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Abstract

INTRODUCTION: Compared to males, females have an accelerated trajectory of cog-
nitive decline in Alzheimer’s disease (AD). The neurobiological factors underlying the
more rapid cognitive decline in AD in females remain unclear. This study explored how
sex-dependent alterations in hippocampal connectivity over 2 years are associated
with cerebrovascular and amyloid pathologies in normal aging.

METHODS: Thirty-three females and 21 males 65 to 93 years of age with no
cognitive impairment performed a face-name associative memory functional mag-
netic resonance imaging (fMRI) task with a 2-year follow-up. We acquired baseline
carbon 11-labeled Pittsburgh compound B ([*'!C]PiB) positron emission tomogra-
phy (PET) and T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) MRI to
quantify amyloid 8 (AB) burden and white matter hyperintensity (WMH) volume,
respectively.

RESULTS: Males had increased hippocampal-prefrontal connectivity over 2 years,
associated with greater AB burden. Females had increased bilateral hippocampal
functional connectivity, associated with greater WMH volume.

DISCUSSION: These findings suggest sex-dependent compensatory mechanisms in
the memory network in the presence of cerebrovascular and AD pathologies and may

explain the accelerated trajectory of cognitive decline in females.

KEYWORDS
Alzheimer’s disease, amyloid beta, cerebral small vessel disease, hippocampal functional connec-
tivity, neural compensation, sex, white matter hyperintensity
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1 | BACKGROUND

There is limited understanding of the significant changes that occur
in the brain during the years leading up to the onset of cogni-
tive impairment in Alzheimer’s disease (AD). Amyloid 8 (AB) plaques
are a pathological hallmark of AD and accumulate early in the cas-
cade before the initial onset of cognitive decline.!~3 AB deposition
is commonly observed in the brains of older adults without cogni-
tive impairment at autopsy® and in vivo,”? suggesting that individuals
may have varying resilience to AD pathology and resistance to clinical
decline. Thus considerable research has focused on neural processes
that allow older adults to maintain normal cognition despite AS
accumulation.

Functional magnetic resonance imaging (fMRI) has been proposed
as a putative biomarker to probe the functional integrity of brain
networks supporting cognitive domains such as memory.” Studies
have consistently found AD subjects to have decreased hippocam-
pal activation during memory fMRI tasks.®?10 In contrast, studies
have frequently observed increased hippocampal activation and func-
tional connectivity in cognitively normal subjects who are at risk for
AD due to genetic predisposition’>12 or high AS deposition.13-1> The
increased activation/functional connectivity observed early in AD pro-
gression is postulated to be the recruitment of extra neural resources
to allow people to maintain normal cognition despite the neurotoxic
effect of Ag deposition.* However, it is unclear when hippocampal
hyperactivity/hyperconnectivity occurs along the cascade of AD and
how this biomarker varies among individuals and populations. Because
most studies have been cross-sectional, there is a growing need for
longitudinal analyses to compare changes in biomarkers of AS deposi-
tion and fMRI activation/connectivity over time in older adults without
cognitive impairment.

Sex is an important factor when studying AD risk and progression.
Roughly two-thirds of individuals diagnosed with AD in the United
States are females, and the longer life span of females does not fully
explain this disparity.1® Studies have reported marked sex differences
in the trajectories of cognitive decline and disease progression.” For
example, data from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) study displayed that female participants with mild cognitive
impairment (MCI) experienced cognitive deterioration faster than
males with MCI over 1 year,'® and this rate doubled over 8 years.1?
Few studies have examined whether these sex-dependent differences
in AD progression are reflected by the fMRI biomarker of hippocampal
activity/connectivity.

Recently our group reported two cross-sectional studies of a
cognitively unimpaired cohort, investigating the sex-by-Ag interaction
on hippocampal connectivity?? and the white matter hyperintensity
(WMH)-by-Ag interaction on hippocampal connectivity?! during
associative memory encoding. We found that, compared to males
with high AB burden, females with high A burden had higher local
hippocampal-medial temporal lobe (MTL) connectivity and lower
hippocampal-prefrontal connectivity.2° This pattern of connectivity is

similar to what we and others have found in relation to cerebral small
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional (e.g., PubMed) sources and meeting
abstracts and presentations. We and others have previ-
ously published on the interactive effects of sex, cerebral
amyloid 8 (AB) burden, and white matter hyperintensity
(WMH) burden on hippocampal connectivity observed
through functional magnetic resonance imaging (fMRI)
memory tasks. These relevant citations are cited appro-
priately.

2. Interpretation: Our findings support our previous cross-
sectional studies to suggest that there are sex-dependent
compensatory mechanisms in the memory network in
the presence of cerebrovascular and AS pathologies.
These findings may explain the accelerated trajectory of
cognitive decline in females.

3. Future directions: This study observed sex-dependent
hippocampal connectivity changes over a 2-year period.
Future longitudinal studies should examine hippocam-
pal connectivity changes over a longer period of and
with multiple follow-up visits. Additional studies should
incorporate females during all stages of menopause to
further elucidate the effects of estrogen on hippocampal
connectivity.

vessel disease (cSVD).2122 Specifically, in individuals with high SVD
burden (evidenced by WMH volume), greater AB burden was associ-
ated with greater local hippocampal-parahippocampal connectivity
and lower hippocampal-prefrontal connectivity, similar to what we
found in females with pre-clinical AD.

The neurobiological mechanisms driving different rates of AD pro-
gression between the sexes remains to be fully elucidated. The present
study uses fMRI to investigate sex differences in the 2-year change
in hippocampal functional connectivity during associative memory
encoding in cognitively unimpaired older adults. As a post hoc analysis,
we examine whether sex-dependent changes in hippocampal connec-
tivity are driven by cerebral Ag burden, indexed by [11C]PiB PET (Pitts-
burgh compound-B positron emission tomography), or cSVD burden,
assessed using T2-FLAIR (fluid-attenuated inversion recovery) MRI to
quantify WMH volume. Considering the sex differences observed in
the prevalence, incidence, and progression of AD, we hypothesized
that males and females would have different patterns of hippocampal
connectivity alterations over a 2-year period. Based on our previ-
ous studies, we hypothesized that males would have a larger increase
in hippocampal-prefrontal connectivity, whereas females would have
a larger increase in bilateral hippocampal connectivity. We further
hypothesized that any observed changes in hippocampal connectivity
would be associated more with AD and cSVD pathology for males and

females, respectively.
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2 | METHODS

2.1 | Participants

This study included 54 cognitively normal older adults (mean age +
SD at baseline: 74.58 + 6.09 years, range: 65-93 years, 33/54 (61.1%)
female). The mean follow-up interval was 2.43 + 0.82 years. Inclusion
and exclusion criteria were described in detail previously.2° Briefly,
inclusion criteria were: 65 of years of age or older, an education greater
than or equal to 12 years, and fluent in English. Exclusion criteria
were: prior diagnosis of MCI or dementia, history of a major psy-
chiatric or neurological condition, conditions affecting cognition or
cognitive test performance, and MR contraindications. To rule out indi-
viduals meeting criteria for MCI23-2% or dementia (according to the
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edi-
tion [DSM-IV])2¢ and to ensure participants had normal cognition, a
comprehensive neuropsychological battery was administered to all
participants during each visit. The testing battery included assess-
ments of memory, visuospatial construction, language, and attention
and executive functions, as described previously.!> The Human Use
Subcommittee of the Radioactive Drug Research Committees and the

institutional review board of the University of Pittsburgh approved all

studies.
2.2 | Image acquisition and processing
2.2.1 | MRI acquisition

MR scanning was performed on a 3T Siemens Trio scanner with
12-channel head coil at the University of Pittsburgh Magnetic
Resonance Research Center. T1-weighted structural images were
acquired axially using a magnetization-prepared rapid gradient echo
sequence (T1w MPRAGE): repetition time (TR) = 2300 ms, echo time
(TE) = 3.4 ms, flip angle (FA) = 9°, field of view (FOV) = 240 x
256 mm?2, matrix = 240 x 256, slice thickness/gap = 1/0 mm, and
160 slices. T2-weighted FLAIR images were acquired axially (T2w
FLAIR): TR = 9160 ms, TE = 90 ms, inversion time (TI) = 2500 ms,
FA = 150°, FOV = 256 x 212 mm?, matrix = 256 x 212, slice
thickness/gap = 3/0 mm, and 48 slices. Whole-brain fMRI data were
acquired axially using gradient-echo echo-planar imaging sequence
with the following parameters: TR = 2 seconds, TE = 32 ms, FA = 90°,
FOV = 256 x 256 mmZ2, acquisition matrix 128 x 128, slice thick-
ness/gap = 4/0 mm (voxel size = 2 x 2 x 4 mm3), and 28 axial slices.
Task fMRI data were collected while participants performed a
face-name associative encoding task. Participants are presented with
face-name association pairs and then asked to respond to each face-
name association by pressing a button designated to whether they
think the face and name fit each other. They are instructed to try to
remember the association for a later recognition test.2” During each
block, the subjects are instructed to press a button to signal that they
have memorized the association, and this encoding time is recorded.

This task is a mixed block/event-related design task where there are

alternating blocks of novel face-name associations, familiar face-name
pairs, and fixation. The task consisted of two experimental blocks and
two control blocks lasting a total of 267 s. Each run consists of four, 48-s
blocks where each block presents eight faces for 5 s with 1 s of inter-
mittent fixation. There is a 25-s fixation period between each block.
A recognition test is carried out at the end of the scanning session,
in which each face is presented with two names, and participants are
asked to indicate which name was paired with the face during the fMRI
task. The participants were trained and thus familiar with these two

face-name pairs in the pre-scan session.

2.2.2 | [YC]Pittsburgh compound-B (PiB) PET
imaging

[11C]Pittsburgh compound-B ([11C]PiB) was synthesized in accor-
dance with previously described methods.2® PET imaging was per-
formed as described previously.2! Briefly, PET imaging was performed
using a Siemens/CTI ECAT HR+ scanner (Siemens Medical Solutions,
Knoxville, TN) operating in three-dimensional (3D) imaging mode. Sub-
jects were injected intravenously with 15 mCi of high specific activity
[11C]PIB (> 2 Ci/umol at end-of-synthesis) before being positioned
in the scanner. Following a 10-15 min transmission scan using rotat-
ing 8Ge/%8Ga rod sources for the purpose of attenuation correction
of PET emission data, a 20-min emission scan was acquired (4 x 5
min frames) beginning 50 min after injection. PET emission data were
reconstructed using 3D filtered back projection with Fourier rebin-
ning, and standard corrections for photon attenuation, scatter, and
radioactive decay were applied.

2.3 | MR data processing
2.3.1 | Gray matter and white matter hyperintensity
segmentation

Tiw MPRAGE images were oriented manually such that the axial
planes were oriented parallel to the plane intersecting the anterior
and posterior commissure (AC-PC). MPRAGE images were processed
using FreeSurfer (version 7.1.1, https://surfer.nmr.mgh.harvard.edu/)
for automated cortical surface reconstruction and cortical volume
estimation on the T1w image. WMHSs on T2 FLAIR images were seg-
mented using an automated method based on our previous work.2?
Cerebral and cerebellar WM was segmented on the T1w imaged and
then mapped to the T2w FLAIR image space using SPM12 (Welcome
Trust Center for Neuroimaging (http:/www.fil.ion.ucl.ac.uk/spm/) and
FreeSurfer. Because there were very few lesions in the cerebellum
in our sample, the mean and SD of cerebellar WM were used to Z-
transform the T2w FLAIR image (Z-T2w FLAIR). Using Z-T2w FLAIR
images, voxels were identified as WMH if the z-score was >2 and within
the cerebral WM mask. The total WMH volume (WMHV) was nor-
malized by the intracranial volume (ICV) [WMHV = WMH/ICV] and

log-transformed for analysis.
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2.3.2 | Functional connectivity

Preprocessing on fMRI scans was performed in SPM12 for slice-timing
correction, motion correction, image co-registration and normaliza-
tion, and spatially smoothed (an isotropic 8 mm-full width at half maxi-
mum [FWHM] Gaussian filter). Left and right hippocampus seeds based
on the automated anatomic labeling (AAL) atlas®® were used to esti-
mate functional connectivity between hippocampus and voxels in the
brain via generalized psychophysiological interaction (gPPI) analysis.3!
Using singular value decomposition (SVD), principal time series (i.e.,
the eigenvariate) was generated for the left and right hippocampus,
respectively. The following parameters were included in the design
matrix: principal time series of the seed region (left or right hippocam-
pus), task conditions (experimental condition: novel face-name pairs
and control condition: familiar repeated face-name pairs), interaction
variables (seed time series x task condition), and motion parameters.
We computed for each participant at each time point its functional con-
nectivity map (left or right hippocampus) during associative encoding

(i.e., novel face-name pairs vs familiar face-name pairs).

2.3.3 | Second-level analyses

Hippocampal functional connectivity maps were entered into Statis-
tical Parametric Mapping (SPM, https://www.fil.ion.ucl.ac.uk/spm/) to
test for the interaction effect of sex by time (MRI scan at baseline and
follow-up) on hippocampal connectivity during associative memory
encoding. To test if the association between hippocampal connectiv-
ity and baseline versus follow-up varies by sex, an analysis of variance
(ANOVA) model was used with main effects of sex and time, as well
as the interaction of time by sex. To control for multiple comparisons,
joint height and extent thresholds were determined via Monte Carlo
simulations (10,000 iterations) with an a priori medial temporal and
frontal lobe mask (AlphaSim, AFNI) for a corrected p < 0.05. An initial
cluster-forming threshold of p < 0.005 was used, and clusters with an
extended threshold of p < 0.05 familywise errors were considered to
be statistically significant.

For post hoc analyses, the mean beta values were extracted from
the significant region of interest (ROI) masks that had a significant sex-
by-time interaction effect (p < 0.001). We then performed multivariate
linear regression analysis to find correlations with connectivity change
(follow-up minus baseline). We tested two models to examine if there
was a significant sex x AB or sex x WMHYV interaction with the linear
regression models. Both models were controlled for age at baseline,
and WMHYV or AB was a control variable when not testing for interac-
tion effect. Linear regression analysis was performed using R (version
4.2.1 https://www.R-project.org).

Analyses of variances were performed in R to examine the effects of
sex and time points [baseline vs follow-up], and the interaction of sex
x time on neurocognitive data (Supplementary Table 1). In addition, we
performed linear regression models in R to examine the effects of base-
line AB load (PiB standardized uptake value ratio [SUVR]), sex, and AB
X sex on changes (follow-up minus baseline) in neurocognitive perfor-

mance scores. We tested these effects, controlling for age at baseline.
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2.34 | [YC]PiB PET data processing and analyses

Processing of [11C]PiB PET images was performed as described
previously.! Briefly, PET images were corrected for interframe motion
and summed into a single PET image corresponding to the 50- to 70-
min post-injection interval. The summed PET image was co-registered
and resliced to the space of the Tlw MPRAGE MR image using the
normalized mutual information algorithm implemented in PMOD soft-
ware (PMOD technologies, Zurich, Switzerland). T1 MPRAGE MR
images were processed using FreeSurfer (version 5.3) to parcellate
into a set of ROIs. The ROIs generated were then used to sample
radioactivity concentrations in the summed PET images as described
previously.3233 Regional [11C]PiB PETSUVR outcomes were calculated
using cerebellar gray matter as reference for nine composite regions3*
(anterior cingulate, posterior cingulate, insula, superior frontal cortex,
orbitofrontal cortex, lateral temporal cortex, parietal cortex, pre-
cuneus, and ventral striatum), as well as a global [11C]PiB SUVR based
on avolume-weighted average of these nine composite regions (GBL9),
as described previously.2® Participants were classified as AS positive
or AB negative using SUVR cutoffs determined by a sparse k-means

clustering analysis.3°

3 | RESULTS

3.1 | Participant characteristics

Table 1 provides demographics and clinical characteristics stratified by
sex, whereas Table S1 provides neurocognitive data stratified by sex.
Males had a significantly higher number of years of education com-
pared to females, but they did not significantly differ on age, race,
PiB(+)%, or Mini-Mental State Examination (MMSE) scores.

3.2 | Neurocognitive outcomes
Table S1 summarizes ANOVA test results of the main and interactions
effects of sex and time (baseline vs follow-up) with their interac-
tions on the 16 different neurocognitive measures in visual spatial
construction, language, attention, executive, and memory domains.
After adjusting for multiple comparisons via Bonferroni correction
(p = 0.05/16 = 0.003), the only significant effects that remained were
the main effect of sex on Boston Naming Test and Stroop color-word
test, where females scored higher than men. Detailed uncorrected
statistical results are shown in Table S1, which may suggest a possible
effect but would need to be tested a priori. When analyzing perfor-
mance in face-name fMRI task via ANOVA (not shown), females had a
longer mean time to encode during novel condition compared to males
(p = 0.046), and there was no change in performance from baseline to
follow-up (p = 0.94). We observed no statistically significant difference
in performance for mean time to encode during control condition for
sex (p=0.077) or time (p = 0.22).

Table S2 summarizes the linear regression results of the main and
interaction effects of sex and baseline AB with their interactions on

the change in 16 different neurocognitive measures in visual spatial
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TABLE 1

Characteristic Group; Mean (SD)

Demographic variables and clinical characteristics by sex (N = 542).

Statistical test

Male,n =20 Female,n =34 t-test/chi-square p-value

Age at baseline, years® 74.5(5.45) 74.6 (6.52) ts, =—0.078 0.94
Education, years 15.8 (2.36) 14.2 (2.56) ts, =2.18 0.034
Race/ethnicity, n (%) xo=172 0.42

White 18 (90.0%) 26(76.5%)

Black 2(10.0%) 7 (20.6%)

Asian 0(0.00%) 1(2.9%)
APOE genotype, n (%)° xn =411 0.13

€2/e3 2(10.0%) 3(0.9%)

€3/e3 10 (50.0%) 24(75.0%)

e3/e4 8(40.0%) 4(12.5%)

e4/e4 0(0.0%) 1(3.1%)
Baseline PiB(+), n (%)¢ 3(9.09%) 4(21.1%) X2 =162 0.44
Baseline MMSE score 29.0(1.21) 28.8(1.11) tso =0.65 0.53

Abbreviations: APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; PiB, Pittsburgh compound-B; SUVR, standardized uptake value ratio.

2Unless otherwise indicated.
bAge range 65—93 years.

CAPOE genotyping was available for 52 of 54 participants (32 female and 20 male).
dBaseline PiB SUVR data were available for 48 of 54 participants (33 female and 19 male).

TABLE 2 Sex-by-time ANOVAs for hippocampal functional connectivity during the face-name associative memory fMRI task controlling for

age.
Peak MNI
Brodmann coordinates Size  BValueof ROITimel BValueof ROITime2  Sex* Time Sex* Time
Brain Region area (BA) (xy,2) (mm3) Mean (SD) Mean (SD) F-value p-value
Left hippocampal functional
connectivity
ACC BA 24 -2,33,10 1128 Male: —0.22 (1.54) Male: 0.50(1.28) F=10.80 p=0.0014**
Female: 0.32(0.92) Female: —0.61(1.30)
MFG BA 10,32 -4,56,14 3504 Male: —0.089 (2.24) Male: 0.85 (1.77) F=1289 p=0.00052***
Female: 0.93(1.27) Female: —0.38 (1.64)
Hippocampus N/A 32,-30,—8 1408 Male:0.47(0.91) Male: —0.20(0.67) F=1206 p=0.00077***
Female: —0.48 (1.22) Female: 0.34 (0.98)
Right hippocampal
functional connectivity
MFG BA 10,32 -6,52,10 1608 Male: —0.50 (1.95) Male: 0.61 (1.86) F=1243 p=0.00064"**

Female: 0.17 (1.17)

Female: —0.55 (1.25)

Abbreviations: ACC, anterior cingulate cortex; ANOVA, analysis of variance; BA, Brodmann area; L, left; MFG, middle frontal gyrus; MNI, Montreal Neurologic

Institute; R, right.
*p < 0.05; **p < 0.01, **p < 0.001.

construction, language, attention, executive, and memory domains. The
main effect of sex that withstood Bonferroni multiple comparisons cor-
rection for the 48 different tests (0.05/16 = 0.003) was on changes
in Word List Learning Trials and Digit Symbol. The Aj X sex interac-
tion effects that survived correction for multiple comparisons were on
changes in Logical Memory Story delayed recall and the Boston Naming
Test. In the two significant AB X sex interactions observed, increasing

AB was associated with a significant decrease in neuropsychologi-

cal test performance change in females but not in males. Detailed

uncorrected statistical results are shown in Table S2.

3.3 | Functional connectivity

Table 2 summarizes the interaction effects of sex and time (base-

line vs follow-up) on hippocampal functional connectivity during
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TABLE 3 Post hoc linear regression analysis of change in hippocampal functional connectivity for significant ROls.

Sex-by-Time B

Change in left
hippocampus-right
hippocampus functional
connectivity

Age at baseline —-0.043
Global PiB -0.010
Sex -2.13
WMH volume 0.82
Sex by WMH volume -0.97
Change in left

hippocampus-ACC functional

connectivity
Age at baseline —0.0040
Global PiB -0.57
Sex -1.89
WMH volume -0.42
Sex by Global PiB 2.21

SE 95% Cl for 8 p-value
0.032 (=0.11,0.021) 0.19

0.33 (-0.77,0.57) 0.76

0.46 (-3.07,-1.20) 3.2e-05***
0.23 (0.36,1.28) 7.8e-04"**
0.43 (—1.84,-0.11) 0.029*
0.042 (—0.088,0.080) 0.92

0.51 (—1.58,0.46) 0.27

1.48 (—4.87,1.09) 0.21

0.27 (—0.96,0.12) 0.13

0.93 (0.35,4.07) 0.021*

Abbreviations: ACC, anterior cingulate cortex; PiB, Pittsburgh compound-B; SUVR, standardized uptake value ratio, WMH, white matter hyperintensity.

*p < 0.05; ***p < 0.001.

associative encoding for each ROI that survived multiple compar-
isons analysis. We observed significant sex-by-time interactions for
left hippocampal functional connectivity with right hippocampus, ante-
rior cingulate (ACC), and middle frontal gyrus (MFG), respectively. We
observed males to have an increased left hippocampal functional con-
nectivity from time 1 to time 2 in the MFG and ACC, whereas females
had increased left hippocampal functional connectivity in the right hip-
pocampus. Furthermore, we observed males to have increased right
functional connectivity in the MFG. Additional ROIs were found for
right hippocampal functional connectivity in the ACC and left hip-
pocampus, but its clusters did not survive an extended threshold of
p < 0.05 familywise errors. Of note, we reported previously on cross-
sectional results showing hippocampal functional connectivity in the
MFG; ACC were sex-dependent and Ag-dependent.2%21 We observed
no significant associations between the four ROI’s functional connec-
tivity correlated with the subjects’ mean time to encode during control

and novel conditions (not shown).

3.4 | Left hippocampus-right hippocampus
functional connectivity change

Figure 1A and Table 3 demonstrate a significant interaction between
sex and baseline WMHYV with a change in left-right hippocampal func-
tional connectivity (follow-up minus baseline). To better understand
the interaction between sex and hippocampal functional connectivity
change, we extracted mean functional connectivity from regions with
significant sex-by-time interaction (left hippocampus with MFG, ACC
and right hippocampus, and right hippocampus with MFG). The mean
ROI change in functional connectivity was plotted against baseline

WMHYV and then a linear regression model was tested controlling for
baseline age and Ag load (adjusted r2 = 0.35). Specifically, left-right
hippocampal functional connectivity change had a significant sex-by-
WMHYV interaction effect (p = 0.029), in that females had a positive
association between functional connectivity change and baseline
WMHYV but males had no significant association. We did not observe
a significant sex-by-WMHYV interaction effect for any other significant
regions. The sex-by-WMHYV interaction remained significant when
additionally controlling for race (p = 0.023, not shown) or AB status
(p = 0.028, not shown), but was not significant when additionally

controlling for apolipoprotein E APOE &4 status (p = 0.19, not shown).

3.5 | Left hippocampus-ACC functional
connectivity change

Figure 1B and Table 3 demonstrate a significant interaction between
sex and A in relation to change in left hippocampus functional con-
nectivity with ACC (follow-up minus baseline). We extracted mean
functional connectivity from regions with significant sex-by-time inter-
action, and the mean ROI change in functional connectivity was plotted
against baseline A burden. In a linear regression model controlling for
age and baseline WMHYV (adjusted r2 = 0.25), we observed a signif-
icant sex-by-Ag interaction (p = 0.021), in that males had a positive
association between left hippocampal-ACC connectivity change and
AB burden, whereas females had no significant association. We did not
observe a significant sex-by-AgS interaction effect for any other sig-
nificant regions. The sex-by-Ag interaction remained significant when
additionally controlling for race (p = 0.020, not shown), AB status
(p =0.029, not shown), or APOE ¢4 status (p = 0.030, not shown).
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FIGURE 1 Sexdifferencesin the 2-year change in hippocampal functional connectivity is associated with baseline A3 deposition and

WMH load. (A) Sex x time (baseline vs follow-up) interactions on left hippocampus-right hippocampus functional connectivity during associative
memory encoding is shown on the left. On the right, the 2-year change (follow-up minus baseline) in bilateral hippocampal functional connectivity
is associated with greater WMHYV for females but not males. (B) Sex x time interactions on left hippocampus-ACC functional connectivity during
associative memory encoding is shown on the left. On the right, the 2-year change (follow-up minus baseline) in hippocampus-ACC functional
connectivity is associated with greater AB deposition (PiB SUVR) for males but not females. L, left; R, right; AB, amyloid beta; ACC, anterior cingulate
cortex; HP, hippocampus; PiB, Pittsburgh compound-B; SUVR, standardized uptake value ratio; WMHYV, white matter hyperintensity volume.

4 | DISCUSSION encoding in older adults without cognitive impairment. As a post hoc

analysis, we then investigated whether sex-dependent changes in hip-
Using a face-name associative memory fMRI task in a normal aging pocampal functional connectivity are associated with AS burden or
cohort, this study investigated sex differences in the 2-year change WMHYV. Our main finding is that males and females have different

in hippocampal functional connectivity during associative memory 2-year alterations in hippocampal functional connectivity, and that
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these alterations are differentially associated with the presence of
baseline white matter damage and AB burden. Specifically, in females
but not males, greater WMHV was accompanied by increased bilat-
eral hippocampal functional connectivity. In males but not females,
greater A burden was associated with increased functional connectiv-
ity change between left hippocampus and ACC. As a secondary finding,
we observed a significant sex-by-Ag interaction effect in relation to
change in neuropsychological test performance. Specifically, a faster
decrease in memory performance was associated with increasing AS
load in females but not males, further suggesting that females could not
compensate as well for the neurotoxic effect of A on the memory net-
work. This study builds upon two earlier cross-sectional studies from
our laboratory that examined the effect of sexand WMH on AB-related
alterations to hippocampal functional connectivity, respectively.2021
Notably, we observed the same prefrontal regions to have altered func-
tional connectivity with the hippocampus. In summary, we observed
sex-dependent alterations in hippocampal connectivity, which are
linked to cerebrovascular and amyloid pathologies in normal aging over
a 2-year period.

Our findings in this longitudinal analysis suggest that compensation
of the memory network in the presence of A8 and white matter dis-
ruption is sex dependent. Differences observed in memory network
alterations may relate to different aging trajectories of steroid hor-
mones between males and females, particularly estradiol.2¢ Mounting
evidence in animal research supports the role of estradiol in structural

37-41 and the prefrontal

and synaptic plasticity of the hippocampus
cortex.*2~4¢ Moreover, extensive human neuroimaging studies further
implicate estrogen in the regulation of memory circuitry.*”->3 In par-
ticular, a recent study demonstrated postmenopausal females who had
no history of menopausal hormone therapy use had enhanced bilateral
hippocampal connectivity relative to both premenopausal and peri-
menopausal females as well as males in a verbal memory fMRI task.>*
This study also found that greater alterations in hippocampal func-
tional connectivity were associated with lower endogenous estradiol
concentrations. Similarly, our study found an increase in bilateral hip-
pocampal connectivity for females but not males. Although our study
did not have menopausal status available, all females were likely post-
menopausal based on their age. With this information, the dramatic
drop in estrogen levels during the menopause transition may render
the female hippocampal circuitry particularly vulnerable to synaptic
plasticity loss. A decrease in synaptic plasticity may impair the ability
of elderly females to compensate for the additional insults associated
with A8 accumulation. This may explain why we observe that older
adult males, but not females, show increased hippocampal-prefrontal
functional connectivity change in the presence of AB burden. This
poor compensation could then explain why only females were found
to have an association between decreased memory performance with
increasing AB burden. These results are in agreement with our previous
cross-sectional study that found that hippocampal-prefrontal func-
tional connectivity is increased with higher A3 burden in cognitively
normal males but not females.20

The hippocampus-prefrontal cortex connection is of vital impor-

|>5:56

tance for the memory networ and appears to be altered during
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normal aging and the progression of AD. During memory tasks, stud-
ies have consistently shown that older subjects recruit the prefrontal
cortex to compensate for an under-recruitment of the MTL compared
to younger subjects.>’=>? In AD, fMRI observations of hippocampal
hyperactivity/hyperconnectivity during memory encoding is evidence
of the recruitment of extra neural resources to maintain normal cog-
nition despite AS deposition’* and has been postulated to mark the
initial onset of memory impairment and predict more rapid memory
decline.”%0 Indeed, A8 burden has been associated with alterations
in hippocampal-prefrontal cortex functional connectivity at resté1-64
and during memory tasks.1>2921 When taken together, our findings
suggest that males were able to compensate for the neurotoxic effects
of A by increasing engagement of prefrontal regions during associa-
tive memory encoding. Furthermore, given the potential deleterious
effects of the menopause transition on hippocampal neuroplasticity,
females may be less able to recruit prefrontal regions. These find-
ings have important implications for our understanding and treatment
of potentially distinct progressions from normal cognition, MCI, and
ultimately AD in males versus females.

The classic brain “disconnection” model where structural disconnec-
tion can lead to functional disruption may explain our observation of
WMHYV association with bilateral hippocampal functional connectivity
change in females but not in males. The different patterns of func-
tional connectivity change we observed may relate to white matter
disruption. Studies have demonstrated that WMHSs disrupt white

matter tracts traversing the lesions %66

as well as cause damage to
normal-appearing white matter close to the lesions.®” Hence, several
studies have observed higher WMH load to be associated with reduced
long-range functional connectivity.?®=7% In the context of this study,
WMH burden has been shown to degrade the microstructural integrity
of the fornix and cingulum bundle, which are the two major white
matter tracts associated with distal hippocampal connections.6>7172
We have reported previously in a cross-sectional study that WMH
severity moderated the effect of AB load on hippocampal connectivity
during an associative memory fMRI task.2! In this study, we observed
that greater AB load was accompanied by increasing hippocampal-
prefrontal connectivity only in subjects with low WMH burden,
whereas greater Af load in subjects with high WMH burden was
associated with an increase in local hippocampal connectivity.2* Our
previous study suggests that subjects with high WMH burden have
relatively disconnected white matter tracts and cannot efficiently
recruit distant prefrontal regions, instead recruiting more locally. Our
current longitudinal study appears to agree with this finding, as we
observed that increased bilateral hippocampal functional connectivity
change was associated with greater WMH burden in females but
not males. Notably, our previous cross-sectional study had a cohort
that was 67% female, which could partially explain this observation.
Another study reported that the same degree of cognitive impairment
is associated with greater structural white matter damage in cogni-
tively normal older males compared to females, suggesting that males
may have greater compensatory mechanisms to preserve cognition
in the presence of white matter disruption.”® Combined, our findings

suggest that, in females, white matter damage exacerbates the ability
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of the memory network to compensate for AS accumulation and
instead recruit locally as evidenced by increased bilateral hippocampal
functional connectivity.

Several important limitations of this study should be considered.
We were not able to measure sex hormones or explore how functional
connectivity is related to levels of estradiol, testosterone, or other sex
steroids. Given the age of the cohort, it is likely that all of the females
were postmenopausal, and therefore inferences about the menopause
transition cannot be made here. Current medications were recorded
and no participants were on systemic hormone therapy at the time of
the scans. This study has a relatively modest sample size (N = 54), which
may not have sufficient power to detect more subtle changes than the
ones found. For example, we did not have a significant number of par-
ticipants who were APOE ¢4 positive (N = eight males, five females)
and thus could not effectively test for the effect of APOE ¢4 status on
hippocampal connectivity change in the different ROls. Similarly, race
is a known risk factor in disease progression, yet our study contained
90% and 77% White males and females, respectively. Although there
was no statistically significant difference, our sample had a higher pro-
portion of Black females compared to males and a lower proportion of
APOE ¢4+ females compared to males. Race and APOE ¢4 most likely
contribute to the same pathways that caused the observed alterations
in the memory network. Future studies should investigate how APOE
¢4 status, race, and sex independently and synergistically alter memory
circuitry at the early stages of AD. In addition, males and females may
have Ag-related connectivity changes in brain regions other than the
hippocampus, yet the present work only evaluated hippocampal func-
tional connectivity and as such could not investigate sex-dependent
changes in other brain regions that may relate to cognition. Our lon-
gitudinal analysis examined 2-year changes of hippocampal functional
connectivity, yet WMH and AS could interact on a different timescale;
thus a 2-year interval between serial MRI scans may not capture the full
effect. Furthermore, the blood oxygen level-dependent (BOLD) signal
changes in hippocampal functional connectivity could be of non-neural
origin and not be reflective of compensatory measures. Finally, our
study design and sample size did not allow us to capture how age poten-
tially contributes to altered hippocampal connectivity in cognitively
unimpaired older adults. Although the turning point appears to be
menopause, age exacerbates cerebrovascular damage and thus could
contribute to higher bilateral hippocampal connectivity in females.
Age is also associated with higher A accumulation, which could con-
tribute to higher hippocampal-frontal connectivity in males. Future
studies with a larger sample size should examine the effect of the age
continuum on the observed alterations in hippocampal connectivity.

In conclusion, using a face-name associative memory fMRI task in
older adults without cognitive impairment, the present study inves-
tigated sex differences in the 2-year change in hippocampal func-
tional connectivity during associative memory encoding. We observed
males to have an increased functional connectivity change between
hippocampus and prefrontal regions, and furthermore that greater
hippocampus-ACC functional connectivity change was associated
with increased AgB burden. In addition, we observed females to have

no association between hippocampus-ACC connectivity change and

AB burden. Instead, we observed females to have increased bilateral
hippocampal functional connectivity change that was associated with
greater WMH burden. These findings may represent an early indica-
tion of a homeostatic response in the memory network that potentially
explains some of the sex differences in AD trajectories.
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