied to remove low-frequency signal
drifts. Head motion was examined with the Motion Fingerprint toolbox
(Wilke, 2012, 2014). Subjects were excluded from analysis if they had a
total displacement of > 3 mm or a framewise displacement of > 1 mm
during the functional run, and/or failed quality control based on visual
inspection of motion artefacts in brain activation and/or abnormal
signal intensity (N = 9).

2.5. Anatomical MRI

Hippocampal volume segmentation was done using FreeSurfer 5.3
traditional pipeline steps (Dale et al., 1999). Raw hippocampal volumes
were extracted and individually corrected for intracranial volume and
used to assess whether the participants met the hippocampal volume
criteria for SCD™ classification. White matter lesions were calculated by
segmenting the T; and FLAIR images using a patch-based method (vol-
brain; http://volbrain.upv.es/) and expressed as a percentage of total
brain volume.

2.6. Selection of regions of interests

Regions of hyperactivation were selected as seeds for multivariate
analyses based on findings from a separate publication from our group
using the same sample and fMRI task-related activation (Corriveau-
Lecavalier et al., 2021). Analyses from this study included between-
group comparisons (SCD", MCI, controls) of the correct associative
encoding activation, meaning the activation associated with the
encoding of items that were both correctly recognized and positioned in
the post-scan recognition phase. Three regions were found to show
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higher levels of brain activation (i.e., hyperactivation) in individuals
with SCD™ compared to the control group, while controlling for age, sex,
scanning site and white matter lesions. These regions of hyperactivation
were the left hippocampus (MNI coordinates X =-30,Y =-22,Z=-13),
left superior parietal lobule (also found to be hypoactive in MCI; MNI
coordinates X =-18,Y = -61, Z = 47), and right inferior temporal lobe
(MNI coordinates X =45,Y = —58, Z = —13) (See Fig. 1). The extent of
each seed was 3 x 3 x 3 mm. Assessment of multicollinearity between
seed activity in regions of interest was performed using Pearson corre-
lations in the whole sample and within each separate group (Control,
SCD™, MCI). Correlation coefficients indicated that activation of seeds of
interest was not collinear (ranging from —0.11 to 0.44).

2.7. Statistical analyses

2.7.1. Sociodemographic and behavioural measures

Between-group differences on sociodemographic measures were
assessed with one-way ANOVAs and Tukey’s tests for post-hoc com-
parisons for continuous variables, and chi square analysis for categorical
variables.

To assess post-scan memory performance, an associative memory
score was computed with the following = correct sources/(wrong sources
-+ false alarms), where correct sources is the number of old items that were
correctly recognized with their accurate position, wrong sources is the
number of old items that were correctly recognized without their posi-
tion, and false alarms is the number of new items that were falsely
recognized. A positive asymmetric distribution was revealed for this
variable using the Kolmogorov-Smirnov test and thus group differences
on the associative memory score were assessed using a Kruskal-Wallis
one-way ANOVA, with the Mann-Whitney U test for post-hoc
comparisons.

2.7.2. Multivariate PLS analyses

Multivariate analyses of task-related brain activation and connec-
tivity were carried out using PLS software (Krishnan et al., 2011;
Meclntosh and Lobaugh, 2004) implemented in MATLAB 9.4. Multivar-
iate seed-based PLS analyses were used to assess the three-way associ-
ations between: 1) seed activity in regions of interest, 2) whole-brain
activity associated with associative memory encoding, and 3) associa-
tive memory scores. Two separate PLS-analyses were performed: one
including the control group, and another with the SCD™ and MCI groups.

The PLS analysis consists in the decomposition of a cross-correlation
matrix between two data matrices that is submitted to singular value
decomposition (SVD). The first data matrix contained event-related
fMRI data that was obtained during the encoding of successfully
recognized and positioned items, which was deemed to reflect successful
associative memory. Of note, this activation was not contrasted to
activation associated with a control condition (i.e. gray squares), since
PLS utilizes first-level preprocessed images. Associative memory-based
fMRI events were stored in a data matrix, where the rows were orga-
nized so that events were nested within each participant, and

Left hippocampus

08

()
BOLD Signal

BOLD Signal

N

Controls  SCD+ ]

% 13 [(2.87)=4.903, P=.009, n?= .09
~ ™% sCD* > Controls (.008)

MNI coordinates
X=30Y=-22Z

MNI coordinates
X=45Y=-58Z=-13 SCD* > Controls (.008) & MCI (.006)

Right inferior temporal lobe

Controls. SCD+ [

F(2,87) =4.489, P = 014, = .10
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participants were nested within group (if the analysis included more
than one group). Columns of the matrix contained the average signal for
the associative memory-based events (collapsed across correct trials) for
each voxel in the brain at each of the seven time lags after the event
onset, where each lag represented one time of repetition (TR; 2.5 s). In
other words, this matrix contained fMRI data spanning 17.5 s after the
event onset (columns) for each participant (rows). This fMRI data matrix
was then cross-correlated with a second, similarly organized matrix
containing activation values for each seed of interest, which averaged
from lags 2 to 5, as well as an associative memory score for each
participant. As such, this matrix contained activation of seeds of interest
and associative memory performance (columns) for each participant
(rows). Thus, this seed-PLS connectivity analysis may be described as
activation-based rather than time-series-based, as it is the case with
more traditional connectivity methods. The resulting cross-correlation
matrix for each PLS analysis was submitted to a SVD, which yields a
set of orthogonal Latent Variables (LVs) that is equal to the number of
groups by seed/condition of interest (4 in controls; 8 in SCD/MCI). LVs
can be broken down into three components: 1) a singular value indi-
cating the significance of the LV as well as the covariance accounted by
this particular LV; 2) a correlation profile that depicts how whole-brain
activation correlates with seed activity and memory performance for
each group; 3) a singular image indicating the pattern of whole-brain
connectivity accounted by the LV with positive and negative salience
regions.

Significance of LVs was tested using 1000 permutation tests on sin-
gular values. Bootstrapping was used to yield a bootstrap ratio (BSR)
reflecting the reliability of voxel activation contributing to a given LV
(500 iterations; minimum of 20 mm?® per cluster; significance threshold
set at BSR of + 3, equivalent to p = 0.002). The number of permutation
tests and bootstrap samples were determined based on previous studies
that assessed latent patterns of memory-related activation and connec-
tivity in aging and AD using PLS software (Ankudowich et al., 2016,
2017, 2019; Elshiekh et al., 2020; Rabipour et al., 2020).

An important aspect to keep in mind is that the pattern of whole-
brain activation represented by a given LV is symmetrically reflected
by the correlation profile. Salience and weights of brain regions iden-
tified by a given LV can be either positive or negative and indicate
whether activation of the voxels relate positively or negatively with the
correlation profiles. Thus, activation with a positive weight (warm
colors on brain rendering) correlates positively with a positive correla-
tion profile and negatively with a negative correlation profile. Since
each LV reflects a symmetrical pairing of correlation profiles, the
opposite would also be true: activation in a brain region with negative
weights (cool-colored on brain rendering) correlates negatively with a
positive correlation profile and positively with a negative correlation
profile. Thus, interpretation of results should rely on the relationship
between the LVs and seed activation/performance, rather than its
directionality.

The SVD also provides individual brain scores for each LV, which
reflect the extent to which an individual is represented by the pattern

Left superior parietal lobule

Conirols _ SCD* ]
F(2, 87)=7.7524, P< .001, n? = .15
X=-18Y=-61Z=47 SCD*> Controls (.043) & MCI (.001)
Controls > MCI (.039)

BOLD Signal

N

0.5

MNI coordinates

Fig. 1. Regions of interest selected as seeds for multivariate analyses, based on a separate between-group comparison of task-related activation (Corriveau-Lecavalier
et al., submitted). The analysis of task-related activation included participants with 12 events or more, while controlling for age, sex, scanning site and white

matter lesions.



N. Corriveau-Lecavalier et al.

expressed by the given LV. Brain scores were used for post-hoc analyses,
as described below.

2.7.3. Assessment of potential effects of variables of non-interest

Given that the PLS analysis does not allow to directly control for
confounding variables, we conducted univariate post-hoc analyses to
ensure that our results were not driven by interindividual characteristics
and head movement parameters, i.e. age, sex, site of scan, white matter
lesion burden, total displacement and framewise displacement. Separate
ANOVAs and linear regressions were performed to assess the effect of
categorical variables (sex, site of scan) and continuous variables (age,
white matter lesion burden, head motion parameters) on brain scores for
each significant LV.

3. Results
3.1. Sociodemographic, clinical, and behavioral performance

Sociodemographic, clinical and neuropsychological data are sum-
marized in Table 1. Groups were comparable on sex and APOE4 distri-
bution, years of education, total white matter lesions and head motion
parameters. Participants in the MCI group performed slightly worse on
the associative memory task than controls and the SCD™ group, but the
difference did not reach significance (P = .091 in both cases). Perfor-
mance of the SCD™" group did not differ from that of controls (P = .591).
Individuals with MCI were significantly older than controls but com-
parable to participants with SCD*, who did not differ from controls.
Unsurprisingly, individuals with MCI had significantly lower scores on
the MoCA than controls and SCD ", and lower scores on Logical Memory
tests than controls. Individuals with SCD™ performed as well as controls
on the MoCA and Logical Memory tests. SCD" and MCI groups had
significantly smaller left and right hippocampal volumes than controls.

3.2. Multivariate functional connectivity analyses

Seed-PLS analysis revealed two significant LVs for controls and three
significant LVs for individuals with SCD"/MCI. Singular images

Table 1
Sociodemographic, clinical, genetic, behavioural and structural imaging data.

Controls Nera MCI P-values (main
group effect)
Participants (N) 26 28 26 -
Age (SD) 71.07 73.23 75.73 P =.004
(4.47) (5.21) (5.01)*
Sex, M/F 7,19 15,13 12,14 P=.127
Education (SD) 15.73 15.46 15.20 P = .864
(3.49) (3.70) (3.27)
MoCA (SD) 28.35 27.68 24.96 P <.001
1.47) (1.33) (2.25)> ¢
Logical Memory 14.65 12.68 11.00 P=.011
Delayed Recall (SD) (4.52) (3.69) (4.51)*
APOE4 carriers (%) 5(19.23) 10 11 P=.071
(35.71)° (42.31)°
Associative memory 2.29 2.18 1.62 P=.214
score (1.33) (1.46) (1.56)
Left hippocampal 0.29 0.24 0.23 P <.001
volumes (SD) (0.05) (0.03) (0.05)> ©
Right hippocampal 0.30 0.24 0.24 P <.001
volumes (SD) (0.05) (0.04)° (0.05)" ©
Total white matter 0.7 (0.95) 0.64 0.4 (0.47) P = .416
lesions (SD) (1.04)
Mean total 1.35 1.18 1.04 P =.300
displacement (mm) (0.88) (0.67) (0.64)
Mean framewise 0.16 0.17 0.19 P =.587
displacement (mm) (0.06) (0.07) (0.09)

MoCA = Montreal Cognitive Assessment; Hippocampal volumes were corrected
for intracranial volume; P < 0.01 compared to Controls; °P < 0.001 compared
to Controls; P < 0.001 compared to SCD™.
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(positive and negative salience regions) and correlation profiles for each
significant LV are displayed in Fig. 2 (controls) and Fig. 3 (SCD*/MCD).
Summary statistics of correlations profiles (r, confidence intervals) are
reported in Table 2. A list of regions highlighted by the significant LVs
can be found in Supplementary Materials 2. Of note, PLS analyses were
repeated while excluding APOE4 carriers from the control group, and in
the SCD" and MCI groups separately. These additional analyses yielded
very similar results and can be found in Supplementary Materials 3.

3.2.1. Patterns of connectivity in controls

3.2.1.1. LV1 in controls (LVICTL). LV1CTL (P < .001, 51.32% variance
explained) included a large number of positive salience regions mostly
from the default mode and fronto-parietal brain networks bilaterally, as
well as several other occipital, precentral, postcentral, subcortical and
cerebellar regions. Negative salience regions only included small clus-
ters located in the insula, midbrain and posterior cerebellum. The cor-
relation profiles indicated significant positive correlations between this
LV and the left superior parietal and right inferior temporal seeds, but no
significant association with left hippocampal activity and memory
performance.

3.2.1.2. LV2in controls (LV2CTL). LV2CTL (P = .036, 26.47% variance
explained) included positive saliences regions mostly in frontal, tem-
poral and cerebellar areas bilaterally, as well as small occipito-parietal
and subcortical clusters. Negative salience regions were mostly frontal
regions bilaterally, with small clusters in the right superior temporal
gyrus and the right cuneus. Assessment of correlation profiles indicated
a positive association between this LV and hippocampal activity and
memory performance, and no significant correlation with left superior
parietal and right inferior temporal seed activity.

3.2.2. Patterns of connectivity in SCD"/MCI

3.2.2.1. LV1 in clinical groups (LVICLI). Similarly to controls, LV1CLI
in SCD™/MCI (P < .001, 30.16% variance explained) included positive
salience regions encompassing areas from the default mode and fronto-
parietal networks bilaterally, in addition to occipital, subcortical and
cerebellar areas. Negative salience regions mostly included ventral
occipito-temporal areas bilaterally, as well as frontal inferior gyri, and
subcortical and cerebellar areas. Examination of correlation profiles
showed positive association between this LV and left parietal and right
inferior temporal seed activity but no correlation with left hippocampal
activity in both SCD" and MCI groups. However, groups differed in that
the LV was positively correlated with memory performance in SCD™, but
not in the MCI group.

3.2.2.2. LV2 in clinical groups (LV2CLI). LV2 (P = .008, 23.06% vari-
ance explained) included positive salience regions exclusively circum-
scribed to right prefrontal areas (cingulate gyrus, inferior and middle
frontal gyrus). Negative salience regions were mostly situated in pre-
frontal, ventral occipito-temporal and cerebellar regions bilaterally, in
addition to small dorsal parietal clusters bilaterally. Correlation profiles
indicated a negative correlation between this LV and left hippocampus
activity in both SCD' and MCI groups. However, groups differed in that
this LV was positively correlated with the right inferior temporal activity
and memory performance in individuals with SCD", whereas it was
negatively correlated with the left superior and right inferior temporal
seed activity and unrelated to performance in individuals with MCI.

3.2.2.3. LV3 in clinical groups (LV3CLI). LV3 (P = .046, 14.66% vari-
ance explained) identified positive salience regions, mostly in fronto-
parietal areas bilaterally (including the insulas), and to a lesser extent,
left temporal and cerebellar regions. Negative salience regions included
almost exclusively temporal and subcortical areas bilaterally, in
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Fig. 2. Singular images and correlation profiles for the two latent variables (LV) found significant in the control group. Positive salience regions are illustrated in
orange to yellow (left) and negative salience regions are illustrated in blue (middle) with a bootstrap ratio (BSR) threshold set at + 3. Error bars in the correlation
profiles graphics (right) express confidence intervals (95%). As a reminder, the salience and weights of brain regions identified by a given LV indicate whether
activation of the voxels relate positively or negatively with the correlation profiles. Activation with a positive weight correlates positively with a positive correlation
profile and negatively with a negative correlation profile. In the same way, activation with negative weights correlates negatively with a positive correlation profile
and positively with a negative correlation profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

addition to small clusters in the prefrontal lobe and cerebellum bilat-
erally. Examination of the correlation profiles indicated significant
correlations almost only within the MCI group, in which this LV was
negatively correlated with left hippocampal activity and left superior
parietal lobule activity, and positively correlated with right inferior
temporal activity and memory performance. Only a positive correlation
between this LV and left superior parietal activity was found significant
in participants with SCD™.

3.3. Effect of variables of non-interest

Univariate post-hoc analyses revealed no significant effect of age,
sex, site of scan, white matter lesion burden, total displacement and
framewise displacement on brain scores for each significant LV, either in
the control or SCD*/MCI group.

4. Discussion

The primary objective of this study was to assess how regional
hyperactivation in brain regions vulnerable to AD relates to multivariate
patterns of functional connectivity in individuals with SCD" and MCI
during an object-location associative memory task. The second objective
was to examine how these patterns of hyperactivation networks relate to
associative memory performance, and more precisely, if these associa-
tions differ depending on the brain area where hyperactivation is
located and/or disease stage. The first PLS analysis was conducted in
controls and yielded two significant LVs, which accounted for a total of
77.85% of covariance and reflected typical healthy memory-related
patterns of connectivity. The second PLS analysis was conducted in
clinical groups and showed three significant LVs, which explained a total
of 67.88% of covariance altogether. These analyses revealed a set of
compensatory and pathological connectivity patterns that vary
depending on the area of the brain where hyperactivation is found and

group membership. The following paragraphs summarize the main
findings and discuss the implications of the results.

The PLS analysis conducted in controls should be interpreted with
caution as the seeds of interest were selected based on regions of
hyperactivation in the clinical groups. For this reason, the patterns
identified may not fully reflect the memory networks that would typi-
cally be recruited in this group. Nevertheless, it is interesting that
LVICTL identified a set of positive salience regions from the default
mode and fronto-parietal networks as well as cerebellar areas, which
correlated positively with left superior parietal and right temporal ac-
tivity. Furthermore, LV2CTL identified a fronto-temporo-cerebellar
network, which correlated positively with left hippocampal activity
and supports better memory performance. Both networks comprised
brain regions typically involved in associative memory tasks (LV1CTL)
(Benoit and Schacter, 2015) and/or positively related to memory per-
formance (LV2CTL).

LV1CLI in SCD" and MCI groups identified mostly positive salience
regions that included brain areas from the default mode and fronto-
parietal networks. Activation of these regions positively correlated
with left superior parietal and right inferior parietal activity. This
pattern is very similar to what was found in the first LV identified in
controls (LVI1CTL). Contrary to what was found in the control and MCI
groups, this hyperactivation-network was positively correlated with
memory performance in the SCD" group only. This means that a higher
level of left superior parietal and right inferior temporal activation and
stronger connectivity within this network were associated with better
memory in this group.

LV2CLI showed mostly negative salience regions in a fronto-
temporo-cerebellar network, which correlated negatively with left hip-
pocampal activity and positively with memory performance in SCD™.
This suggests that higher hippocampal hyperactivation and connectivity
of the negative salience regions of this network are related to poorer
memory performance. In addition, there were some areas of positive
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Fig. 3. Singular images and correlation profiles for each significant latent variable (LV) for the SCD"/MCI groups. Positive salience regions are illustrated in orange
to yellow (left) and negative salience regions are illustrated in blue (middle) with a bootstrap ratio (BSR) threshold set at + 3. Error bars in the correlation profiles
graphics (right) express confidence intervals (95%). The salience and weights of brain regions identified by a given LV indicate whether activation of the voxels relate
positively or negatively with the correlation profiles. Activation with a positive weight correlates positively with a positive correlation profile and negatively with a
negative correlation profile. Furthermore, activation in a brain region with negative weights correlates negatively with a positive correlation profile and positively
with a negative correlation profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

salience in right frontal areas, where activation was positively associ-
ated with left parietal and right temporal seed activity and memory
performance.

LV3CLI identified a network involving fronto-parietal regions bilat-
erally (positive salience regions), as well as fronto-temporal areas
(negative salience regions). For this particular LV, significant patterns of
correlations were almost exclusively found in the MCI group. In that
group, positive salience regions were associated with right inferior
temporal activation and better memory performance, whereas the
negative salience regions were associated with left hippocampal and
superior parietal activation and poorer memory performance. In the
SCD™ group, activation of negative salience regions was associated with
left superior parietal activity but was not related to memory or activa-
tion of other regions.

An interesting finding arising from the connectivity patterns found in
clinical groups concerns the remarkable contrast in the relationship
between patterns of connectivity and memory performance for hippo-
campal versus neocortical activation. On the one hand, left hippocampal
activation and its connectivity with fronto-temporal areas were associ-
ated with poorer memory in both SCD' (LV2CLI) and MCI (LV3CLI)
groups. On the other hand, the left superior parietal activation and right

inferior temporal activation and their connected networks were associ-
ated with better memory in SCD" (for the both networks; LVICLI &
LV2CLI) and MCI (for the fronto-temporal network; LV3CLI) groups.
These findings may help clarify whether hyperactivation and hyper-
connectivity reflect compensatory processes or pathophysiological
mechanisms. One hypothesis is that the nature of hyperactivation may
vary as a function of the brain region where it is observed (Leal et al.,
2017; Marks et al., 2017). Hippocampal hyperactivation and hyper-
connectivity was suggested to reflect AD-related pathophysiological
mechanisms (Bakker et al., 2012, 2015; Berron et al., 2019; Huijbers
et al., 2019; Richetin et al., 2020; Putcha et al., 2011), a view consistent
with our observation as it is related with poorer memory performance.
In turn, hyperactivation in parietal and temporal regions may reflect
compensatory mechanisms (Belleville et al., 2011, 2021;
Corriveau-Lecavalier et al., 2019; Elman et al., 2014). This view is
supported by our finding that higher left superior parietal and right
inferior temporal activity and stronger connectivity between these re-
gions and associated networks were correlated with better memory
performance. This indicates that greater recruitment of these neocortical
areas and increased connectivity in these networks may underlie
compensatory mechanisms, which is a new finding that is absent from
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Table 2
Summary of correlation profiles yielded by significant LVs.
Controls
Variable of interest r Upper bound Lower bound
LV1CTL Left hippocampal activation —0.05 0.50 —0.48
Left superior parietal activation *0.65 0.90 0.36
Right inferior temporal activation “0.72 0.92 0.62
Associative memory performance —0.11 0.17 —0.39
LV2CTL Left hippocampal activation “0.58 0.75 0.26
Left superior parietal activation 0.39 0.74 —0.07
Right inferior temporal activation —0.24 0.14 —0.69
Associative memory performance #0.52 0.71 0.27
SCD+/MCI
SCD+ MCI
Variable of interest r Upper bound Lower bound r Upper bound Lower bound
LV1CLI Left hippocampal activation —0.25 0.33 —0.60 0.19 0.60 —0.22
Left superior parietal activation 0.62* 0.84 0.32 0.53* 0.79 0.31
Right inferior temporal activation 0.67* 0.86 0.55 0.68* 0.88 0.43
Associative memory performance 0.45* 0.69 0.11 0.10 0.43 —0.25
LV2CLI Left hippocampal activation —0.64* —0.36 —0.87 —0.84* —0.57 —0.94
Left superior parietal activation 0.18 0.66 —0.40 —0.48* —0.18 —0.77
Right inferior temporal activation 0.46" 0.75 0.10 —0.51* —0.19 —0.80
Associative memory performance 0.40* 0.69 0.03 —0.08 0.29 —0.36
LV3CLI Left hippocampal activation 0.09 0.39 —0.50 —0.38* —0.031 —0.61
Left superior parietal activation —0.60* —0.24 —0.85 —0.37* —0.01 —0.65
Right inferior temporal activation —0.10 0.43 —0.59 0.69* 0.86 0.43
Associative memory performance —0.32 0.05 —0.63 0.32* 0.57 0.03

" Significant correlation.

prior studies assessing the relationship between neocortical activation
and cognitive performance.

Another finding worth discussing relates to the differences observed
between SCD" and MCI groups. Indeed, left parietal activation and its
related connectivity patterns showed opposite directions of association
with memory performance when examining SCD" and MCI groups, as it
is associated with better memory performance in the former (LV1CLI)
but with poorer memory in the latter (LV3CLI). This is consistent with
the hypothesis mentioned above that parietal hyperactivation/hyper-
connectivity found in the early phase of the disease may reflect
compensatory mechanisms and contribute to the maintenance of
cognition in SCD™. As individuals with MCI begin to experience objec-
tive memory problems, the pattern may reflect a compensation attempt
and/or compensation failure in patients suffering from an accumulation
of disease-related neuropathology. Thus, it is plausible that a portion of
people with MCI have a similar pattern to those with SCD', meaning a
relatively higher level of parietal activation/connectivity, but without
its associated cognitive benefit. This is in line with the “Cascading
Network Failure’” model (Jones et al., 2016, 2017), which proposes that
parietal areas could serve as a transient compensatory role in the early
phase of the disease, before triggering downstream AD-related patho-
logical processes with increased pathoprogression.

Although this study did not include biomarkers of AD, our findings
concur with several studies and models relating the fundamental path-
ophysiological processes of AD functional connectivity disruption. For
example, our finding that activation of the left hippocampus and its
associated connectivity correlated with poorer memory performance in
clinical groups is consistent with prior reports showing that abnormal
levels of amyloid and tau alter hippocampal activation/connectivity in
transgenic mice and humans at risk of AD (Berron et al., 2019; Busche
et al., 2019; Hallinan et al., 2019a, 2019b; Huijbers et al., 2019; Mor-
mino et al., 2012; Zott et al., 2019), thus resulting in poorer memory
performance (Bai et al., 2009; Richetin et al., 2020; Putcha et al, 2011;
Yassa et al., 2011).

Our findings have implications for early identification and inter-
vention. To our knowledge, this is the first study to find altered patterns

of hyperactivation-network interactions in individuals with SCD*, who
were identified with criteria known to increase their likelihood of
developing AD in the future. Hence, this reinforces the hypothesis that
the hyperactivation-network interactions described here contribute to
identifying individuals in the early disease phase. Furthermore, the
different relationships observed between hippocampal versus neocor-
tical patterns of connectivity and memory performance may have im-
plications for therapeutic targets in clinical trials and/or to inform
cognitive interventions that could be designed to optimize compensa-
tory mechanisms.

A methodological point that deserves to be discussed at this stage is
the potential impact of the enrichment criteria, which incorporated
reduced hippocampal volumes and/or APOE4 genotypes for participants
with SCD*(Jessen et al., 2014). Indeed, the intentionally selected ge-
netic enrichment for SCD™ might have had an influence on the patterns
of activation and/or connectivity observed in this sample. For instance,
it is intriguing that previous reports have found abnormally high levels
of hippocampal activation in young APOE4 carriers (Bondi et al., 2005;
Dennis et al., 2010; Filippini et al., 2009; Tran et al., 2017), and one
recent study using PLS analysis found patterns of altered memory-
related activation in APOE4 carriers with a family history of AD (Rabi-
pour et al., 2020). Thus, there may be other drivers of hyperactivation
and network effects that may not be consistent with the AD causal
pathway and have an independent or interactive contribution. More-
over, the fact that we used reduced hippocampal volume as a biomarker
of AD may have identified a high reserve subpopulation of individuals
with SCD, who demonstrate better cognitive performance than expected
given their alleged hippocampal atrophy. Interestingly, a higher level of
right temporal activation was suggested to underlie the reserve-related
compensatory response to reduce the detrimental effect of hippocam-
pal atrophy on memory performance in individuals at risk of AD (Bel-
leville et al., 2021). This is compatible with our finding that right
inferior temporal connectivity was associated with better memory per-
formance in both SCD" and MCI groups. However, it is important to
stress that individuals with SCD™ did not differ from the MCI or control
groups on a typical reserve proxy, such as years of formal education.
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Although this does not completely exclude a reserve contribution, it
nevertheless suggests that it may not be a straightforward account of our
findings.

Some limitations must be acknowledged: Given the cross-sectional
nature of the study, it was not possible to measure intra-individual
longitudinal change in patterns of functional connectivity. Even
though genetic and neurodegeneration biomarkers were incorporated to
increase the likelihood of future progression in the SCD™ group, the
classification probably still represents a group of heterogeneous in-
dividuals and it is likely that a portion of them will not progress to de-
mentia. Moreover, one particular shortcoming of PLS analysis is the risk
of overfitting, as it is designed to maximize correlations between data
matrices. Future studies with larger samples will be required to replicate
our findings, while directly addressing the issue of overfitting, for
instance by performing cross-validation using a validation sample or a
split-half procedure. Finally, measures of amyloid or tau were not
included, and therefore the sample could not be characterized according
to the A/T/N framework (Jack et al., 2016, 2018) and it was not possible
to study the relationship between functional connectivity and these AD
biomarkers.

5. Conclusions

This study is the first to examine the relationship between hyper-
activation, latent patterns of functional connectivity and memory per-
formance in individuals at risk of AD. Our data suggests that
hyperactivation relates to a combination of pathological and compen-
satory patterns of connectivity, depending on the brain area where
hyperactivation is observed and disease stage. More specifically, hip-
pocampal hyperactivation and its associated patterns of connectivity
appear to relate to the worsening of memory performance. This finding
may be related to AD-related pathological processes, while neocortical
areas could reflect transient compensatory mechanisms contributing to
the maintenance of cognition. These results provide insights on the link
between hyperactivation, its associated networks and memory capacity
in the early stages of AD, and have implications for early detection as
well as therapeutic and cognitive interventions. Longitudinal and
multimodal imaging studies will be required for an in-depth under-
standing of the changes in the functional architecture of the brain and
their implication in the fundamental disease processes.
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