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Late-onset Alzheimer’s disease (AD) disproportionately affects women compared to men. Episodic mem-
ory decline is one of the earliest and most pronounced deficits observed in AD. However, it remains
unclear whether sex influences episodic memory-related brain function in cognitively intact older adults
at risk of developing AD. Here we used task-based multivariate partial least squares analysis to exam-
ine sex differences in episodic memory-related brain activity and brain activity-behavior correlations in
a matched sample of cognitively intact older women and men with a family history of AD from the
PREVENT-AD cohort study in Montreal, Canada (Mge=63.03+3.78; Megycation=15.4143.40). We observed
sex differences in task-related brain activity and brain activity-behavior correlations during the encod-
ing of object-location associative memories and object-only item memory, and the retrieval of object
only item memories. Our findings suggest a generalization of episodic memory-related brain activa-
tion and performance in women compared to men. Follow up analyses should test for sex differences
in the relationship between brain activity patterns and performance longitudinally, in association with
risk factors for AD development. This article is part of the Virtual Special Issue titled COGNITIVE NEU-
ROSCIENCE OF HEALTHY AND PATHOLOGICAL AGING. The full issue can be found on ScienceDirect at
https://www.sciencedirect.com/journal/neurobiology-of-aging/special-issue/105379XPW]P.
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1. Introduction lifelong risk of AD even after accounting for sex and/or gender

(sex/gender) differences in life expectancy, and exhibit more rapid

Late-onset sporadic Alzheimer’s Disease (AD) accounts for an
estimated 70% of dementia cases worldwide and disproportion-
ately affects women compared to men (World Health Organiza-
tion, 2019). In the United States, 65% of AD cases are in women
(Alzheimer’s Association, 2020; World Health Organization, 2019).
Compared to men, women demonstrate elevated incidence and
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cognitive decline and brain atrophy in the presence of AD-related
neuropathology (Gamache e al., 2020). Despite advances in our
overall understanding of AD neuropathophysiology, little is known
about why there is this sex/gender difference in AD prevalence
(Nebel et al., 2018).

One of the earliest and most pronounced deficits observed in
AD is episodic memory decline (Buckner, 2004; McKhann et al.,
2011). Behavioral studies have reported that women perform
better than men on episodic memory tasks for verbal stimuli
(Bleecker et al., 1988; Bremner et al., 2001; Herlitz et al., 1997;
Kimura and Harshman, 1984; Ragland et al., 2000), negative emo-
tional stimuli (Young et al., 2013), face stimuli (Keightley et al.,
2006; W. Sommer et al., 2013; Yonker et al, 2003) and verbal
paired associative memory (Bender et al, 2010). Men appear to
perform better than women on spatial navigation (Astur et al.,
2016; Astur et al., 2004; Driscoll et al., 2005) and object-location
associative memory tasks (Postma et al, 1998). In contrast, sev-
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eral studies have also found no sex differences in episodic
memory abilities. For example, in our prior adult lifespan study
of episodic memory, we observed no significant sex difference in
face-location associative source memory, nor did we observe any
sex-by-age interaction in memory retrieval across the adult lifes-
pan (Subramaniapillai et al., 2019). Similarly, Nyberg et al (2000)
also reported no sex difference in recognition memory for ob-
jects and for words in young adults. However, when sex differ-
ences in episodic memory tasks are reported, behavioral studies
suggest these sex differences are stable across the adult lifespan
(de Frias et al., 2006; Jack et al., 2015). Yet, little research has ex-
plored whether and how sex and/or gender may interact with the
effect of age and AD risk factors on episodic memory-related brain
function - despite the higher prevalence, incidence, and burden of
AD in women compared to men (Beam et al., 2018; Mazure and
Swendsen, 2016).

Prior studies provide evidence that sex and/or gender influences
age-related differences in the neural correlates of episodic memory
(Gur and Gur, 2002; McCarrey et al., 2016; Subramaniapillai et al.,
2019). These differences are even more pronounced in AD
(Irvine et al., 2012). For example, although behavioral studies sug-
gest that women score higher on verbal episodic memory tasks
than men in normative aging and in clinical samples with pre-
served memory function, this pattern appears to shift in advanced
stages of AD pathology, where women with AD tend to perform
worse than men with AD (Brunet et al., 2020; Chapman et al.,
2011). This effect may result from sex differences in the rate
of clinical progression and brain atrophy in memory-related re-
gions such as the medial temporal lobes, where women ap-
pear to decline more rapidly - independent of other risk factors
(e.g., having an apolipoprotein E &4 allel [+APOE4]) - in healthy
aging and at various stages of AD progression (Holland et al.,
2013; Lin et al., 2015). Similarly, hippocampal atrophy appears to
progress more steeply in women, compared to men, in the pres-
ence of higher tau and lower amyloid-beta (AB) levels in the cere-
brospinal fluid (Koran et al., 2017). Such findings suggest a complex
relationship between aging, sex, and AD-related neuropathology on
memory.

To elucidate neural and behavioural processes underlying
episodic memory changes related to healthy vs. pathological ag-
ing, studies increasingly focus on examining asymptomatic adults
at higher risk of developing AD (Frankish and Horton, 2017).
Such work suggests that early neural biomarkers or cognitive in-
dices of AD development - such as circulating tau and AB lev-
els (Brookmeyer et al., 2018; Kern et al., 2018; Leoutsakos et al.,
2016; Molinuevo et al., 2016; Rabipour et al., 2020; Weiner and
Veitch, 2015) - may exert different influences on neural pro-
cesses in men and women (Buckley et al., 2020; Caldwell et al.,
2017). For example, female APOE4 carriers show greater brain hy-
pometabolism and cortical thinning than male carriers, suggesting
that women may be more susceptible to the metabolic effects of
APOE4 (Sampedro et al., 2015). Similarly, at low levels of A8 and
high levels of tau, women appear to have more rapid hippocampal
atrophy as well as cognitive decline - a relationship that appears
mediated, to some extent, by APOE4 carrier status (Koran et al.,
2017). Therefore, there is growing evidence for sex and/or gen-
der differences in AD-related neuropathology in adults with known
risk factors. However, little is known about how sex and/or gender
influence brain activity and brain-behavior associations related to
episodic memory.

Given that declines in episodic memory are among the earliest
manifestations of AD (Bateman et al., 2012; Gardiner, 2001), tasks
that differentially probe item recognition and recollection of asso-
ciative contextual details are particularly well suited to detect early
AD-related changes. For example, adults in prodromal states of AD,

such as mild cognitive impairment, demonstrate poorer retrieval
accuracy of object-location source associations as well as decreased
volumes in AD-related brain regions such as medial temporal lobe,
compared to controls (Hampstead et al., 2018). Moreover, com-
pared to non-converters, older adults who later converted to AD
exhibited deficits in both verbal item recognition and free recall
6 yrs prior to their AD diagnosis (Biackman et al., 2001). Our pre-
vious work demonstrated different relationships between episodic
memory performance and underlying neural processes in people
at higher risk of AD, even when group differences in task per-
formance were not observed (Rabipour et al., 2020; Rajah et al.,
2017). Therefore, in the current study we use an object-location as-
sociative memory paradigm that allows us to differentiate brain ac-
tivity during encoding and retrieval of objects and object-location
associations to determine if there are sex differences in episodic
memory-related brain function in older adults with elevated AD
risk.

1.1. The present Study

Here we evaluated sex/gender differences - via self-reported
sex - in the behavioral and neural correlates of episodic mem-
ory in older adults who participated in the PREVENT-AD pro-
gram (https://douglas.research.mcgill.ca/stop-ad-centre). Because
our sample uniformly contained older adults with first-degree fam-
ily history of AD, we aimed to examine the potential influence
of self-reported sex on episodic memory performance and related
brain activity over and above the influence of family history. Based
on the prevalence of +APOE4 genotype - 14% globally and 34-50%
(Heffernan et al., 2016) in adults with a first degree relative with
late-onset AD - we further sought to investigate whether APOE4
carrier status would interact with sex on brain-behavior correla-
tions.

Specifically, women and men were scanned during the en-
coding and retrieval phases of an object-location source memory
paradigm. The experimental design was such that it allowed us to
dissociated event-related activation related to successful encoding
and retrieval of object-location associative memories (source hits)
and object-only item memory (source failures).

Multivariate task partial least squares (T- PLS) and behavior
PLS (B-PLS) were used to test the hypotheses that: (1) sex dif-
ferences exist in mean levels of brain activity during successful
encoding and retrieval of object-location spatial context associa-
tions using T-PLS, and (2) sex differences exist in brain activity-
memory performance correlations at encoding (subsequent mem-
ory effect) and retrieval of object-location association (source hits)
using B-PLS. We further explored whether any apparent sex dif-
ferences in task-related activity or activity-performance correla-
tions differed in older adults with an apolipoprotein E ¢4 allele
(+APOE4), compared to adults without this genetic risk for AD
(-APOE4).

We selected PLS, a powerful data-driven method, due to its
ability to identify whole-brain spatially and temporally distributed
patterns of brain activity that differ across experimental conditions
and/or relate to a specific behavioral measure (McIntosh et al.,
2004). This analytic approach is ideal for understanding subtle
group differences in brain activity and brain activity-behavior cor-
relations as a function of sex and APOE4 carrier status in asymp-
tomatic older adults at higher risk for AD. Details on PLS have
been published elsewhere (Krishnan et al., 2011; McIntosh and
Lobaugh, 2004).

Importantly, in this study men and women were matched in
age, body mass index (BMI), years of education, proximity to the
age of parental AD onset (estimated years to AD onset; EYO), and
motion during the fMRI scans.
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2. Methods
2.1. Participants: PREVENT-AD Cohort

Participants were recruited for the longitudinal PRe-
symptomatic EValuation of Experimental or Novel Treatments
for Alzheimer’s Disease (PREVENT-AD) program, an observational
cohort study of asymptomatic older adults with first-degree
family history of AD in Montreal, Canada (Breitner et al., 2016).
We evaluated baseline data in 88 age- and education-matched
healthy older adults with elevated risk of AD due to family history
who were enrolled up to August 31st, 2017 (i.e., data release
5.0) and participated in the task fMRI portion of the study (see
below). From the full sample, we excluded participants based on
confounding genetic factors (i.e., APOE2 carriers, n = 34; APOE44
homozygotes, n = 7; unavailable genotype, n = 3); having below-
chance performance or fewer than eight trials per response type in
the task fMRI protocol (n = 95); and poor fMRI image resolution
(n = 32). Because this sample was heavily unbalanced with respect
to sex (43 men compared to 128 women), we selected a subset
of 43 women matched in age, education, and APOE4 carrier status
to the original sample of men. After excluding age outliers, our
final sample comprised 80 older adults (40 men and 40 women;
Mage = 63.03+3.78; Megycation = 15.41+3.40).

2.2. Protocol

Enrolment criteria for the PREVENT-AD trial (Breitner et al.,
2016) as well as a description of the baseline task (Rabipour et al.,
2020) are described elsewhere. Briefly, all participants had at least
one parent or multiple siblings diagnosed with sporadic AD or
a condition suggesting Alzheimer’s-like dementia within 15 years
(Tschanz et al., 2013). At baseline and during each subsequent
follow-up assessment, participants performed neuropsychological
tests as well as an object-location memory task in the scan-
ner, described below. Here we focus on baseline analyses of the
task-related fMRI based on self-identified biological sex. For more
information on PREVENT-AD, see: douglas.qc.ca/page/prevent-
alzheimer-the-centre.

2.3. Determination of Family History of AD

A brief questionnaire from the Cache County Study on Memory
Health and Aging (Utah, USA) determined that all participants had
a parent or multiple siblings: (1) who had troubles with memory
or concentration that was sufficiently severe to cause disability or
loss of function; (2) for whom the condition had insidious onset
or gradual progression and was not an obvious consequence of a
stroke or other sudden insult.

2.4. APOE Genotyping

Genetic characterization was completed via blood draw, as pre-
viously described (Gosselin et al., 2016). DNA was isolated from
200 pl of the blood sample using QIASymphony and the DNA
Blood Mini QIA kit (Qiagen, Valencia, CA, USA). APOE gene variant
was determined using pyrosequencing with PyroMark Q96 (Qiagen,
Toronto, ON, Canada). We defined -APOE4 as APOE e3/3 genotype
and +APOE4 as APOE e3/4 genotype.

2.5. Neuropsychological Testing

Neuropsychological assessments took approximately 40 minutes
to administer and were completed prior to every testing session.
The test battery included:

The Alzheimer-Dementia Eight Scale (AD8), an eight-item screen-
ing tool. The AD8 items index memory, orientation, judgment, and
function. A score of two or above suggests impaired cognitive func-
tion (Galvin et al., 2005).

The Clinical Dementia Rating (CDR), a five-point scale used to
characterize memory, orientation, judgment & problem solving,
community affairs, home & hobbies, and personal care (Berg,
1984). The information for each rating is obtained through a semi-
structured interview of the patient and a reliable informant or col-
lateral source (e.g., family member).

The Montreal Cognitive Assessment (MoCA), a brief cognitive
screening tool sensitive to mild declines in cognitive function
(Nasreddine et al., 2004).

The Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS), a battery of neuropsychological assessments aim-
ing to identify abnormal cognitive decline in older adults (Ran-
dolph, Tierney, Mohr, & Chase, 1998). The RBANS provides scaled
scores for five cognitive indices: immediate memory, visuospatial
construct, language, attention, and delayed memory. We included
these scaled scores, as well as the total score, in our analyses. Dif-
ferent versions of the RBANS were used in follow-up sessions to
prevent practice effects.

2.6. Task fMRI: behavioral protocol

Participants were instructed to lie supine in a 3T Siemens Trio
scanner (see below), while performing a source memory task pro-
grammed in E-Prime version 1.0 (Psychology Software Tools, Inc).
The task comprised an initial encoding phase followed by a subse-
quent retrieval (test) phase.

During the initial encoding phase, participants were cued (10s)
to memorize a series of 48 colored line drawings of common ob-
jects from the BOSS database (Brodeur, Guerard, & Bouras, 2014) in
their spatial location (i.e., to the left or right of a central fixation
cross). Each object was presented for 2000ms followed by a vari-
able inter-trial interval (ITI; durations of 2200, 4400, or 8800ms;
mean ITI = 5.13s) to add jitter to the fMRI data collection (Dale &
Buckner, 1997). Following the encoding phase, there was a 20-min
delay during which participants received structural MRI scans.

Following the 20-minute delay, a cue (10s) alerted participants
to the beginning of the retrieval phase. During retrieval, partici-
pants were presented with 96 colored drawings of common ob-
jects: 48 ‘old’ (i.e., previously encoded) stimuli and 48 novel ob-
jects, in randomized order. Each object was presented in the cen-
ter of the screen for 3000ms, with variable ITI (2200, 4400, or
8800ms). All participants used a fiber-optic 4-button response box
to make task-related responses, and had an opportunity to famil-
iarize themselves with the response choices during a practice ses-
sion prior to testing. For each retrieval object, participants made a
forced-choice between four-alternative answers: (1) “The object is
FAMILIAR but you don’t remember the location”; (2) “You remember
the object and it was previously on the LEFT”; (3) “You remember
the object and it was previously on the RIGHT”; and (4) “The ob-
ject is NEW”. Thus (1) responses reflected object recognition and
associative source memory failure (object only retrieval), (2) and
(3) responses reflect associative recollection of object-location as-
sociations (i.e., source hits) if the location endorsed was correct, or
source misattributions (i.e., source failures) if the location endorsed
was incorrect and (4) responses reflected either correct rejections
of novel objects or failed retrieval (“misses”). Responding (1)-(3) to
new objects reflected false alarms.

2.7. fMRI data acquisition

Functional magnetic resonance images were acquired with a 3T
Siemens Trio scanner using the standard 12-channel head coil, lo-
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cated at the Douglas Institute Brain Imaging Centre in Montreal,
Canada. T1-weighted anatomical images were acquired after the
encoding phase of the fMRI task using a 3D gradient echo MPRAGE
sequence (TR=2300 msec, TE=2.98 msec, flip angle=9°, 176 1mm
sagittal slices, 1 x 1 x 1 mm voxels, FOV=256 mm). Blood Oxy-
genated Level Dependent (BOLD) images were acquired using a
single-shot T2* -weighted gradient echo-planar imaging (EPI) pulse
sequence with TR = 2000 msec, TE = 30 msec, FOV = 256 mm.
Brain volumes with 32 oblique slices of 4mm thickness (with no
slice gap) were acquired along the anterior-posterior commissural
plane with in-plane resolution of 4 x 4 mm.

A mixed rapid event-related design was employed to collect
task-related blood oxygen level dependent (BOLD) activation dur-
ing performance of the memory task (see above). Visual task
stimuli were generated on a computer and back-projected onto a
screen in the scanner bore. The screen was visible to participants
lying in the scanner via a mirror mounted within the standard
head coil. Participants requiring correlation for visual acuity wore
plastic corrective glasses.

2.8. Data analysis

2.8.1. Preprocessing of fMRI data

We converted reconstructed images to NIfTI format and prepro-
cessed them using in Statistical Parametric Mapping software ver-
sion 12 (SPM12). All functional images were realigned to the first
image and corrected for movement artifacts using a 6-parameter
rigid body spatial transform and a partial least squares approach.
Functional images were then spatially normalized to the MNI
EPI-template using the “Old Normalize” method in SPM12 at
4 x 4 x 4 mm voxel resolution, and smoothed using an 8 mm
full-width half-maximum (FWHM) isotropic Gaussian kernel. Par-
ticipants with head motion exceeding 1 mm in the x, y, or z axis
during encoding and retrieval were excluded from further analy-
ses. Participants with movements that could not be sufficiently re-
paired, resulting in distorted brain images as judged by an exam-
iner, were excluded from further analysis. To be included in fur-
ther analyses, all participants were required to have a minimum
of eight observations per event type (i.e., object recognition and
source recollection).

2.8.2. Behavioral analyses

We performed behavioral data analyses on neuropsychologi-
cal tests and episodic memory task performance using JASP ver-
sion 0.9.2, R version 3.4.1, and Psychometrica (available via: www.
psychometrica.de). We used a significance threshold of p = 0.05
with Greenhouse-Geisser corrections for sphericity and Holm-
Bonferroni corrections for multiple comparisons, where applicable.

2.8.2.1. Neuropsychological tests. We tested for sex differences in
AD8, MoCA, and CDR scores using independent samples t-tests,
and RBANS subscale scores using multivariate analysis of variance
(MANOVA). We included self-reported sex (female, male) as the in-
dependent factor and test scores as the dependent variables.

2.8.2.2. Episodic memory task. We calculated performance scores
and mean reaction time (RT) for men and women, for the follow-
ing event/response types: (1) correct object-only recognition with
source failure (referred to as source failure) when participants cor-
rectly recognized old objects but could not recollect the spatial
source (endorsed ‘familiar’) and/or when they correctly recognized
an object but endorsed the wrong spatial source (source misattri-
bution); (2) correct object-location source retrieval, which we re-
fer to as source hits; (3) false alarms (incorrectly identifying new
objects as old); (4) misses (incorrectly identifying old objects as

new); and (5) correct rejections (correctly identifying new objects).
We computed total hits using the sum of source hits + source fail-
ures, and then calculated the proportion of source hits/total hits
and proportion of source failures/total hits. We further examined
d’, computed as overall standardized hit rate minus standardized
false alarm rate, as a measure of sensitivity, and ¢, computed by
multiplying the average of the standardized hit and false alarm
rates by -1, to measure response bias (Stanislaw & Todorov, 1999).
We used MANOVA to evaluate sex differences on raw accuracy and
response time (RT) measures, and as well as the proportion of to-
tal hits that were correct object-location source associations (i.e.,
source hits) vs. object-only recognitions (i.e., source failures).

2.8.3. fMRI analyses

We performed spatio-temporal partial least squares (PLS) anal-
yses using PLSGUI software (https://www.rotman-baycrest.on.ca/
index.php?section=84) to identify whole-brain spatially and tem-
porally distributed patterns of brain activity across experimen-
tal conditions and related to performance (McIntosh et al., 2004;
see description of PLS advantages above). We conducted mean-
centered task partial least squares (T-PLS) to identify group sim-
ilarities and differences in event-related activity during success-
ful object-location associative encoding and retrieval, and behav-
ior partial least squares (B-PLS) to examine group similarities
and differences in the correlations between event-related activ-
ity and the proportion of total hits that were correct object-
location source associations vs. object-only recognitions. Details
on PLS have been published elsewhere (Krishnan et al, 2011;
McIntosh and Lobaugh, 2004).

As previously described (Rabipour et al., 2020), for both T-PLS
and B-PLS we averaged the event-related data for each partici-
pant across the entire time series and integrated these with task
phase (i.e., encoding vs. retrieval). PLS fMRI data were stacked into
a between group data matrix wherein participants were nested
within event-types; event-types were nested within group; and
data for the group of Men were stacked above data for the group
of Women. The following five event and/or response-types were
stacked as follows: (1) encoding events in which participants sub-
sequently remembered object-location source associations (ENC-
Source Hit); (2) encoding events in which participants subse-
quently remembered only the object identified, but failed to recall
spatial source information or endorsed the wrong spatial source
(ENC-Source Fail); (3) retrieval events for which participants cor-
rectly recalled object-location source associations (RET-Source Hit);
(4) retrieval events for which participants correctly recalled only
the object identity, but failed to recall spatial source association
or endorsed the wrong spatial source (RET-Source Fail); and (5)
events where subjects correctly identified ‘new’ stimuli as ‘new’
at retrieval (Correct Rejections). This fifth task condition was only
represented in the fMRI data matrix used in the Task PLS analysis.
The stacked data matrix contained the fMRI data for each event
onset (time lag = 0) with seven subsequent time lags, representing
a total of 14s of activation after event onset (TR = 2s x 7 = 14 s).
All participants analyzed had a minimum of eight correct events
per event (condition) type. There was no signal at lag 0 because
data were baseline corrected to the event onset. Therefore, sig-
nal in subsequent lags was expressed as percentage deviation from
event onset.

2.8.3.3. Task PLS (T-PLS). We mean centered the fMRI data column-
wise during the encoding and retrieval phases of the episodic
memory task, to evaluate whole-brain similarities and differences
in brain activity related to encoding and retrieval of object-location
associations in men compared to women. PLS performs singular
value decomposition on the stacked data matrix to express the
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cross-covariance between the fMRI data and each condition into
a set of mutually orthogonal latent variables (LVs). The number
of LVs produced is equivalent to the number of event- types in-
cluded in the analysis. Thus, this analysis yielded eight LVs (4
event-types * 2 groups). Each mean-centered LV comprises: (1) a
singular value reflecting the amount of covariance accounted for
by the LV; (2) a design salience, depicted as a set of contrasts
in the design salience plots (see results) that represent the re-
lationship between tasks in each group and the pattern of brain
activation; and (3) a singular image representing the numeri-
cal weights or “brain saliences” assigned to each voxel at each
TR/time lag (i.e., the contribution of a region at each TR), yield-
ing a spatio-temporal pattern of whole-brain activity that corre-
sponds to the contrast effect identified by the design salience plot.
Design saliences and brain saliences can be either positive or neg-
ative: positive brain saliences (depicted as warm-colored regions
in the singular images) are positively correlated to positive de-
sign saliences, whereas negative brain saliences (depicted as cool-
colored regions in the singular images) are positively correlated
with negative design saliences (and vice-versa; Krishnan et al,
2011; McIntosh and Lobaugh, 2004). Thus, the pattern of whole
brain activity shown in the singular image is symmetrically associ-
ated with the contrast effect identified by the design salience plot.

2.8.3.4. Behavior PLS (B-PLS). We used B-PLS to analyze whole-
brain similarities and differences in brain activity directly corre-
lated with source hits and source failures during encoding and re-
trieval between men and women. We stacked the behavioral vec-
tor containing source hits vs. failures as a proportion of total hits
in the same order as the fMRI data matrix (i.e., participant within
group). As in the T-PLS, B-PLS performed singular value decom-
position of the stacked cross-correlation matrix to yield eight LVs.
However, rather than design saliences, B-PLS analysis yields: (1) a
singular value, reflecting the amount of covariance explained by
the LV; (2) a singular image consisting of positive and negative
brain saliences, and (3) a correlation profile depicting how par-
ticipants’ retrieval accuracy (proportion of source hits vs. failures)
correlates with the pattern of brain activity identified in the sin-
gular image. The correlation profile and brain saliences represent a
symmetrical pairing of brain-behavior correlation patterns for each
group to a pattern of brain activity, respectively. As with the T-
PLS analysis, brain saliences can have positive or negative values,
and reflect whether activity in a given voxel is positively or nega-
tively associated with the correlation profile depicted. Thus, nega-
tive correlations on the correlation plot indicate a negative correla-
tion between performance and positive brain saliences (depicted as
warm-colored regions in the singular image), but a positive corre-
lation between performance and negative brain saliences (depicted
as cool-colored regions in the singular image). Conversely, positive
correlations indicate a positive correlation between performance
and positive brain saliences, but a negative correlation between per-
formance and negative brain saliences.

In addition, we computed temporal brain scores for each signif-
icant LV of the T-PLS and B-PLS. Similar to factor scores, temporal
brain scores determine how strongly each participant’s data reflect
the pattern of brain activity expressed in the singular image in re-
lation to its paired design salience (T-PLS) or correlation profile (B-
PLS), at each time lag (McIntosh et al., 2004). The brain scores are
plotted with standard error of the mean (SEM) for each task con-
dition alongside the paired singular image for each significant LV
and are used to interpret the LV effects. For each significant LV, we
also report peak coordinates from time lags at which the temporal
brain score profiles maximally differentiated the effects identified
each LV (lags 2-5 post event/condition onset, or 4-10s after event
onset). We converted these peak coordinates to Talairach space us-

ing the icbm2tal transform (Lancaster et al., 2007) as implemented
in GingerAle 2.3 (Eickhoff et al., 2009). Because our acquisition in-
completely acquired the cerebellum, peak coordinates from this re-
gion are not reported. We used the Talairach and Tournoux atlas
(Talairach and Tournoux, 1998) to identify the Brodmann area (BA)
localizations of significant activations.

2.8.3.5. Significance assessment of PLS. We assessed the significance
of each LV in the T-PLS and B-PLS through 1000 permutations in-
volving resampling without replacement from the data matrix to
reassign the order of task conditions within participant. We de-
termined the stability of the brain saliences using 500 bootstrap
samples to calculate standard errors of voxel saliences for each LV,
sampling participants with replacement while maintaining the or-
der of task conditions for all participants. Significant voxels were
those with bootstrap ratios >3.28 (positive salience brain regions)
or < -3.28 (negative salience brain regions), corresponding to p <
0.001, with a minimum spatial extent of 10 contiguous voxels.

2.8.3.6. Post hoc analyses. To validate our interpretations of the T-
PLS effects observed, we conducted post-hoc between sex (2: men,
women) - by - phase (2: encoding, retrieval) - by event/response
type (2: source hit, source failure) repeated measures ANOVAs
on the brain scores of significant LVs. Brain scores represent the
weighted contribution of each participant to the LV effects identi-
fied. In addition, since the task PLS analysis included a fifth con-
ditions (correct rejections) we also conducted a post-hoc between
sex 2 - by - 5 event/response type repeated ANOVAs for T-PLS
LVs if correct rejections contributed to the effect identified. For
B-PLS, we explored differences in the correlations between brain
scores and performance scores based on sex, at each task condi-
tion. We used a significance threshold of p = 0.05, and applied
Greenhouse-Geisser corrections for sphericity and Bonferroni cor-
rections for multiple comparisons, where applicable.

We also investigated the potential influence of APOE4 genotype
on task-related brain activity and brain-behavior correlations in
women compared to men. We performed exploratory post hoc be-
tween sex and APOE4 carrier status (i.e., -APOE4 vs. +APOE4) 2 x 2
repeated measures ANOVAs and MANOVAs, on brain scores as de-
scribed above for T-PLS. For B-PLS, we explored differences in the
correlations between brain scores and performance scores based
on sex and APOE4 carrier status, at each task condition. We used a
significance threshold of p = 0.05, and applied Greenhouse-Geisser
corrections for sphericity and Bonferroni corrections for multiple
comparisons, where applicable. Because of our limited sample size
(16 +APOE4 out of 40 men, and 21 +APOE4 out of 40 women),
these results are reported as Supplemental Results.

3. Results
3.1. Behavioral performance

Women and men were matched in demographics, including age
and years of education. (Table 1a). In addition, we found no signif-
icant sex differences in body mass index (BMI), proximity to the
age of parental AD onset (estimated years to AD onset; EYO), pres-
ence of AD-related biomarkers including the ratio of tau:Ag in the
cerebrospinal fluid, number of participants undergoing hormone
replacement therapy, and motion during the fMRI scans (t(775) <
153, p > 0.13).

3.1.1. Neuropsychological performance

Table 1b shows participant scores on the neuropsychological
tests. We found a significant main effect of sex on MoCA total
score, whereby women performed better than men (tg) = 3.17,
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Table 1a
Participant demographics represented as mean values + standard deviation
Women (N = 40) Men (N = 40)

Proportion of the full sample that had an +APOE4 genotype 21 (53%) 16 (40%)
Age 63.13 + 3.90 62.94 + 3.74
BMI 25.92 4+ 4.52 27.34 + 3.79
Years of Education 15.40 + 3.75 15.43 + 3.06
Age proximity to parental diagnosis (EYO) 10.77 + 7.44 9.31 £ 8.29
Tau:Ap Ratio 0.26 £+ 0.13 0.36 + 0.27
Hormone Replacement Therapy (n) 7 2
Hysterectomy (n) 8 -
On prescription benzodiazepine for treatment of anxiety (n) 2 1
On prescription for treatment of depression (n) 9 5
fMRI motion 0.044 + 0.18 0.04 + 0.10
Total Gray Matter Volumes (adj. by total intracranial volumes)  0.50 + 0.02 0.49 + 0.02*

Note: Welch’s independent samples t-tests indicated no significant sex differences in mean demographic
variables (t(;75<1.53, p>.13), except for total gray matter volumes after adjusting for total intracranial vol-
ume (t (777= -2.834, p =.006), which indicated women had more gray matter volume than men. Cere-
brospinal fluid data not available in 22 women and 27 men. None of the participants were diagnosed with
Type 1 or 2 diabetes at time of testing. Total gray matter and total intracranial volumes were calculated for
baseline PREVENT-AD data using the methods described in (Aubert-Broche et al., 2013).

* indicates significant at p < 0.05.

Table 1b
Neuropsychological performance represented as mean values +
standard deviation

Women Men
MoCA 28.50* + 1.26 27.40 + 1.80
AD8 0.08 + 0.27 0.25 £ 0.63
CDR 0.00 £ 0.00 0.04 £ 0.13
Immediate Memory  104.54 + 11.98 104.64 + 10.06
Visuospat. Constr. 95.87 + 13.25 91.97 + 13.27
Language 100.13 + 9.03 99.03 + 8.07
Attention 106.85 + 15.54  104.31 + 14.62
Delayed Memory 101.97 + 9.87 103.10 + 9.20
RBANS Total 102.10 £+ 10.59 100.39 + 9.28

Key:MoCA, Montreal Cognitive Assessment; ADS8, Alzheimer-
Dementia Eight Scale; CDR, Clinical Dementia Rating; RBANS,
Repeatable Battery for the Assessment of Neuropsychological
Status.

RBANS data missing from one man and one woman who did
not receive the test. There was a significant group difference in
MoCA score *t7g)y = 3.17, p = .002, Cohen’s d = .71

p = 0.002, Cohen’s d = 0.71). Following up on this effect revealed
that six men - but no women - scored below the clinical cutoff
of 26 (X2 = 6.49, p = 0.01). We found no significant effect of sex
on AD8 or CDR scores (p > 0.05). Similarly, MANOVA on RBANS
subscales revealed no significant sex differences in RBANS perfor-
mance (Wilk’s A = 0.96, Fg71) = 0.54, p = 0.77). Overall, women
and men demonstrated largely comparable neuropsychological per-
formance.

3.1.2. Task fMRI: episodic memory task performance

The behavioral results from the object-location associative
memory task are presented in Table 1c. The MANOVA revealed no
significant sex differences in task performance (Wilk's A = 0.94,
Fi574) = 095, p = 045) or RT (Wilk's A = 0.89, Fg7) = 1.80,
p = 0.11). Between-groups (i.e., sex) repeated measures ANOVA
examining differences in RT by response type revealed significant
response type differences in RT (F39429053) = 67.73, p < 0.0001,
np? = 0.48;). Both men and women had significantly longer RT for
FA trials compared to source hits, source misattributions, misses,
and correct rejections (t7g) > 6.95, p < 0.0001, Cohen’s d > 0.79),
and significantly faster RT for correct rejections compared to all
other trials (t(79) >7.27, p < 0.0001, Cohen’s d > 0.83), with the
exception of correct source hits. Of trials presenting “old” (i.e., pre-
viously viewed) objects, participants had the fastest RT for source

Table 1c
Episodic memory task performance and RT represented as mean val-
ues + standard deviation

Women Men

% Total Hits 85.21 + 10.75  82.29 £+ 12.72
% Source Hits 55.37 + 13.69  52.14 + 16.16
% Source Failures 17.66 + 9.83 16.35 + 12.29
% Source Misattributions 12.19 + 6.27 13.80 + 5.89
% Misses 14.79 + 10.75 17.71 £ 12.72
% False Alarms 13.97 + 10.07 15.68 + 12.79
% Correct Rejections 86.25 + 10.14 84.06 + 12.82
Proportion Source Hits 0.64 + 0.12 0.62 + 0.14
Proportion Source Fails 0.36 £ 0.12 0.38 £ 0.14
d 0.17 £ 1.38 -0.26 £+ 1.50
C -0.04 £+ 0.59 -0.002 + 0.83
Source Hits (sec) 1.67 £ 0.31 1.79 £ 0.30
Source Failures (sec) 2.28 £ 0.61 2.45 + 0.64
Source Misattributions (sec) 2.03 + 0.50 2.17 £ 042
Misses (sec) 1.94 + 048 2.13 £ 0.52
False Alarms (sec) 2.53 £ 0.55 245 +£ 047
Correct Rejections (sec) 1.62 + 0.28 1.68 + 0.34

hits (t7z9y > 5.73, p < 0.0001, Cohen’s d >0.65). Thus, women
and men exhibited similar performance on the behavioral task and
made significantly faster source hits and correct rejection decisions
than other decision types (Fig. 1).

3.2. fMRI results

3.2.1. Task PLS results

The Task PLS (T-PLS) analysis yielded four significant LVs (p
< 0.04). The first significant LV (LV1, p < 0.001) accounted for
48.16% of the cross-block covariance and identified brain regions
in which activity significantly differed during correct rejections and
encoding, compared to retrieval, in both groups (Fig. 2A). The brain
scores plot with SEM indicates that LV1 identified brain regions
that were differentially activated during the successful encoding
of object-location associations and objects only (source hits and
source failures, respectively) and the perception of novel objects
(correct rejections), compared to the successful retrieval of previ-
ously seen object-location associations and objects only, in both
sexes. The post-hoc 2 x 2 x 2 repeated measures ANOVA of brain
scores for LV1 confirmed significant phase (F(;7g) = 142. 64 p <
0.001) and task (F75) = 5.45 p = 0.02) effects, consistent with
our interpretation. Table 2 lists the local maxima from LV1. In both
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Fig. 1. Source hits and source failures, calculated as a proportion of total hits, in women and men. Shaded regions represent 95% CI.

men and women, the positive salience brain regions were more ac-
tive during retrieval, compared to encoding and correct rejections,
whereas the negative salience brain regions were more active dur-
ing encoding and correct rejections, compared to retrieval. Positive
salience regions included bilateral medial and lateral prefrontal
cortex (PFC), posterior cingulate and precuneus, inferior parietal,
medial temporal, and lateral occipital cortices. Negative salience
regions included bilateral ventromedial/orbital and superior PFC
and lateral middle temporal cortices, and right fusiform cortex.

LV2 of the T-PLS accounted for 18.64% of the cross-block co-
variance (p < 0.001). The brain score plot and singular image pre-
sented in Fig. 2B indicate that this LV identified brain regions dif-
ferentially activated during the successful encoding of both object-
location associations and objects only (source hits and source fail-
ures, negative salience brain regions), compared to correct re-
jections of new items (positive salience brain regions), in both
sexes. The post-hoc 2 x 5 repeated measures ANOVA with pair-
wise comparisons confirm a significant effect of task condition (F
(4, 312) = 64.21, p < 0.001) due to the brain scores associated with
correct rejections being significantly different from all other task
conditions (p < 0.001). The local maxima for LV2 are presented
in Table 3. Positive salience regions included bilateral precentral
gyrus, occipital gyrus and right ventrolateral PFC. Negative salience
brain regions included bilateral medial, orbital and dorsal/superior
PFC, middle temporal, temporo-parietal, and medial occipital cor-
tices, and the right parahippocampal cortex.

LV3 of the T-PLS accounted for 10.52% of the cross-block covari-
ance (p = 0.004). The brain scores plot indicates that LV3 identi-
fied sex differences in event-related activity during encoding and
retrieval (Fig. 2C). Specifically, positive salience brain regions were
more active during the encoding and retrieval of object-location
associations (source hits) compared to the encoding and retrieval
of objects only (source failures) (negative salience brain regions) in
men. Women exhibited the same pattern of increased activity in
positive salience brain regions only during object-location associa-
tive source retrieval. The post-hoc 2 x 2 x 2 repeated measures
ANOVA of brain scores confirmed a significant sex-by-task condi-

tion interaction (F(;7g) = 22.73 p < 0.001) and a significant mem-
ory phase - by - task condition interaction (F(;7g) = 22.61, p <
0.001). The local maxima for LV3 are presented in Table 4. Posi-
tive salience brain regions included caudate, bilateral superior and
middle temporal cortex, dorsal occipital cortex, medial cingulate,
inferior parietal cortex, and precuneus. The few negative salience
brain regions included bilateral ventrolateral PFC and insula. Thus,
this LV identified activations related to encoding and object-only
retrieval that were specific to men.

LV4 of the T-PLS accounted for 7.49% of the cross-block covari-
ance (p = 0.04). Because this LV accounted for so little variance
and identified few significant activations, we present this LV in the
Supplementary Results section of this paper.

To summarize, LV1 and LV2 from the T-PLS results identified
similarities in brain activity during memory encoding and retrieval
in women and men. LV3 identified sex differences in brain activity
and indicated that men activated different brain regions during the
encoding and retrieval of object-location associations (source hits),
compared to objects only (source failures).

3.2.2. Behavior PLS results

The Behavior PLS (B-PLS) yielded one significant LV (p = 0.02),
which accounted for 21.56% of the cross-block covariance and iden-
tified sex differences in brain-behavior correlations (Fig. 3). Table 5
lists the local maxima for the significant brain regions. The brain-
behavior correlation plot indicates that, in women, activity in pos-
itive salience brain regions during encoding correlated with bet-
ter subsequent retrieval of both object-location associations and
object-only information. In contrast, activity in negative salience
brain regions during retrieval correlated with better retrieval of
both source and object-only information. In men, this LV identi-
fied brain regions in which activity during retrieval was differen-
tially correlated with the retrieval of source information, compared
to the retrieval of object-only information with source failures.
Specifically, in men, activity in positive salience brain regions cor-
related with better source retrieval and activity in negative salience
brain regions correlated with better object-only retrieval. Posi-
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Fig. 2. Design salience plot and singular image representing brain activity patterns by condition for (A) LV1, (A) LV2, and (C) LV3 revealed by the T-PLS analysis. LEFT: Error
bars on design salience plots represent standard error of the mean. Positive brain scores indicate conditions in which activity was greater in positive brain salience regions
(shown in warm tones in the singular images) and vice versa. Negative brain scores indicate conditions in which activity was greater in negative brain salience regions
(shown in cool tones in the singular images) and vice versa. RIGHT: Singular images representing peak coordinates thresholded at a bootrstrap ratio of +3.28. Warm-toned
brain regions represent positive brain saliences; cool-toned regions represent negative brain saliences. Activations are presented on template images of the lateral and medial
surfaces of the left and right hemispheres of the brain using Caret software (http://brainvis.wustl.edu/wiki/index.php/Caret:Download).

tive salience brain regions included bilateral insula, and posterior
cingulate and/or retrosplenial cortex. Negative salience brain re-
gions included medial prefrontal/anterior cingulate, parahippocam-
pal and medial occipital cortices. The post hoc analysis of the B-
PLS indicated a significant sex-by-event-type interaction during re-
trieval of object-location associations. Specifically, women demon-
strated a negative correlation between performance and positive
brain salience regions (r = -0.51), whereas men showed a posi-
tive correlation between performance and positive brain salience
regions (r = 0.62; Z = 5.54, p < 0.001).

Therefore, the B-PLS analysis revealed sex differences in brain-
behavior correlations. In women, better encoding of object-location

association and of objects alone was correlated with greater activ-
ity in the same positive salience brain regions; and better retrieval
of object-location associations and of object information alone was
correlated with greater activity in the same negative salience brain
regions. In men, better retrieval of object-location associations en-
gaged distinct brain regions, compared to retrieval of objects alone.

4. Discussion

Late onset AD disproportionately affects women, compared to
men (Gamache et al., 2020; Irvine et al., 2012; Mazure and Swend-
sen, 2016). Episodic memory decline is one of the most consis-
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Table 2
Local maxima revealed for LV1 of the T-PLS analysis
Temporal lag  Bootstrap ratio  Spatial extent (voxels)  Talairach coordinates  Gyral location Brodmann area
X Y z

Positive Salience Regions
Right Hemisphere

5 10.01 1995 2 -74 48 Precuneus 7

2 6.93 228 35 -76 34 Superior Occipital Gyrus 39
2,5 6.60 211 36 10 38 Precentral Gyrus 49
5 6.31 123 18 51 -1 Superior Frontal Gyrus 10
5 5.27 72 29 21 -4 Insula 47
Left Hemisphere

34 12.07 10910 -31 21 6 Insula

4 11.22 8742 -9 -69 37 Precuneus 7

2 9.28 1245 -39 -76 32 Angular Gyrus 39
2 7.62 675 -16 6 1 Putamen

5 7.50 150 -1 -34 23 Posterior Cingulate 23
2,5 7.19 292 -38 50 16 Middle Frontal Gyrus 6,9,10
5 5.68 255 -16 -8 -4 Medial Globus Pallidus

2,5 5.38 164 -9 13 49 Superior Frontal Gyrus 6,10
4 3.97 10 -68 34 -7 Middle Temporal Gyrus 21
3 3.87 15 49  -51 9 Superior Temporal Gyrus 39

Negative Salience Regions
Right Hemisphere

2,5 -6.66 347 47 -53 -14 Fusiform Gyrus 19,37
2 -4.73 206 6 38 55 Superior Frontal Gyrus 8

5 -4.56 11 46 -7 51 Precentral Gyrus 6

2 -4.27 17 17 -93 10 Cuneus 18

5 -4.13 39 36 -89 7 Middle Occipital Gyrus 19

3 -4.03 11 14 28 11 Caudate

Left Hemisphere

2,345 -8.82 409 -43 -29 58 Postcentral Gyrus 1,23
45 -8.73 170 -4 22 -12 Subcallosal Gyrus 25
2,3 -8.05 163 -4 37 -10 Anterior Cingulate 32

2 -5.57 111 -1 23 -15 Medial Frontal Gyrus 25

2 -5.23 246 -35 -91 -5 Inferior Occipital Gyrus 18

3 -4.84 37 -56  -15  -16 Inferior Temporal Gyrus 21
4,5 -4.75 28 -16 39 54 Superior Frontal Gyrus 8

5 -4.73 32 -49  -15 -12 Middle Temporal Gyrus 21
2,5 -4.37 34 -60 -1 0 Superior Temporal Gyrus 22,41
5 -3.97 17 -16 -82 14 Cuneus 17

2 -3.79 15 -20 -89 14 Middle Occipital Gyrus 18

We report only lags 2-5, and clusters with a spatial threshold of at least 10 continuous voxels with brain saliences >3.28 times greater
than the bootstrap standard error. We converted these peak coordinates to Talairach space and used the Talairach and Tournoux atlas
to identify the Brodmann area localizations of significant activations.
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Fig. 3. Correlations between brain activity and task performance by condition, revealed by the only significant LV of the B-PLS analysis. LEFT: Bars represent brain-behavior
correlations for each group, by condition. Positive correlations indicate conditions in which performance was positively associated with activity in positive brain salience
regions (shown in warm tones in the singular images) and vice-versa. Negative correlations indicate conditions in which performance was positively associated with activity
in negative brain salience regions (shown in cool tones in the singular images) and vice-versa. Error bars represent standard error of the mean. RIGHT: The singular image
thresholded at a bootstrap ratio of +3.28, depicting the identified negative brain saliences in cool tones. Activations are presented on template images of the lateral and
medial surfaces of the left and right hemispheres of the brain using Caret software (http://brainvis.wustl.edu/wiki/index.php/Caret:Download).
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Table 3
Local maxima revealed for LV2 of the T-PLS analysis

Temporal lag  Bootstrap ratio  Spatial extent (voxels)

Talairach coordinates

Gyral location Brodmann area

X Y z
Positive Salience Regions
Right Hemisphere
34 9.06 648 28 -85 4 Middle Occipital Gyrus 18
3 4.68 95 39 3 30 Precentral Gyrus
34 4.45 31 32 -10 44 Middle Frontal Gyrus 6
3 433 22 24 -51 43 Precuneus 7
3 419 14 25 29 -3 Inferior Frontal Gyrus 47
Left Hemisphere
3 9.72 862 -35  -25 48 Precentral Gyrus 4
3 8.62 555 -38 -75  -11 Fusiform Gyrus 19
4 6.27 185 -20 -93 13 Middle Occipital Gyrus 18
2,4 6.01 192 -57 -24 44 Postcentral Gyrus 23
3 5.62 58 49 -22 16 Insula
Negative Salience Regions
Right Hemisphere
2,4 -8.35 1001 35 -30 60 Precentral Gyrus 4
3 -6.20 200 39 -30 56 Postcentral Gyrus 3
4 -5.36 86 40 -34 -9 Parahippocampal Gyrus 36
3,5 -5.35 493 55 -26 -22 Inferior Temporal Gyrus 20
5 -5.32 1276 10 -98 -8 Lingual Gyrus 18
4,5 -5.26 186 47 29 -7 Inferior Frontal Gyrus 10,47
3,4 -4.89 196 32 24 43 Middle Frontal Gyrus 8
2,3,5 -4.77 53 14 48 38 Superior Frontal Gyrus 8,9,10
2 -4.39 17 25 -17 3 Lentiform Nucleus
2 -4.12 12 14 24 10 Caudate
5 -4.08 48 3 -14 10 Thalamus
4 -4.07 15 62 42 -6 Middle Temporal Gyrus 21
4 -3.79 13 18 50 13 Medial Frontal Gyrus 10
Left Hemisphere
4,5 -9.21 277 -5 -69 41 Precuneus 7,19
3 -8.12 347 -53 -56 27 Superior Temporal Gyrus 39
2 -7.47 2540 -1 -80 -7 Lingual Gyrus 18
4 -7.27 312 -46 -65 33 Angular Gyrus 39
34,5 -6.89 208 -56 -34 -11 Middle Temporal Gyrus 21
3,5 -6.69 194 -45 22 -9 Inferior Frontal Gyrus 47
2,3,5 -6.65 1146 -2 8 63 Superior Frontal Gyrus 6
3 -6.58 673 -5 -82 22 Cuneus 18
34 -6.43 1384 -35 13 52 Middle Frontal Gyrus 6
4 -5.81 325 -9 21 39 Cingulate Gyrus 32

We report only lags 2-5, and clusters with a spatial threshold of at least 10 continuous voxels with brain saliences >3.28 times greater
than the bootstrap standard error. We converted these peak coordinates to Talairach space and used the Talairach and Tournoux atlas

to identify the Brodmann area localizations of significant activations.

tent early signs of AD (Sperling et al., 2010). Determining whether
there are sex differences in the neural correlates of episodic
memory in cognitively intact older adults with risk factors for
AD may help advance our understanding of why more women
are diagnosed with AD, compared to men. Drawing on baseline
data from the PREVENT-AD dataset (Breitner et al., 2016), here
we examined sex differences in the neural correlates of episodic
memory performance in a sample of older adults who all had
first-degree family history of AD. Building on our previous work
(Rabipour et al., 2020), we assessed the relationship between self-
reported biological sex and brain activity from the whole-brain
perspective using PLS, a data-driven multivariate approach, and a
novel episodic memory task distinguishing object-location source
association from recognition. To account for the limited sample of
men compared to women, we analyzed a partial sample wherein
women were matched to men with respect to age, years of educa-
tion, BMI, and estimated years to symptom onset.

4.1. Few sex differences in behavior and brain activity related to
encoding and retrieval of old versus novel objects

Our analyses identified few sex differences in behavioral per-
formance. Both women and men performed generally well on neu-
ropsychological tests and in line with previously reported trends

in this population (Larouche et al., 2016). We found no significant
sex differences in performance on the episodic memory task, in-
cluding in the accuracy and RT associated with object-location as-
sociations and object-only recognition. This comparability of be-
havioral performance between women and men is unsurprising
given our prior findings in the larger PREVENT-AD baseline anal-
ysis (Rabipour et al., 2020).

The data-driven mean-centered T-PLS analysis identified gen-
eral patterns of object-only and object-location associative encod-
ing and retrieval activity that were common to both sexes (LV1,
LV2) and supported the task-related brain activation patterns we
previously found in this cohort (Rabipour et al., 2020). Women
and men exhibited similar patterns of event-related brain activity
during successful encoding vs. retrieval of object-only and associa-
tive information (LV1). Both groups demonstrated greater activity
in bilateral ventromedial/orbital and superior PFC as well as lateral
middle temporal cortices and right fusiform cortex during encod-
ing, compared to broad bilateral activity in medial and lateral PFC,
posterior cingulate and precuneus, inferior parietal, medial tem-
poral, and lateral occipital cortices at retrieval. In addition, brain
activation patterns were consistent across both sexes for the en-
coding of old objects compared to novelty detection (LV2). Women
and men exhibited more activity in bilateral medial, orbital, and
dorsal/superior PFC, middle temporal, temporo-parietal, medial oc-



52

Table 4
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Local maxima revealed for LV3 of the T-PLS analysis

Temporal lag

Bootstrap ratio

Spatial extent (voxels)

Talairach coordinates

Gyral location

Brodmann area

X Y Z
Positive Salience Regions
Right Hemisphere
3 5.51 216 39 -48 54 Inferior Parietal Lobule 40
2,3 5.31 1024 17 -21 49 Precentral /Dorsomedial Frontal Gyrus 6
2 4,73 86 43 =72 -5 Inferior Occipital Gyrus 19
3,4 4.37 13 58 -1 -2 Superior Temporal Gyrus 22,38
4 4.10 22 6 -74 51 Precuneus 7
2 3.96 63 25 27 14 Anterior Cingulate 32
2 3.95 58 10 -80 0 Lingual Gyrus
Left Hemisphere
2 5.31 195 -35 -79 29 Superior Occipital Gyrus 19
2 4.40 50 -31 -84 -1 Middle Occipital Gyrus 18
3 3.90 11 -6 -49 64 Postcentral Gyrus 7
3 3.75 11 -23 29 -1 Claustrum
4 3.61 27 20 -15 28 Caudate
2 3.53 10 -42  -76 -7 Inferior Occipital Gyrus 19
Negative Salience Regions
Right Hemisphere
5 -5.44 80 40 21 -4 Inferior Frontal Gyrus 47
4 -4.76 66 44 17 -1 Insula
4 -4.04 16 37 13 -34 Superior Temporal Gyrus 38
Left Hemisphere
4 -4.73 12 -64 -54 5 Middle Temporal Gyrus 21
5 -4.22 73 -5 13 45 Medial Frontal Gyrus 6
4 -3.81 33 -45 13 5 Insula 13

We report only lags 2-5, and clusters with a spatial threshold of at least 10 continuous voxels with brain saliences >3.28 times greater than the
bootstrap standard error. We converted these peak coordinates to Talairach space and used the Talairach and Tournoux atlas to identify the Brodmann

area localizations of significant activations.

cipital regions, and right parahippocampal cortex during the en-
coding of object-location associations and object-only information.
Conversely, novelty detection (correct rejections at retrieval), was
associated with more activity in bilateral precentral and occipital
regions and right ventrolateral PFC in both sexes.

The episodic memory-related brain activity patterns identified
in T-PLS LV1 and LV2 are consistent with those previously re-
ported for the encoding and retrieval of associative information
in older adults (Maillet and Rajah, 2014; Salami et al., 2012). In
particular, our results support greater engagement of medial or-
bitofrontal and dorsal/superior PFC, lateral middle temporal, as
well as primary and secondary sensory cortices and parahip-
pocampal cortex during visual associative encoding (de Chaste-
laine et al., 2015, 2016; Dennis et al., 2019; Sommer et al., 2005)
and of dorsal precuneus during visuospatial associative encod-
ing (Rami et al,, 2012; Schott et al., 2019). In comparison, dur-
ing episodic retrieval we found activation of medial temporal,
fronto-parietal control, and default-mode network regions such as
the posterior cingulate and inferior parietal cortices (Huo et al.,
2018; Sestieri et al., 2011). Together, findings from LV1 and LV2 of
our T-PLS analysis indicate that older women and men at risk of
AD activated similar brain regions during successful encoding and
retrieval.

4.2. Sex differences in task-related brain activity and brain
activity-behavior correlations

In addition to the above mentioned similarities in memory-
related brain activity between women and men, our analyses also
identified sex differences in task-related activation and in brain-
behavior correlations. For example, in men, LV3 from the T-PLS
identified brain regions that were differentially activated during
the encoding and retrieval of object-location associations (source
hits), compared to the encoding and retrieval of object-only infor-
mation (source failures). Also, in men, LV1 from the B-PLS iden-

tified distinct patterns of retrieval-related activity that correlated
with better associative retrieval (source hits), compared to object-
only retrieval (source failures). Therefore, distinct brain regions
supported object-location associative memory, compared to object
only memory, in older +FH men.

In contrast, older +FH women did not exhibit different pat-
terns of brain activity during the encoding and retrieval of object-
location associative memory, compared to object only memory. For
example, T-PLS LV3 demonstrated no distinct activation patterns
in women at encoding, and general activation of positive salience
areas for object-location retrieval that were common to women
and men. Also, in women, LV1 from the B-PLS identified a gen-
eral pattern of encoding-related activity that correlated with bet-
ter subsequent retrieval of object-location associations and object
only information; and a general pattern of retrieval-related activ-
ity that correlated with better associative and object retrieval ac-
curacy. Therefore, older +FH women exhibited less distinct pat-
terns of memory-related brain activity during encoding and re-
trieval, compared to older +FH men. In other words, the same set
of brain regions that support object-location encoding and retrieval
also supported object only encoding retrieval. These findings cor-
roborate our previous findings from adult lifespan sample consist-
ing of adults with no family history of AD (Subramaniapillai et al.,
2019), which also identified more generalized patterns of brain ac-
tivity in women across memory conditions.

In this prior fMRI study, adults aged 18 - 76 years of age with
no family history of AD, were scanned while encoding and retriev-
ing face-location associations (Subramaniapillai et al., 2019). The
B-PLS analysis in this study identified generalized age-related in-
creases and decreases in brain activity across encoding and/or re-
trieval in women only. These age-related differences in activation
were observed in lateral fronto-parietal cortices, medial PFC, cin-
gulate, precuneus, retrosplenial and medial temporal regions; and,
exhibited similar patterns of brain-behavior correlations across
memory conditions at encoding and retrieval.
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Local maxima revealed by LV1 of the B-PLS analysis

Temporal lag

Bootstrap ratio

Spatial extent (voxels)

Talairach coordinates

Gyral location

Brodmann area

53

X Y z
Positive Salience Regions
Right Hemisphere
5 6.18 276 32 21 0 Insula/Inferior Frontal Gyrus
5 4.83 52 10 -2 44 Cingulate Gyrus 24,31
5 4.58 106 35 -24 42 Postcentral Gyrus 3
5 4.16 34 35 -50 33 Supramarginal Gyrus 40
5 3.88 10 36 10 35 Precentral Gyrus 6
Left Hemisphere
5 4.19 40 24  -24 45 Precentral Gyrus 4
5 3.87 13 -49  -22 19 Insula/Inferior Frontal Gyrus
5 3.71 31 -5 -41 22 Posterior Cingulate 23
Negative Salience Regionss
Right Hemisphere
3 -4.30 24 21 31 15 Anterior Cingulate 32
5 -4.02 13 10 24 10 Caudate
4 -3.97 12 31 -52 58 Superior Parietal Lobule 7
4 -3.90 11 36 -33  -20 Parahippocampal Gyrus 36
Left Hemisphere
3 -6.05 163 -9 98 -9 Lingual Gyrus 18
23,5 -5.49 181 -16 29 -4 Anterior Cingulate 10,32
2,3 -5.08 37 -23 33 -7 Inferior Frontal Gyrus 47
3,5 -4.95 21 -13 -61 67 Superior Parietal Lobule 7
4 -4.82 91 -9 -64 63 Precuneus 7
3 -4.60 36 -9 5 55 Medial Frontal Gyrus 6
3 -4.24 13 -46 -2 50 Precentral Gyrus 6
3 -3.90 15 -27 -18 -20 Parahippocampal Gyrus 35

We report only lags 2-5, and clusters with a spatial threshold of at least 10 continuous voxels with brain saliences >3.28 times greater
than the bootstrap standard error. We converted these peak coordinates to Talairach space and used the Talairach and Tournoux atlas to

identify the Brodmann area localizations of significant activations.

In the current B-PLS analysis of older adults with a family his-
tory of AD (+FH), we again observed generalized patterns of ac-
tivity across different memory conditions in women only. Interest-
ingly, in both studies, similar midline brain regions, were impli-
cated. This implies, that the generalized activation of these brain
regions across memory conditions may not relate to FH status in
women (since this was observed in -FH and +FH women across
studies). However, this does to preclude the possibility that this
generalization of midline cortical activation across memory con-
ditions in older women may be an early sign of memory-related
brain pathology, since having a -FH status does not mean one is
protected from developing AD.

Generalized patterns of brain function across task domains is
widely reported with increasing age (Koen and Rugg, 2019). For
example, studies have demonstrated age-related reductions in the
functional specificity of parahippocampal and inferior temporal re-
gions (Park et al, 2004) and episodic memory-related changes
in the connections between the caudate and default-mode net-
work (Rieckmann et al., 2018). Previous research has further sug-
gested that generalization of brain activity across task domains is
associated with reduced task performance (La Fleur et al., 2018;
Wilson et al., 2012). Here we provide evidence for the first time
that such generalization of brain function across memory condi-
tions is specific to women and was observed in the absence of sex
differences or deficits in episodic memory performance.

It is possible that the observed generalization of brain activity
across memory conditions reflects greater age-related dedifferenti-
ation of function in women, compared to men. Within the context
of the cognitive neuroscience of aging, dedifferentiation of func-
tion has been defined as an age-related reduction in task-specific
brain activations across task domains due to decreases in signal-to-
noise and less distinctive neural representations (Li et al., 2001;
Park and Reuter-Lorenz, 2009; Rajah and D’Esposito, 2005). Longi-
tudinal studies in cognitively healthy older adults and AD convert-

ers suggest that cognitive dedifferentiation relates more strongly to
terminal cognitive decline than to advancing age, and may be at-
tributable to increasing neural pathology in late life stages (e.g.,
Batterham et al., 2011; Hulur et al,, 2015; Wilson et al., 2012).
Similarly, older adults in early stages of AD-related cognitive im-
pairment exhibit generalized patterns of brain activity during as-
sociative memory task performance (Oedekoven et al., 2015) and
rest (Bai et al, 2008), as well as memory-related hyperactiva-
tion of hippocampal and default mode regions (Dickerson et al.,
2005; Nyberg et al.,, 2019). Resting and memory task-related hy-
peractivation of these regions also appears in young and older
adults with increased genetic risk (i.e., family history or APOE4
allele) of AD (Bookheimer et al., 2000; Filippini et al., 2009;
Machulda et al., 2011; Quiroz et al, 2010) and may represent
an early sign of pathological A8 accumulation (Busche and Kon-
nerth, 2016; Sperling et al., 2009). However, given that in our study
women exhibited generalized patterns of brain activity, but within
a specific task domain - episodic memory - it is arguable that our
result is not indicative of dedifferentiation. Instead, it is possible
that this generalization of brain activation reflects a fundamental
neurocognitive shift in how women approached our memory task,
compared to men. Whether this shift is an early indication of AD-
related neuropathology is unclear since all adults in the current
study were cognitively intact.

5. Limitations and future directions

In addition to limitations noted in our previous work
(Rabipour et al.,, 2020), the number of men enrolled in PREVENT-
AD limited our sample size. Analyzing a larger sample may have
revealed different behavioral and brain activity patterns. Another
caveat in the present analyses is the categorization of groups (i.e.,
men vs. women) based on a single, binary male/female self-report.
Such limited questioning fails to capture possible nuances in sex
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and gender, including transsexual or transgender individuals whose
self-identified sex/gender might not fit under the traditional binary
categorization. Moreover, increasing evidence suggests a prominent
impact of reproductive history and hormonal state (e.g., level of
circulating estrogen, history of hormone replacement therapy, etc.)
on episodic memory (Jacobs et al., 2016). Such information there-
fore represents an important consideration in any analysis of sex
differences in memory function, and may contribute to episodic
memory processes in healthy and pathological aging (Irvine et al.,
2012); unfortunately, these data were incompletely available in the
PREVENT-AD cohort. As the influence of sex on cognitive aging and
AD risk becomes more apparent, studies are increasingly collecting
these data to include as analytic variables.

It is possible that some of the sex differences in memory-
related brain function observed in the current study may be due to
underlying sex differences in regional brain structure (Forde et al.,
2020; Ritchie et al., 2018). Two prior structural analyses of the
baseline PREVENT-AD cohort included sex/gender as a covariate of
no interest (Pichet Binette et al., 2020; Tardif et al., 2018), thus it
is unclear if sex/gender effects were observed in these studies. We
report significant sex differences in overall gray matter volume af-
ter controlling for total intracranial volumes, with women exhibit-
ing greater total gray matter volumes compared to men. There-
fore, it is possible that some of the sex differences in memory-
related activations may reflect functional compensation or alter-
ations in memory-related brain function due to differences in un-
derlying structural differences. However, this assumes that under-
lying structural differences drive activation effects; yet it is pos-
sible that sex differences in regional BOLD activation, variability
and/or brain activation-behavior correlation precede the structural
volume effects reported in prior work. It is not possible to know
the direction of the influence between structure-function with the
baseline PREVENT-AD data. Our future work will examine whether
and how biological sex may influence these relationships longitu-
dinally, including the potential role of brain structure and genotype
in mediating these effects.

6. Conclusions

Our findings are among the first to identify sex differences
in episodic memory-related brain activity and brain-behavior cor-
relations in older adults with elevated genetic risk for AD. The
evidence we present here is notable for several reasons. The
PREVENT-AD cohort comprises a unique dataset of behavioral and
task fMRI data in cognitively healthy older adults with first-degree
(i.e., at least one parent or multiple sibling) history of AD. In addi-
tion, we carefully selected our female sample to match the avail-
able male sample based on age, years of education, and APOE4 car-
rier status. Our resulting sample was further balanced in BMI, EYO,
and other factors including raw task performance scores. Moreover,
the present sample included both women and men with relatively
high levels of education, a factor traditionally confounded with
sex/gender effects on cognition (Angrisani, Lee, & Meijer, 2020;
Tucker & Stern, 2011). Historically, women have had different ed-
ucational and occupational opportunities than men, and engaged
in different lifestyle habits including levels of physical activity and
participation in caregiver roles - factors that influence memory
processes in normative aging and AD (Andrew & Tierney, 2018;
Laws, Irvine, & Gale, 2018). The sex differences we observed in
brain activation patterns are therefore unlikely to result from these
factors, which are often confounded in studies of sex differences
and AD risk. Finally, given the greater number of older women
compared to men diagnosed with AD (Beam et al., 2018), it is pos-
sible that our sample included more women, compared to men,
at prodromal stages of AD. The identified generalization of brain

function in women - i.e., failure of activation of a source-specific
set of regions leading to object-only recognition - may therefore
represent a sex-specific preclinical marker of AD-related functional
neuropathology.
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