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Abstract

Women with early bilateral salpingo-oophorectomy (BSO; removal of ovaries and fallopian tubes) have greater Alzheimer’s
disease (AD) risk than women in spontaneous/natural menopause (SM), but early biomarkers of this risk are not well-
characterized. Considering associative memory deficits may presage preclinical AD, we wondered if one of the earliest
changes might be in associative memory and whether younger women with BSO had changes similar to those observed in
SM. Women with BSO (with and without 17p-estradiol replacement therapy (ERT)), their age-matched premenopausal con-
trols (AMC), and older women in SM completed a functional magnetic resonance imaging face-name associative memory
task shown to predict early AD. Brain activation during encoding was compared between groups: AMC (r=25), BSO no
ERT (BSO; n=15), BSO+ERT (n=16), and SM without hormone therapy (n=16). Region-of-interest analyses revealed
AMC did not contribute to functional group differences. BSO+ERT had higher hippocampal activation than BSO and SM.
This hippocampal activation correlated positively with urinary metabolite levels of 17B-estradiol. Multivariate partial least
squares analyses showed BSO+ERT had a different network-level activation pattern than BSO and SM. Thus, despite being
approximately 10 years younger, women with BSO without ERT had similar brain function to those with SM, suggesting
early 17p-estradiol loss may lead to an altered functional brain phenotype which could influence late-life AD risk, making
face-name encoding a potential biomarker for midlife women with increased AD risk. Despite similarities in activation, BSO
and SM groups showed opposite within-hippocampus connectivity, suggesting menopause type is an important considera-
tion when assessing brain function.
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Introduction spontaneous/natural menopause (SM) have greater risk of
late-life AD and accelerated cognitive decline compared to
Two thirds of Alzheimer disease (AD) sufferers are women, women in SM [1-3]. Thus, it is important to understand how
and women with early bilateral salpingo-oophorectomy  this particular risk factor influences women’s progression
(BSO; removal of ovaries and fallopian tubes) prior to  to AD and whether markers of this risk can be detected in
midlife.
Functional magnetic resonance imaging (fMRI) has been
>4 Alana Brown a mainstay of efforts to develop early markers of late-life
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cortex and hippocampus [8, 10]. The effects of age and AD
on patterns of activity during associative encoding in these
regions include decreased activation [8, 11]. Although evi-
dence suggests associative task performance and brain acti-
vation depend on women’s reproductive stage and are linked
to fluctuating 17p-estradiol levels, most studies come from
older and mixed-sex cohorts that do not consider potential
midlife AD risk factors for women, such as BSO [12, 13].

Considerable data indicate 17p-estradiol and progester-
one affect synaptic function and organization within the
frontal cortex and hippocampus [12, 14-18], and their
receptors are abundant throughout these brain areas [15,
19]. In rodents, ovarian removal leads to decreased den-
dritic spine density in hippocampal Cornu Ammonis 1
pyramidal neurons, which is prevented by 17f-estradiol
administration [20]. Further, 17p-estradiol plays a role in
protecting rodent hippocampal neurons from amyloid beta-
induced apoptosis via regulation of mitochondrial proteins
and function [21]. In humans, during associative learning,
hippocampal activation declines and bilateral hippocam-
pal connectivity increases across the menopause transition
[12]. Decreased hippocampal volume and function in SM
may be related to 17p-estradiol loss, which is supported by
work showing the loss may be ameliorated by 17f-estradiol
replacement therapy (ERT) [22-24]. ERT also preserves
dorsolateral prefrontal cortical volume in SM [25]. Recent
research has further linked midlife BSO and its concomitant
17B-estradiol loss with thinner parahippocampal-entorhi-
nal cortices later in life and reduced hippocampal volume
within 5 years of BSO [26, 27].

Perhaps due to these brain alterations, 17p-estradiol
loss in SM is associated with decreased episodic verbal
memory and associative memory compared to pre- and
peri-menopausal women [13]. Women with bilateral
oophorectomy have some of the same memory reductions
but 10 years earlier, and evidence suggests ERT may main-
tain verbal episodic memory and working memory among
women in SM and with oophorectomy [28-32]. Cumu-
latively, these findings suggest ovarian hormone loss in
any type of menopause can negatively affect memory, but
changes may occur earlier in women with midlife BSO.
Thus, determining memory changes in women with BSO
may provide insight into the earliest brain changes pres-
aging AD.

Given that associative memory decline is a hallmark of
AD, our objective was to determine if associative memory
changes are present in women with midlife BSO. Further,
we wished to determine whether changes in women with
BSO resemble those of women in SM, only approximately
10 years earlier. To do this, we carried out a cross-sectional
fMRI study comparing women with early BSO to age-
matched premenopausal controls with their ovaries (AMC)
and older women in SM on an associative task known to
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reveal some of the earliest functional brain changes related
to AD [8]. We wondered whether associative memory
would be worse in women with BSO compared to AMC and
women in SM, and whether ERT in women with BSO would
preserve performance and/or encoding-related function. To
answer these questions, we determined whether performance
on a face-name associative memory task and brain function
and connectivity during the encoding phase of this task dif-
fered between women with BSO taking and not taking ERT,
AMC, and SM groups.

Materials and Methods
Recruitment

This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics
Committees of the University of Toronto and McGill Uni-
versity. Informed consent was obtained from all individual
participants included in the study.

Women in this study were recruited from a larger cohort
[32]. Exclusion criteria for all participant groups included
non-fluency in English, contraindications for MRI safety,
perimenopause, BSO after SM, past hormone therapy use
(BSO and SM), unmanaged health/psychiatric conditions,
history of concussion with loss of consciousness, or chemo/
radiation/adjuvant therapies within 6 months of testing.
All women with cancer treatment history were 6 months or
more post-treatment, with an average testing date at 7 years
post-treatment. Nonetheless, we included cancer treatment
history as a covariate in all univariate analyses.

Women with BSO were excluded if they were using a
non-ERT form of hormone therapy (e.g., conjugated equine
estrogen); AMC and SM participants if they were using
hormone therapy or hormonal contraceptives. Women in
the AMC group had experienced regular menstrual cycling
within 6 months prior to the study date. Women in the SM
group had their last menstrual period 10 or more months
prior to study onset; removing the three participants with
their last menstrual period between 10 and 12 months prior
to the study date did not alter region-of-interest (ROI) or
accuracy results.

A total of 72 women were included in the study and were
separated into four groups: (1) women with BSO not taking
hormone therapy (BSO), (2) women with BSO taking ERT
(BSO+ERT), (3) premenopausal control women with their
ovaries, age-matched to women with BSO (AMC), and (4)
women in SM not taking hormone therapy (SM) (Table 1).
Participants with BSO were recruited from familial breast
and ovarian cancer clinics in Toronto and Montreal, Can-
ada; AMC and SM participants were recruited from the
general community in the same cities.
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Table 1 Demographic and behavioral characteristics
Total BSO combined (combined groups not taking AMC SM
(n=72; age hormone therapy and taking ERT; n=31; age range,  (n=25, age (n=16; age
range, 33-59) 35-55) range, 33-51) range, 47-59)
BSO BSO+ERT
(n=15; age (n=16; age
range, 35-55) range, 38-55)
Characteristic Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Age (years) 47.03 0.81 45.67 1.03 46.53 1.51 44.75 1.33 43 091 56.06° 0.81
Education (years) 17.87 035 17.96  0.51 18.21  0.60 17.53  0.79 18.54  0.73 16.88  0.54
BMI (kg/m?) 25.02 051 25.58 0.86 25.65 0.81 25.31 1.46 2429 086 2520 091
Verbal 1Q 39.49 131 38.68 224 40.07 2.95 3727 320 40.10 1.80 4031 294
CES-D 9.51 0.94 9.77 1.65 8.6 1.99 11.19  2.50 1040 155 731 1.51
PSS 1478  0.85 1470 1.36 1453 1.84 15.06 1.94 16.60 141 11.88 1.61
Age at menopause (years) 4438  0.97 41.10 0.89 42 1.42 39.81 1.06 NA NA 51.19%  0.82
Time since menopause (years) 4.79 0.49 4.55 0.55 4.59 0.77 4.87 0.84 NA NA 4.89 0.98
Urinary E1G (ng/ml) 28.79 240 28 3.44 19.85 2.13 34.74>  5.70 3746 474 17.68  3.30
Urinary PdG (p/ml) 4.83 1.41 7.99 3.28 2.28 1.12 13.19  6.03 4.01 1.00  0.67° 0.15
Face-name task accuracy (%) 83.88 1.32 84.64 195 8571 249 8393  2.88 87.43* 214 7656  2.61
n % n % n % n % n % n %
Current smoker 5 6.94 0 0 0 0 1 6.25 2 8 2 12.5
APOE4 genotype 13 18.06 4 1290 4 26.67 0 0 7 28 2 13.33
Right-handedness 66 91.67 27 87.10 14 9333 13 81.25 23 92 16 100
History of chemotherapy 11.11 7 2258 6° 40 1 6.25 0 0 1 6.25
History of other cancer treatment 7 9.72 6 1935 6° 40 0 0 0 0 1 6.25
Total history of cancer treatment 10 13.89 8 2581 7° 46.67 1 6.25 0 0 2 12.5

History of other cancer treatment included radio-therapy, and/or adjuvant tamoxifen use

Post hoc comparisons: Age: SM>AMC=BSO=BSO+ERT; Age at menopause: SM>BSO=BSO+ERT; Urinary E1G: BSO+ERT=AMC>BSO=SM;
PdG: SM<AMC=BSO+ERT, AMC=BSO=BSO+ERT, BSO=SM; Face-name task accuracy: AMC>SM; History of cancer treatment:
BSO>AMC=BSO+ERT=SM

Verbal IQ was estimated from the North American Adult Reading Test

Abbreviations: SEM standard error of the mean, SM spontaneous menopause, BSO bilateral salpingo-oophorectomy, BSO+ERT bilateral sal-

pingo-oophorectomy with 17p-estradiol replacement therapy, with or without other hormone therapy types, BMI body mass index, APOE4
apolipoprotein E4 allele (genetic risk factor for AD), CES-D Center for Epidemiological Studies—Depression Scale, PSS Perceived Stress Scale,

E1G estrone-3-glucuronide, PdG pregnanediol glucuronide, NA not applicable

Significant (p<0.05) post hoc Tukey’s HSD test
®Significant Dunn test

“Significant Pearson’s Chi-squared test

Image Acquisition

In Toronto, images were acquired on Siemens 3T MAG-
NETOM Prisma scanners at Baycrest Health Sciences Cen-
tre and the Toronto Neuroimaging Institute at the Univer-
sity of Toronto. In Montreal, images were acquired on a 3T
MAGNETOM Prisma-Fit scanner at the Douglas Hospital
Research Institute Brain Imaging Center. Functional images
were acquired with a T2*-weighted blood-oxygen-level-
dependent gradient echo-planar imaging sequence with 39
coronal, interleaved slices perpendicular to the anterior/
posterior commissure line, with voxel dimensions=3.5mm?>

with 1-mm interslice gap, field of view (FOV)=224mm?,
flip angle=70°, echo time (TE)=27ms, repetition time
(TR)=2000ms, and image dimensions=64Xx64X39mm.
T1-weighted anatomical images were acquired using
a 3D gradient echo MPRAGE sequence with voxel
dimensions=1.0mm?, 160 sagittal slices, FOV=256mm?,
TE=2.67ms, TR=2000ms, and flip angle=9°.

Image Preprocessing

Following image acquisition and prior to statistical analysis,
fMRI data were converted to NIfTT format and preprocessed
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using a standard pipeline implemented through OPPNI
(Optimizing of Preprocessing Pipelines for Neurolmag-
ing), a software package that uses functions developed by
researchers at the Rotman Research Institute [33], Analy-
sis of Functional Neurolmages (AFNI [34]), and FMRIB
Software Library (FSL [35]), to control for sources of noise
and artefact. For the current study, a standard conservative
pipeline was chosen in which the same preprocessing steps
were applied to all groups and conditions.

FMRI images were adjusted to the anterior/posterior
commissure plane. They were corrected for head motion
using AFNI’s 3dvolreg with MOTCOR, which aligned each
volume to a reference volume, estimated as being the least
affected by head motion. Consequently, values from volumes
not matching the reference volume were substituted with val-
ues from neighboring matching volumes. Removal of esti-
mated physiological noise components was accomplished
using PHYPLUS, an Octave script developed in-house that
utilizes the data driven PHYCAA+ algorithm to identify and
remove noise with a strong vascular component.

Using AFNI’s 3dmerge with SMOOTH, images were
then spatially smoothed by 6mm, convolving blood-oxygen-
level-dependent (BOLD) signal with a 3D isotropic full-
width-at-half-maximum Gaussian kernel to reduce signal
noise and ameliorate differences in inter-subject localiza-
tion. Each participant also had a non-neuronal tissue mask
created to discard confounding signal coming from non-
brain tissue (ventricles, vasculature, and sinuses). Tempo-
ral detrending was applied using DETREND, which used
a quadratic polynomial function (maximum polynomial
order 2) fitted to regress out low frequency noise. Further
motion correction for residual artefacts was also completed.
Finally, task design was inputted in the model and mapped
onto the hemodynamic response function to ensure the
noise regressed out in previous stages was not related to
task activation.

Two final steps not belonging to the OPPNI pipeline were
conducted: spatial normalization both in the participant’s
native space and in standard space, as each participant’s
functional images were co-registered to their T1 structural
image and normalized and registered to 4mm? standard
space using FSL’s anatomical 2mm® MNI152 brain template.
Noise from white matter, cerebrospinal fluid, and vessels
was also removed due to potential interference with the
BOLD signal of interest from grey matter.

Procedure
Face stimuli [36] were presented using E-Prime [37] on
a black background with an English name printed under-

neath each face followed by a white fixation cross on a black
background. An event-related design was used. Participants
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were scanned during the first-time encoding of 30 face-
name pairs (including 28 novel face-name pairs and two
subsequently repeated face-name pairs). Each novel face-
name pair (for the Novel condition) was presented once for
4.5 s. Two repeated face-name pairs (for the Repeat con-
dition) were presented for 4.5 s each, with the face-name
pairs alternating throughout each repeated block. Each ses-
sion had a total duration of 8.75 min for 278 scans and was
composed of four Novel blocks alternating with four Repeat
blocks. Each block comprised seven face-name pairs. As
each face-name pair appeared on the screen, participants
indicated whether they thought the presented name was a
“good” or “bad” name for the face by pressing buttons on
a response pad.

Approximately 30 min later, outside of the scanner, par-
ticipants performed a recognition task on a PC computer
in which they chose the name (from two alternatives) that
was previously paired with each face they saw during the
scans. This recognition phase comprised 27 face-name pairs
that were seen during the Novel condition, and one pair that
was seen during the Repeat condition in the scanner, for a
total of 28 test trials. Participants provided a urine sample
to assess levels of metabolites of 17p-estradiol (estrone-
3-glucuronide; E1G) and progesterone (pregnanediol-3
glucuronide; PdG). Urine samples were analyzed at the
Women’s Health and Exercise Laboratory at Pennsylva-
nia State University using enzyme-linked immunoassays
described by Munro and colleagues [38]. Apolipoprotein E
genotype was determined using a saliva sample processed
at The Hospital for Sick Children in Toronto.

Statistical Analysis
Univariate Analysis

We first wanted to determine whether there was a general
effect of BSO on task performance and ROI activation. Thus,
we first assessed differences between BSO (combined taking
ERT and not taking ERT), AMC, and SM groups. We then
wanted to assess the effect of ERT on task performance and
ROI activation; therefore, we separated the combined BSO
group into BSO (no hormone therapy) and BSO+ERT, and
compared these groups to AMC and SM groups.

SPM12 (Statistical Parametric Mapping; Wellcome Trust
Centre for Neuroimaging) was used to analyze the functional
data. Mean activity for each image voxel was modeled inde-
pendently for the task conditions (Novel/Repeat). To model
BOLD response to experimental conditions separately, a
mixed-effects general linear model was fit for every partici-
pant at the individual level.

The fMRI general linear model first-level analysis con-
sisted of two explanatory variables: (1) encoding of novel
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face-name pairs (Novel condition), and (2) encoding of
repeated face-name pairs (Repeat condition). Each of these
was convolved with a hemodynamic response function and
temporally filtered with a high-pass cutoff of 260 s to remove
low-frequency signal drifts [8]. The primary first-level con-
trast of interest was Novel-Repeat.

ROIs were generated by positioning the center of a 6-mm
diameter sphere around coordinates defined a priori show-
ing significantly higher activation in mixed-sex groups of
young versus elderly adults (Young—Elderly contrast) as
well as in mixed-sex groups of elderly adults versus patients
with AD (Elderly—AD contrast) [8]. Due to demonstrated
involvement in functional brain aging and AD, we explored
a total of four ROIs, all of them in frontal or hippocampal
cortices. We included three ROIs from the Young—Elderly
contrast coordinates, consisting of two left inferior fron-
tal gyrus ROIs (centered upon the following coordinates:
X=-45, Y=47, Z=3; X=—-42, Y=13, Z=24), and one ROI
in the right hippocampus (centered upon the following
coordinates: X=30, Y=-24, Z=—11). A second ROI in
the right hippocampus was included from the Elderly-AD
contrast (centered upon the following coordinates: X=15,
Y=-24, Z=-16). Hippocampal ROIs (Young—Elderly and
Elderly—AD) were located in the right medial and lateral
regions of the posterior/mid hippocampus [39]. The ROI
centered upon coordinates from the Young—Elderly contrast
was more lateral/proximal than the ROI centered upon coor-
dinates from the Elderly—AD contrast (Fig. 1).

Parameter estimates were extracted from each ROI (aver-
aged across all voxels in each ROI) using MarsBaR [40].
ROI analyses were performed in R 4.0.2 (R Core Team,
2019). ROI parameter estimates (activation) and face-name
associative task accuracy were predicted using a one-way
analysis of covariance (ANCOVA) with Tukey’s post hoc
tests and group as a between-subjects factor, controlling
for scanner site [41] for parameter estimate analyses and

Young—Elderly
right hippocampus
(30, -24, -11)

Young—Elderly
inferior frontal gyrus
(-45, 47, 3)

&

Young—Elderly
inferior frontal gyrus
(-42, 13, 24)

/ = ,/\: \

' Elderly—AD
right hippocampus
(15, -24, -16)

Fig. 1 Locations of spherical regions-of-interest from coordinates from
Sperling and colleagues [8] are shown in Montreal Neurological Insti-
tute (MNI) space

history of cancer treatment for both parameter estimate and
associative task accuracy analyses. Additionally, explora-
tory Spearman correlations between ovarian hormone lev-
els, face-name task performance, and mean ROI parameter
estimates were run.

Age and hormone deprivation are interacting factors;
therefore, age was not included as a covariate in these anal-
yses, as removal of variance accounted for by age could
also involve removal of variance shared with hormone
deprivation. As appropriate, ANCOVAs or Kruskal-Wallis
tests were conducted, where ROI relationships were con-
sidered significant only if they met the Bonferroni correc-
tion for multiple comparisons of p<0.013 (p<0.05/4 ROIs).
ANOVA, Kruskal-Wallis, or Chi-squared tests were con-
ducted to compare groups on demographic variables. Due
to skewness, extreme E1G and PdG level values were Win-
sorized to the value at the 90th or 10th percentile of the
distribution. Post hoc comparisons were conducted using
Tukey’s HSD or Benjamini-Hochberg adjustment tests, as
appropriate. G*Power version 3.1.9.4 was used to calculate
post hoc power for examining univariate group differences.

Exploratory Partial Least Squares (PLS) Analysis

The AMC group did not contribute to significant group ROI
activation differences; therefore, we decided to run explora-
tory whole-brain multivariate partial least squares (PLS;
Mclntosh and Lobaugh,[42]

)analyses among BSO, BSO+ERT, and SM groups to fur-
ther investigate differences in Novel and Repeat conditions
across distributed patterns of activated voxels throughout
the brain. One major advantage of multivariate Task PLS is
that multiple comparisons across brain regions do not need
to be corrected for in whole-brain function assessment [42.
]. Unlike univariate analyses, PLS does not require meeting
assumptions of normality, independence of observations,
and linearity for general linear models [43]. Therefore, it
is possible to look at many brain regions simultaneously.
PLS calculates a covariance matrix between brain voxels and
experimental design across participants to identify a new set
of variables (latent variables or LVs) that optimally explain
covariance between conditions and brain activity.

Each LV contains a spatial activity pattern of brain
regions that, together, show the strongest relation to the
contrast of conditions and groups identified by the LV. The
covariance matrix undergoes singular value decomposi-
tion (SVD), a data reduction tool. As SVD is completed in
one step, no correction for multiple comparisons is needed,
increasing sensitivity and robustness compared to univari-
ate analysis [44]. Data were mean-centered by subtracting
condition and group means, and brain scores were calculated
for each condition.

@ Springer
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The statistical significance of each LV was determined
by conducting 1000 permutation tests on the singular
values. To assess the reliability of each voxel’s contribu-
tion to an LV, 1000 bootstrap samples of saliences were
conducted. Confidence intervals (95%) for the mean brain
scores in each condition and group were calculated from
the bootstrap, and differences in activity between condi-
tions and groups were determined via lack of overlap in
these confidence intervals. Local maxima in the brain were
considered reliable if the bootstrap ratio (BSR; computed
as the ratio of a voxel’s salience to the bootstrap stand-
ard error) for the regions was +2.50 (p < 0.012) with a
minimum cluster size of 10 voxels and a minimum cluster
distance of 10mm. Voxels were labeled using the Auto-
matic Anatomical Labeling atlas [45]. The Hemodynamic
Response Function (HRF) for a given condition typically
lasts for several scans; thus, a “lag-window” representing
the response of each voxel with each trial is determined.
Based on findings suggesting that hippocampal activity
is particularly enhanced at the end of an event [46], we
focused on local maxima for the 6th and 7th lags. Given
that a sample size of approximately 80 or more participants
would be needed for stable estimates of brain-behavior cor-
relation magnitudes [47], we decided not to run behavioral
PLS analyses.

Exploratory Connectivity PLS Analysis

Using the CONN toolbox, we assessed whether functional
connectivity between the left and right anterior and pos-
terior hippocampi differed between BSO, BSO+ERT, and
SM [48]. While past work has investigated the effect of SM
on functional connectivity between bilateral hippocampi, no
studies have examined the effect of menopause type (surgical
or spontaneous) along the longitudinal hippocampal axis.
We reasoned that because associative encoding processes
may rely more upon anterior than posterior hippocampal
function, and bilateral hippocampal connectivity increases
across the menopause transition, we might observe impor-
tant differences [12, 49].

We calculated HRF-weighted correlations between four
regions within the left and right anterior and posterior hip-
pocampi across Novel and Repeat conditions. We used
mean coordinates for the anterior hippocampus as follows:
X=28, Y=—16, Z=—18 for the right hemisphere and X=-26,
Y=-16, Z=—18 for the left. The mean posterior coordinates
were: X=28, Y=-30, Z=-8 for the right hemisphere and
X=-26, Y=-30, Z=-38 for the left [49]. These represent
average coordinates showing activation across many cogni-
tive domains, including episodic encoding. Coordinates in
the anterior and posterior hippocampus were chosen to pro-
vide more specific task-related coverage of the longitudinal
axis of the hippocampus.
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Through CONN, the BOLD signal in each voxel (from
right anterior, right posterior, left anterior, and left posterior
hippocampus) was converted to a percent signal change and
correlated across the time course associated with each condi-
tion (Novel and Repeat). A Pearson correlation was obtained
between each region, and a 4x4 correlation matrix was gen-
erated for every participant. We used the Fisher z-transform
to better approximate a normal distribution for the correla-
tions. Using R 4.0.2 (R Core Team, 2019), a linear regres-
sion was run on CONN output to remove covariates of no
interest (scanner site and history of cancer treatment) across
participants. We examined group by condition (Novel and
Repeat) interaction effects using PLS, with mean-centering
by subtracting condition and group means.

Results

As expected, BSO, BSO+ERT, and AMC did not differ sig-
nificantly in age, and SM were significantly older than BSO
(1(68)=-5.53, p<0.0001, Tukey’s HSD test), BSO+ERT
(1(68)= —6.68, p<0.0001, Tukey’s HSD test), and AMC
(#(68)= —8.51, p<0.0001, Tukey’s HSD test). BSO and
BSO+ERT did not differ in age of surgical menopause
(#(44)=1.38, p=0.36, Tukey’s HSD test). As expected, with
BSO and BSO+ERT entering menopause due to surgery,
age of menopause differed significantly, with SM entering
menopause at a significantly older age than BSO (#(44)=
—5.80, p<0.0001, Tukey’s HSD test) and BSO+ERT
(#(44)= —-7.30, p<0.0001, Tukey’s HSD test). Between
BSO and BSO+ERT, there was a significant difference
in past cancer treatment history (chemotherapy, radiation
therapy, and/or adjuvant therapy), with more women in the
BSO group having a history of cancer treatment (y*=8.67,
p=0.01, Chi-squared test). No other demographic meas-
ures differed significantly between groups (e.g., APOE4
genotype, depressive mood, and perceived stress measures;
Table 1).

On average, women in the BSO+ERT group had initi-
ated their ERT within 1.29 years after their BSO and had
been using it for an average of 3.27 years at the time of their
scan. For one BSO+ERT participant, PdG level could not
be determined; therefore, they were excluded from analy-
ses related to PdG. There was a significant effect of group
on PdG level (y*=13.52, p=0.004): BSO+ERT (Z=2.63,
p=0.01) and AMC (Z=3.56, p=0.001) had significantly
higher PdG levels than SM. No other significant group dif-
ferences in PdG levels were revealed by post hoc contrasts.
There was also the expected significant effect of group on
urinary Winsorized E1G level (y*=17.05, p=0.001): BSO
and SM levels did not differ, and AMC and BSO+ERT
levels did not differ. However, BSO (Z=-1.92, p=0.041)
and SM (Z=2.91, p=0.006) had significantly lower E1G
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levels than BSO+ERT, while BSO (Z=2.55, p=0.01) and
SM (Z=3.65, p=0.001) had significantly lower E1G levels
than AMC.

Behavior: Associative Memory After BSO

We first asked whether performance on the face-name
association task differed between BSO (Combined), AMC,
and SM groups. We found a significant effect of group on
performance (F(2,68)=5.26, p=0.008, partial #n2=0.13),
with AMC (M=87.43%, SE=2.14) having significantly
better performance than SM (M=76.56%, SE=2.61;
#(68)=3.16, p=0.007, Tukey’s HSD test). BSO (Combined,
M=84.79%, SE=1.89) also had significantly better perfor-
mance than SM (#(68)=2.48, p=0.04, Tukey’s HSD test).

When BSO and BSO+ERT groups were separately
compared to AMC and SM, there was a significant effect
of group on performance (F(3,67)=3.55, p=0.02, partial
n2=0.14; Fig. 2). The only significant group difference in
task performance revealed by post hoc comparisons was
between AMC and SM groups: AMC had significantly bet-
ter performance than SM (#(67)=3.12, p=0.01, Tukey’s
HSD test). There were no other significant group differ-
ences revealed by post hoc comparisons. Thus, BSO did
not negatively influence memory performance, although
past literature would have suggested that women with
BSO and SM would have reduced performance relative to
BSO+ERT and AMC.

Women with bilateral salpingo-oophorectomy who were
not taking hormone therapy (BSO) and those who were
taking 17p-estradiol-based hormone therapy (BSO+ERT)
were not significantly different from each other or AMC
and SM; error bars represent standard error of the mean;
*=p<0.05
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Fig. 2 Effect of group on face-name task accuracy (%); age-matched
premenopausal control women (AMC) significantly outperformed
older spontaneously menopausal (SM) women

Imaging: Regional Brain Function After BSO

We next asked: Is the functional response to encod-
ing of novel face-name pairs in predetermined ROIs
different between BSO, AMC, and SM? To determine
this, we extracted task-related parameter estimates for
Novel-Repeat face-name encoding in some of the same
regions in which Sperling and colleagues previously
reported less activation for a mixed-sex group of AD
patients compared to cognitively healthy elderly adults
(Elderly-AD contrast) and less activation for a group of
elderly compared to young adults (Young—Elderly con-
trast), including ROIs in the right posterior medial and lat-
eral hippocampus and left inferior frontal gyrus [8] (ROIs
highlighted in Fig. 1).

When BSO (Combined) was compared to AMC and
SM, there were no significant group differences in aver-
age activation for any of the ROIs. However, when BSO
and BSO+ERT groups were separated and compared to
AMC and SM, there was a significant effect of group
on average activation in the right posterior lateral hip-
pocampus (F(3,65)=4.07, p=0.010, partial #2=0.15);
both BSO (#(65)= —2.84, p=0.03, Tukey’s HSD test) and
SM (#(65)=3.20, p=0.01, Tukey’s HSD test) had signifi-
cantly lower activation than BSO+ERT (Fig. 3). None
of the other groups differed significantly in right poste-
rior lateral hippocampus activation according to post hoc
contrasts. Given a large effect size of Cohen’s f=0.42, a
significance threshold of 0.05, 72 participants, and two
covariates (scanner site and history of cancer treatment),
we determined power for this analysis to be sufficient
(power=0.84).
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Fig. 3 Effect of group on right posterior lateral hippocampal region-
of-interest activity; Women with bilateral salpingo-oophorectomy
who were not taking hormone therapy (BSO) and women in spon-
taneous menopause (SM) showed lower activation (mean parameter
estimate: PE) than women with BSO who were taking 17p-estradiol-
based hormone therapy (BSO+ERT) during Novel compared to
Repeat face-name pair encoding; age-matched premenopausal control
women (AMC) did not contribute to significant group differences;
error bars represent standard error of the mean; ¥*=p<0.05
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Correlations

We sought to explore the potential mechanism underlying
significant group differences in face-name task accuracy
and right posterior lateral hippocampus activation by cor-
relating these variables with ovarian hormone levels. Across
groups, there was not a significant relationship between PdG
level and face-name task accuracy (7(69)=0.17, p=0.16).
There was, however, a significant small positive relation-
ship between E1G level and face-name task accuracy
(r(70)=0.24, p=0.043; Fig. 4a).

Across groups, there was not a significant relationship
between PdG level and right posterior lateral hippocam-
pus activation, although the small positive relationship was
trending toward significance (r(69)=0.22, p=0.062). There
was a significant small positive relationship between E1G
level and right posterior lateral hippocampus activation
(r(70)= 0.26, p=0.03; Fig. 4b).

Imaging: Exploratory Analyses of Whole-Brain
Function and Connectivity

Since BSO and SM groups were both experiencing
17p-estradiol loss, we next focused on the differences and
similarities between the two different menopause types,
BSO and SM, asking whether whole-brain function and
hippocampal connectivity after BSO were similar or dif-
ferent from that observed in older women in SM. To assess
whole-brain function during Novel and Repeat conditions,
we used multivariate PLS. We found one significant latent
variable (LV1: p=0.008, percent cross-block covariance
accounted for 98.25%; Table 2; Fig. 5). The BSO and SM
groups showed similar patterns of activity, with increased
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Fig.4 Relationships between urinary ovarian hormone levels, face-
name task accuracy, and hippocampal activation; a) Plot of correla-
tion between estrone-3-glucuronide (E1G) level and face-name task
accuracy; b) Plot of correlation between E1G level and right poste-

@ Springer

activity in right middle frontal gyrus and left posterior cin-
gulum—negative salience regions—during encoding of
Novel face-name pairs and increased activity in left hip-
pocampus, inferior and middle temporal gyri, inferior frontal
gyrus, bilateral rectus gyri, and cerebellum—positive sali-
ence regions—during encoding of Repeat pairs. BSO+ERT
differed significantly from BSO and SM, showing the oppo-
site pattern, i.e., increased activity in left hippocampus and
temporal regions during encoding of Novel face-name pairs
and increased activity in frontal and cingulate cortices dur-
ing encoding of Repeat face-name pairs.

Using PLS, we next focused on functional connectiv-
ity between the left and right anterior and posterior hip-
pocampi of BSO, BSO+ERT, and SM. When we calculated
HRF-weighted correlations between four regions within the
left and right anterior and posterior hippocampius across
Novel and Repeat conditions (Fig. 6a), we found that LV1
explained 72.91% of data variance and trended toward statis-
tical significance (p=0.07). Thus, we examined LV1 further
to identify differences in hippocampal connectivity. During
Novel encoding, compared to Repeat encoding, BSO showed
significantly decreased connectivity between left and right
and left anterior hippocampi as well as between left anterior
and posterior hippocampus (Fig. 6). In contrast, SM showed
increased connectivity between left and right anterior hip-
pocampi as well as between left anterior and posterior
hippocampus during Novel encoding compared to Repeat
encoding. These opposing connectivity patterns suggest
that menopause type may influence functional connectiv-
ity within the hippocampus during associative encoding.
BSO+ERT did not contribute to this latent pattern of effects:
i.e., BSO+ERT did not recruit different hippocampal con-
nections between Novel and Repeat conditions.
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Group
« AMC
4 BSO
= BSO+ERT
+ SM
+ . .
-0.1 - * )
+
7'0 ‘1'0 G'O
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rior lateral hippocampus activation. Abbreviations: SM spontaneous
menopause, BSO bilateral salpingo-oophorectomy, BSO+ERT bilat-
eral salpingo-oophorectomy with 17f-estradiol replacement therapy,
with or without other hormone therapy types
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Tablta_Z Local maxim? for LV1 Coordinates (X, Y, Z) Brain region BSR Cluster size p value
identified by task partial least (voxels)
squares
LVl
—56, —64, 36 Left angular gyrus 4.80 41 <0.0001
24, —68, —32 Right cerebellum crus 1 4.70 37 <0.0001
—4, 48, =20 Left gyrus rectus 4.63 16 <0.0001
-60, -8, —28 Left inferior temporal gyrus 4.54 41 <0.0001
-60, =36, 4 Left middle temporal gyrus 4.10 39 <0.0001
—12, —64, —48 Left cerebellum 8 4.04 20 0.0001
—48, 36, —16 Left inferior frontal gyrus, orbital 3.88 12 0.0001
40, —16, 60 Right precentral gyrus 3.86 28 0.0001
—24, —68, 20 Left cerebellum 6 3.46 12 0.0005
—16, -28, -8 Left hippocampus 4.72 11 <0.0001
16, 24, —12 Right gyrus rectus 3.81 10 0.0001
20, —84, =32 Right cerebellum crus 2 3.54 19 0.0004
0,36, =20 Left gyrus rectus 3.52 12 0.0004
—16, —44,24 Left posterior cingulum —4.04 13 0.0001
36, 36, 20 Right middle frontal gyrus —3.60 12 0.0003
—12,-48, 24 Left posterior cingulum -3.53 14 0.0004
Abbreviations: LV latent variable, BSR bootstrap ratio
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Fig.5 Latent variable 1 (LV1) from task Partial Least Squares: a)
Spatial maps depict highlighted regions for LV1; p=0.008, percent
cross-block covariance accounted for 98.25%; b) Bootstrap distribu-
tion profile for LV1 with 95% confidence intervals; a pattern of Novel
and Repeat face-name pair encoding-related activity was significantly
different for BSO+ERT compared to BSO and SM; BSO bilateral
salpingo-oophorectomy, BSO+ERT bilateral salpingo-oophorectomy
with 17B-estradiol replacement therapy, SM spontaneous menopause

score profile for LV1 with 95% confidence intervals; a pattern of Novel
and Repeat face-name pair encoding-related connectivity was sig-
nificantly different for BSO compared to SM; ¢) Group mean Fisher’s
z-transformed correlation coefficients between left and right anterior
hippocampal ROIs; d) Group mean Fisher’s z-transformed correlation
coefficients between left anterior and posterior hippocampal regions;
error bars represent standard error of the mean; BSO bilateral salpingo-
oophorectomy, BSO+ERT bilateral salpingo-oophorectomy with
17B-estradiol replacement therapy, SM spontaneous menopause
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Discussion
Summary of Findings

We explored performance and brain function during an asso-
ciative memory task in younger women with BSO, compar-
ing them to age-matched premenopausal control women and
women in SM. Consistent with past work, AMC outperformed
SM on the face-name associative memory task [13]. We did not
see behavioral differences between the two BSO groups and the
two control groups, which may be because 4-5 years post-BSO
is not sufficient to see performance decline. Previous studies
have shown that decline in SM is most visible within the first
year after menopause and then normalizes, although it is unclear
whether women with BSO would follow the same trajectory
[50]. Because E1G levels correlated positively with face-name
task accuracy, it is also possible that women in the BSO+ERT
group either did not have high enough E1G levels or ERT doses
were too variable to discern improved performance.

In terms of memory-related brain activity, assessing brain
regions reported to decrease in encoding-related BOLD
response with age in a mixed sex-cohort, we found that
women with BSO had regions of functional brain activity
resembling women in SM who were, on average, 10 years
older. Both groups were distinct from BSO+ERT. Con-
trary to past work, AMC did not show associative encod-
ing-related functional brain differences compared to SM.
Finally, we found a trend for functional connectivity differ-
ences within a hippocampal circuit between BSO and SM,
suggesting that type of menopause may also influence hip-
pocampal engagement during associative memory encoding.

To our knowledge, this is the first study of brain activity
during an associative memory task in middle-aged women
with 17f-estradiol loss and increased risk of AD. Although it is
likely that most mixed-sex aging studies of associative memory
have included older menopausal women, none have compared
the two different types of menopause studied here, midlife BSO
and SM. Further, this study is the first to assess hippocampal
connectivity in BSO, BSO+ERT, and SM groups, demonstrat-
ing that Novel and Repeat face-name pair encoding-related con-
nectivity was significantly different for BSO compared to SM.
Thus, in some domains of associative encoding, young women
with BSO resemble women in SM, who are 10 years older.
However, in other domains, these two groups differ, suggesting
that BSO may lead to advanced brain changes with additional
features unique to early ovarian removal.

Women with BSO Show SM-Like Patterns of Neural
Activity 10 Years Earlier

In our cohort, without ERT, women with BSO had similar
hippocampal, frontal, and temporal cortical activity patterns
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to SM despite being approximately 10 years younger. Previ-
ous work in a mixed-sex cohort demonstrated older adults
had decreased hippocampal function compared to younger
adults [8]. Importantly, middle-aged women with BSO have
decreased hippocampal function. Women in SM have the
same results, consistent with work from others showing that
without ERT they may have decreased hippocampal func-
tion [12, 23]. Further, urinary E1G levels correlated posi-
tively with hippocampal activity, consistent with a role for
17p-estradiol in modulating hippocampal function. These
findings highlight the role of 17p-estradiol loss, rather than
age alone, in affectinginitiating these diverse patterns of
brain activity during face-name encoding.

Women with BSO and those in SM also exhibited less
repetition-dependent activity reduction in the hippocampus.
Notably, this pattern has been observed when comparing
mixed-sex mild cognitive impairment groups to cognitively
healthy age-matched older adults, suggesting ovarian hormone
loss could contribute to these patterns in the aging female
brain [51]. Decreased hippocampal activity in women with
BSO and SM suggests that BSO may lead to some aspects of
an accelerated aging brain phenotype, consistent with other
work showing BSO is linked to accelerated aging of multiple
bodily systems [52]. We also found, however, that BSO+ERT
showed a pattern of decreased hippocampal activation during
presentation of repeated face-name pairs, similar to mixed-sex
cohorts of younger adults [53]. Thus, ERT may stave off these
changes in younger women with BSO.

In women with BSO, multivariate PLS also revealed
decreased activation of regions including the inferior frontal
gyrus and inferior and middle temporal gyri, and increased
activation in the middle frontal gyrus during Novel face-
name pair encoding, which may further reflect an early aging
pattern. Previously, mixed-sex studies of episodic memory
in AD demonstrated hippocampal atrophy associated with
reduced temporal function and increased right middle fron-
tal gyrus activation [54]. Again, our results are consistent
with the idea that ERT may stave off some of these early
brain changes. Further supporting this is the finding that
BSO+ERT did not show increased left posterior cingulum
activation during novel encoding like BSO and SM.

Interestingly, the posterior cingulum is a region of the
default mode network that activates strongly during rest,
with suppressed activation during task-based encoding [55].
This deactivation of key default mode network regions,
including the posterior cingulum, in tandem with increased
hippocampal activation, is necessary for successful associa-
tive encoding [56]. Participants with mild cognitive impair-
ment and AD show less deactivation in the posterior cin-
gulate cortex during associative encoding [57], suggesting
that, as with older women in SM, women with BSO may
have alterations in both activation and deactivation during
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associative encoding. Thus, patterns typically associated
with chronological aging may be partially driven by ovarian
hormone loss. Further, these functional posterior cingulate
cortex patterns in younger women with BSO suggest that
regions other than the hippocampus may be undergoing
changes traditionally associated with aging.

Hippocampal Functional Connectivity Varies
by Menopause Type

Despite similar brain activation patterns between BSO and
SM, we found group differences in hippocampal connectiv-
ity. Functional connectivity analyses revealed that BSO had
decreased connectivity between the left and right anterior
hippocampius as well as between left anterior and posterior
hippocampus during novel face-name encoding. Meanwhile,
for SM, connectivity was increased among these regions
during novel encoding. Our SM connectivity patterns are
consistent with past research showing: (1) in a mixed-sex
cohort with advancing age, during resting state, there is
increased coupling between the left and right hippocampi
[58], and (2) even when controlling for age, women in SM
have task-based increases in bilateral hippocampal connec-
tivity compared to men, premenopausal, and perimenopausal
women [12].

Thus, comparing menopause types revealed that func-
tional connections supporting face-name pair encoding for
women in BSO differed from those of women in SM. This
finding further supports the importance of differentiating
menopause type and suggests BSO may also lead to different
connectivity patterns that might either be compensatory or
contribute to higher AD risk.

Study Strengths and Limitations

Our study focused on a highly under-represented, but never-
theless important group of women for our understanding of
the interaction of midlife events, hormones, and aging. To
date, this is the first study to investigate the effects of midlife
ovarian removal on task-related brain function.

Findings suggest that both early BSO without ERT and
SM influence the neural circuitry underlying associative
memory. However, our patient cohort, while unique, was
small. Still, our cohort size was comparable to others in the
field (e.g., [8, 59, 60]), and group comparisons with even
fewer participants have demonstrated significant group
differences in brain function [60]. Importantly, in smaller
cohorts, task-related functional effects are more stable
and robust than correlational effects, suggesting our task-
related functional group differences would remain regard-
less of the cohort size [47]. However, it will be important
for these findings to be confirmed and extended in larger
cohorts.

To date, no known research has investigated the conse-
quences of BSO on brain function. In the absence of large
cohorts, “smaller” fMRI studies have found sex differences
in brain activity (e.g., with 10 participants per group dur-
ing long-term memory retrieval [60]). This is particularly
relevant for studies of rare populations at increased risk for
neurological disorders. These studies, like ours, are likely
to have smaller cohort sizes, yet retain the power to identify
important group differences [60, 61].

While we did find behavioral differences between AMC
and SM groups, AMC did not contribute to any significant
group differences in brain function. This may be because
AMC:s were not all tested at the same point in their men-
strual cycles. Given the potential influence of menstrual
cycle on the structure and function of specific brain regions
involved in associative memory, such as the hippocampus
[18, 62], it is possible any effects of 17f-estradiol fluctuation
were canceled out in this group due to cycle phase variance.
This is an important consideration given that urinary E1G
levels were positively correlated with face-name task accu-
racy and hippocampal function. Future work should focus
on menstrual cycle effects on associative memory and its
underlying neural correlates.

Many of the significant activation changes observed were
between BSO and BSO+ERT. However, while all women
taking ERT were taking some form of 17f-estradiol, there
was variability in formulation, dose, route of administration,
duration, and whether it was administered with progesterone.
Importantly, progesterone-based hormone therapy has also
been associated with increased hippocampal and prefrontal
cortical activation during a visual working memory task in
SM [63]. Thus, it would be instructive for future fMRI stud-
ies to differentiate between opposed and unopposed ERT as
well as between patch and oral administration.

The BSO group also had more cancer treatment history
than the other groups; although we statistically controlled for
cancer treatment history, we did not have sufficient power
to directly examine the effects of cancer treatment on our
measures. Importantly, evidence suggests long-term effects
of chemotherapy may be limited to only some cognitive
domains, with negative effects disappearing after 6 months
for domains related to face-name associative memory, such
as delayed memory and attention [64].

Additionally, the selected ROI coordinates for univari-
ate analyses came from group differences found in a study
using the same task but in a mixed-sex cohort [8]. Previ-
ous literature has emphasized that brain activation varies
between men and women [12, 60]; thus, our selected ROI
coordinates may not be ideal for the women in our cohort.
This idea is further supported by our PLS results, demon-
strating widespread activation differences between groups
beyond the ROIs chosen for univariate analyses. However, it
is important to note that the cohort from which we obtained
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the selected ROI coordinates was primarily female (20/27
participants), increasing the relevance and applicability of
these coordinates to our study. We were also unable to take
into account the structural variability in the hippocampus:
i.e., we were unable to analyze our results by hippocam-
pal subfields that play a key role in associative memory-
related brain function [65]. Acknowledging these subfields
is critical given rodent studies showing significant effects
of 17p-estradiol on dendritic spine density in hippocampal
Cornu Ammonis 1 pyramidal neurons and studies of midlife
women with early BSO showing hippocampal volume loss
is specific to the dentate gyrus and Cornu Ammonis 2/3
composite subfield [26]. Future work should utilize high-
resolution fMRI to clarify the precise locations of hippocam-
pal changes, potentially revealing differences in activation
between menopause types.

Finally, we found brain activation differences between
BSO and BSO+ERT, but no behavioral differences between
them. This is not surprising; these are young, highly edu-
cated women who have shown other modest but significant
changes in verbal episodic and spatial working memory [32]
as well as in the volumes of hippocampal subfields [26].
Based on previous brain/behavior studies, we would expect
functional brain functional differences to be discernable
prior to behavioral changes. Indeed, changes in hippocam-
pal function precede clinical symptoms of mild cognitive
impairment progressing toward AD, and divergence in hip-
pocampal function may occur as early as age 40 [66]. Our
study underscores the likelihood of this midlife divergence
between behavior and brain changes and highlights that even
before changes will be apparent behaviorally, hippocampal
circuits may function differently due to 17p-estradiol loss
and/or aging. Thus, early functional brain changes may be an
important biomarker in women with BSO, critical to iden-
tifying when to best intervene with treatments or lifestyle
changes that might stave off eventual, measurable cognitive
decline.

Conclusions

This is the first study to investigate face-name associa-
tive memory-related performance and brain function in
younger women with midlife ovarian removal taking and
not taking ERT, as well as to compare them to AMC and
older women in SM. We found that while BSO+ERT had
unique activation patterns during face-name pair encoding
compared to BSO and SM, brain activation patterns were
similar between women with BSO and SM, suggesting that
midlife BSO may bring on brain changes 10 years earlier
than they would ordinarily occur. Importantly, we also found
potential differences in hippocampal functional connectiv-
ity between the two menopause types, suggesting effects of
early 17f-estradiol loss could extend beyond an accelerated
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aging brain phenotype. The changes in memory circuitry
related to BSO and its subsequent ovarian hormone loss
seem to be evident in early midlife and may precede changes
in behavioral performance. Thus, we have demonstrated that
the face-name associative memory task we used may be a
useful marker for some of the earliest brain changes presag-
ing late-life AD.

Acknowledgements We thank Dr. Michelle Jacobson and Dr. Marcus
Bernardini from the Familial Ovarian Cancer Clinic at Women's Col-
lege Hospital, Dr. Lea Velsher from the Genetics Program at North
York General Hospital, and Dr. William Foulkes and Laura Hayes from
the Department of Human Genetics at McGill University for their help
with participant recruitment, and Dr. Foulkes for his insightful com-
ments on the manuscript.

Author Contributions AB: conceptualization, data curation, formal
analysis, investigation, writing—original draft, writing—review and
editing, visualization, project administration. NJG: investigation, writ-
ing—review and editing. JR: software, investigation, writing—review
and editing. AA: investigation. LG: investigation. RR: investigation.
LK: investigation. MNR: resources, writing—review and editing. CG:
conceptualization, methodology, resources, writing—review and edit-
ing. GE: conceptualization, methodology, resources, writing—review
and editing, funding acquisition, supervision.

Funding This work was supported by Canadian Institutes of Health
Research (CIHR) #WJP-150643 and #WJD-180960 (the Wilfred and
Joyce Posluns Chair in Women’s Brain Health and Aging from the
Posluns Family Foundation, Women’s Brain Health Initiative; GE),
Centre for Aging & Brain Health Innovation (GE), Canadian Can-
cer Society #310336 (GE), Alzheimer Society of Canada #72953944
(GE), CIHR #MOP-130490 (GE), Ontario Brain Institute (GE), Jac-
queline Ford Fund for Gender and Health (GE), CIHR #CNA-163902
(H. Chertkow, G. Einstein et al.), CIHR #MOP-143311 (CG), Alzhei-
mer’s Association and Brain Canada Foundation #AARF-17-504715
(NJG), CIHR Masters Award (AB, LG, and RR), Natural Sciences and
Engineering Research Council of Canada Postgraduate Scholarship
Doctoral Award #PGSD3-546667-2020 (AB), and the General Motors
Women in Science and Mathematics Award (AB).

Data Availability The dataset analyzed during the current study is not
publicly available due to restrictions placed by the Research Ethics
Board. Our sample is from a small patient population from Canada.
Thus, even with de-identified data, participants could be easily identi-
fied, and ethics requires we maintain privacy and confidentiality.

Declarations
Ethics Approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics

Committee of University of Toronto.

Consent to Participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for Publication Not applicable

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long



Molecular Neurobiology (2023) 60:6145-6159

6157

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

14.

Rocca WA, Bower JH, Maraganore DM et al (2007) Increased
risk of cognitive impairment or dementia in women who under-
went oophorectomy before menopause. Neurology 69:1074—-1083.
https://doi.org/10.1212/01.wnl.0000276984.19542.¢6

Bove R, Secor E, Chibnik LB et al (2014) Age at surgical meno-
pause influences cognitive decline and Alzheimer pathology in
older women. Neurology 82:222-229. https://doi.org/10.1212/
WNL.0000000000000033

Alzheimer’s Association (2019) 2019 Alzheimer’s disease facts
and figures. Alzheimer’s Dement 15:321-387. https://doi.org/10.
1016/j.jalz.2019.01.010

Papp KV, Amariglio RE, Dekhtyar M et al (2014) Development
of a psychometrically equivalent short form of the face-name
associative memory exam for use along the early Alzheimer’s
disease trajectory. Clin Neuropsychol 28:771-785. https://doi.org/
10.1080/13854046.2014.911351

Horn MM, Kennedy KM, Rodrigue KM (2018) Association
between subjective memory assessment and associative memory
performance: Role of AD risk factors. Psychol Aging 33:109-118.
https://doi.org/10.1037/pag0000217

Rentz DM, Amariglio RE, Becker JA et al (2011) Face-name
associative memory performance is related to amyloid burden in
normal elderly. Neuropsychologia 49:2776-2783. https://doi.org/
10.1016/j.neuropsychologia.2011.06.006

Sperling RA, LaViolette PS, O’Keefe K et al (2009) Amyloid
deposition is associated with impaired default network function
in older persons without dementia. Neuron 63:178-188. https://
doi.org/10.1016/j.neuron.2009.07.003

Sperling RA, Bates JF, Chua EF et al (2003) fMRI studies of asso-
ciative encoding in young and elderly controls and mild Alzhei-
mer’s disease. J Neurol Neurosurg Psychiatry 74:44-50. https://
doi.org/10.1136/jnnp.74.1.44

Jones DT, Knopman DS, Gunter JL et al (2016) Cascading net-
work failure across the Alzheimer’s disease spectrum. Brain
139:547-562. https://doi.org/10.1093/brain/awv338

Blumenfeld RS, Ranganath C (2007) Prefrontal cortex and long-
term memory encoding: an integrative review of findings from
neuropsychology and neuroimaging. Neuroscientist 13:280-291.
https://doi.org/10.1177/1073858407299290

Craik FIM, Grady CL (2002) Aging, memory, and frontal lobe
functioning. In: Principles of frontal lobe function. Oxford Uni-
versity Press, pp. 528-540

Jacobs EG, Weiss BK, Makris N et al (2016) Impact of sex and
menopausal status on episodic memory circuitry in early midlife. J
Neurosci 36:10163-10173. https://doi.org/10.1523/JINEUROSCIL
0951-16.2016

. Rentz DM, Weiss BK, Jacobs EG et al (2017) Sex differences

in episodic memory in early midlife. Menopause 24:400-408.
https://doi.org/10.1097/GME.0000000000000771

Bailey ME, Wang ACJ, Hao J et al (2011) Interactive effects of
age and estrogen on cortical neurons: Implications for cognitive

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

aging. Neuroscience 191:148-158. https://doi.org/10.1016/j.neuro
science.2011.05.045

Boulware MI, Heisler JD, Frick KM (2013) The memory-enhanc-
ing effects of hippocampal estrogen receptor activation involve
metabotropic glutamate receptor signaling. J Neurosci 33:15184—
15194. https://doi.org/10.1523/JINEUROSCI.1716-13.2013
Arélin K, Mueller K, Barth C et al (2015) Progesterone mediates
brain functional connectivity changes during the menstrual cycle-
a pilot resting state MRI study. Front Neurosci 9:1-11. https://doi.
org/10.3389/fnins.2015.00044

Taylor CM, Pritschet L, Olsen RK et al (2020) Progesterone
shapes medial temporal lobe volume across the human menstrual
cycle. Neuroimage 220:117125. https://doi.org/10.1016/j.neuro
image.2020.117125

Pritschet L, Santander T, Taylor CM, Layher E, Yu S, Miller
MB, Grafton ST, Jacobs EG (2020) Functional reorganization of
brain networks across the human menstrual cycle. Neuroimage.
15(220):117091. https://doi.org/10.1101/866913

Almey A, Milner TA, Brake WG (2015) Estrogen receptors in
the central nervous system and their implication for dopamine-
dependent cognition in females. Horm Behav 74:125-138. https://
doi.org/10.1016/j.yhbeh.2015.06.010

Gould E, Woolley C, Frankfurt M, McEwen B (1990) Gonadal
steroids regulate dendritic spine density in hippocampal pyramidal
cells in adulthood. J Neurosci 10:1286—1291. https://doi.org/10.
1523/JNEUROSCI.10-04-01286.1990

Nilsen J, Chen S, Irwin RW et al (2006) Estrogen protects neu-
ronal cells from amyloid beta-induced apoptosis via regulation of
mitochondrial proteins and function. BMC Neurosci 7:74. https://
doi.org/10.1186/1471-2202-7-74

Erickson KI, Voss MW, Prakash RS et al (2010) A cross-sectional
study of hormone treatment and hippocampal volume in postmen-
opausal women: Evidence for a limited window of opportunity.
Neuropsychology 24:68-76. https://doi.org/10.1037/a0017292
Albert K, Hiscox J, Boyd B et al (2017) Estrogen enhances hip-
pocampal gray-matter volume in young and older postmenopau-
sal women: A prospective dose-response study. Neurobiol Aging
56:1-6. https://doi.org/10.1016/j.neurobiolaging.2017.03.033
Wnuk A, Korol DL, Erickson KI (2012) Estrogens, hormone
therapy, and hippocampal volume in postmenopausal women.
Maturitas 73:186—190. https://doi.org/10.1016/j.maturitas.2012.
07.001

Kantarci K, Tosakulwong N, Lesnick TG et al (2018) Brain struc-
ture and cognition 3 years after the end of an early menopausal
hormone therapy trial. Neurology 90:E1404-E1412. https://doi.
org/10.1212/WNL.0000000000005325

Gervais NJ, Gravelsins L, Brown A et al (2022) Scene memory
and hippocampal volume in middle-aged women with early
hormone loss. Neurobiol Aging 117:97-106. https://doi.org/10.
1016/j.neurobiolaging.2022.05.003

Zeydan B, Tosakulwong N, Schwarz CG et al (2019) Association
of bilateral salpingo-oophorectomy before menopause onset with
medial temporal lobe neurodegeneration. JAMA Neurol 76:95—
100. https://doi.org/10.1001/jamaneurol.2018.3057

Farrag AKF, Khedr EM, Abdel-Aleem H, Rageh TA (2002) Eftect
of surgical menopause on cognitive functions. Dement Geriatr
Cogn Disord 13:193-198. https://doi.org/10.1159/000048652
Phillips SM, Sherwin BB (1992) Effects of estrogen on memory
function in surgically menopausal women. Psychoneuroendo-
crinology 17:485-495. https://doi.org/10.1016/0306-4530(92)
90007-T

Sherwin BB (1988) Estrogen and/or androgen replacement ther-
apy and cognitive functioning in surgically menopausal women.
Psychoneuroendocrinology 13:345-357. https://doi.org/10.1016/
0306-4530(88)90060-1

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1212/01.wnl.0000276984.19542.e6
https://doi.org/10.1212/WNL.0000000000000033
https://doi.org/10.1212/WNL.0000000000000033
https://doi.org/10.1016/j.jalz.2019.01.010
https://doi.org/10.1016/j.jalz.2019.01.010
https://doi.org/10.1080/13854046.2014.911351
https://doi.org/10.1080/13854046.2014.911351
https://doi.org/10.1037/pag0000217
https://doi.org/10.1016/j.neuropsychologia.2011.06.006
https://doi.org/10.1016/j.neuropsychologia.2011.06.006
https://doi.org/10.1016/j.neuron.2009.07.003
https://doi.org/10.1016/j.neuron.2009.07.003
https://doi.org/10.1136/jnnp.74.1.44
https://doi.org/10.1136/jnnp.74.1.44
https://doi.org/10.1093/brain/awv338
https://doi.org/10.1177/1073858407299290
https://doi.org/10.1523/JNEUROSCI.0951-16.2016
https://doi.org/10.1523/JNEUROSCI.0951-16.2016
https://doi.org/10.1097/GME.0000000000000771
https://doi.org/10.1016/j.neuroscience.2011.05.045
https://doi.org/10.1016/j.neuroscience.2011.05.045
https://doi.org/10.1523/JNEUROSCI.1716-13.2013
https://doi.org/10.3389/fnins.2015.00044
https://doi.org/10.3389/fnins.2015.00044
https://doi.org/10.1016/j.neuroimage.2020.117125
https://doi.org/10.1016/j.neuroimage.2020.117125
https://doi.org/10.1101/866913
https://doi.org/10.1016/j.yhbeh.2015.06.010
https://doi.org/10.1016/j.yhbeh.2015.06.010
https://doi.org/10.1523/JNEUROSCI.10-04-01286.1990
https://doi.org/10.1523/JNEUROSCI.10-04-01286.1990
https://doi.org/10.1186/1471-2202-7-74
https://doi.org/10.1186/1471-2202-7-74
https://doi.org/10.1037/a0017292
https://doi.org/10.1016/j.neurobiolaging.2017.03.033
https://doi.org/10.1016/j.maturitas.2012.07.001
https://doi.org/10.1016/j.maturitas.2012.07.001
https://doi.org/10.1212/WNL.0000000000005325
https://doi.org/10.1212/WNL.0000000000005325
https://doi.org/10.1016/j.neurobiolaging.2022.05.003
https://doi.org/10.1016/j.neurobiolaging.2022.05.003
https://doi.org/10.1001/jamaneurol.2018.3057
https://doi.org/10.1159/000048652
https://doi.org/10.1016/0306-4530(92)90007-T
https://doi.org/10.1016/0306-4530(92)90007-T
https://doi.org/10.1016/0306-4530(88)90060-1
https://doi.org/10.1016/0306-4530(88)90060-1

6158

Molecular Neurobiology (2023) 60:6145-6159

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Wroolie TE, Kenna HA, Williams KE et al (2011) Differences in
verbal memory performance in postmenopausal women receiv-
ing hormone therapy: 17p-Estradiol versus conjugated equine
estrogens. Am J Geriatr Psychiatry 19:792-802. https://doi.org/
10.1097/JGP.0b013e3181{f678a

Gervais NJ, Au A, Almey A et al (2020) Cognitive markers of
dementia risk in middle-aged women with bilateral salpingo-
oophorectomy prior to menopause. Neurobiol Aging 94:1-6.
https://doi.org/10.1016/j.neurobiolaging.2020.04.019

Churchill NW, Spring R, Afshin-Pour B et al (2015) An auto-
mated, adaptive framework for optimizing preprocessing pipelines
in task-based functional MRI. PLoS One 10:1-25. https://doi.org/
10.1371/journal.pone.0131520

Cox JS, Hyde RW (1996) AFNI: Software for analysis and visu-
alization of functional magnetic resonance neuroimages. Comput
Biomed Res 29:162-173

Jenkinson M, Beckmann CF, Behrens TEJ et al (2012) FSL. Neu-
roimage 62:782-790. https://doi.org/10.1016/j.neuroimage.2011.
09.015

Rand-Giovannetti E, Chua EF, Driscoll AE et al (2006) Hip-
pocampal and neocortical activation during repetitive encoding
in older persons. Neurobiol Aging 27:173-182. https://doi.org/
10.1016/j.neurobiolaging.2004.12.013

Schneider W, Eschman A, Zuccolotto A (2012) E-Prime 2.0 refer-
ence guide manual

Munro CJ, Stabenfeldt GH, Cragun JR et al (1991) Relationship of
serum estradiol and progesterone concentrations to the excretion
profiles of their major urinary metabolites as measured by enzyme
immunoassay and radioimmunoassay. Clin Chem 37:838-844.
https://doi.org/10.1093/clinchem/37.6.838

Poppenk J, Evensmoen HR, Moscovitch M, Nadel L (2013) Long-
axis specialization of the human hippocampus. Trends Cogn Sci
17:230-240. https://doi.org/10.1016/j.tics.2013.03.005

Brett M, Anton J-L, Valabregue R, Poline J-B (2002) Region of
interest analysis using an SPM toolbox [abstract]. Presented at
the 8th International Conference on Functional Mapping of the
Human Brain. June 2-6, 2002, Sendai, Japan

Turner JA, Damaraju E, Van Erp TGM et al (2013) A multi-site
resting state fMRI study on the amplitude of low frequency fluc-
tuations in schizophrenia. Front Neurosci 7:1-13. https://doi.org/
10.3389/fnins.2013.00137

MclIntosh AR, Lobaugh NJ (2004) Partial least squares analysis
of neuroimaging data: Applications and advances. Neuroimage
23:250-263. https://doi.org/10.1016/j.neuroimage.2004.07.020
Van Roon P, Zakizadeh J, Chartier S (2014) Partial Least Squares
tutorial for analyzing neuroimaging data. Quant Methods Psychol
10:200-215. https://doi.org/10.20982/tqmp.10.2.p200

Lukic AS, Wernick MN, Strother SC (2002) An evaluation of
methods for detecting brain activations from functional neuroim-
ages. Artif Intell Med 25:69-88. https://doi.org/10.1016/S0933-
3657(02)00009-X

Tzourio-Mazoyer N, Landeau B, Papathanassiou D et al (2002)
Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-
subject brain. Neuroimage 15:273-289. https://doi.org/10.1006/
nimg.2001.0978

Ben-Yakov A, Henson RN (2018) The hippocampal film edi-
tor: sensitivity and specificity to event boundaries in continuous
experience. J Neurosci 38:10057-10068. https://doi.org/10.1523/
JNEUROSCI.0524-18.2018

Grady CL, Rieck JR, Nichol D et al (2020) Influence of sam-
ple size and analytic approach on stability and interpretation of

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

brain-behavior correlations in task-related fMRI data. Hum Brain
Mapp 42(1):204-219. https://doi.org/10.1002/hbm.25217
Whitfield-Gabrieli S, Nieto-Castanon A (2012) Conn: a functional
connectivity toolbox for correlated and anticorrelated brain net-
works. Brain Connect 2:125-141. https://doi.org/10.1089/brain.
2012.0073

Grady CL (2020) Meta-analytic and functional connectivity evi-
dence from functional magnetic resonance imaging for an anterior
to posterior gradient of function along the hippocampal axis. Hip-
pocampus 30:456—-471. https://doi.org/10.1002/hipo.23164
Weber MT, Rubin LH, Maki PM (2013) Cognition in perimeno-
pause. Menopause 20:511-517. https://doi.org/10.1097/gme.
0b013e31827655e5

Jurick SM, Weissberger GH, Clark LR et al (2018) Faulty adap-
tation to repeated face-name associative pairs in mild cognitive
impairment is predictive of cognitive decline. Arch Clin Neu-
ropsychol 33:168-183. https://doi.org/10.1093/arclin/acx056
Rocca WA, Gazzuola Rocca L, Smith CY et al (2017) Bilateral
oophorectomy and accelerated aging: Cause or effect? J Geron-
tol A Biol Sci Med Sci 72:1213-1217. https://doi.org/10.1093/
gerona/glx026

Adams JN, Maass A, Berron D et al (2021) Reduced repetition
suppression in aging is driven by tau-related hyperactivity in
medial temporal lobe. J Neurosci 41:3917-3931. https://doi.org/
10.1523/jneurosci.2504-20.2021

Garrido GEJ, Busatto GF, Furuie SS et al (2002) Relation between
medial temporal atrophy and functional brain activity during
memory processing in Alzheimer’s disease: A combined MRI
and SPECT study. J Neurol Neurosurg Psychiatry 73:508-516.
https://doi.org/10.1136/jnnp.73.5.508

Pihlajamiki M, O’Keefe K, O’Brien J et al (2011) Failure of rep-
etition suppression and memory encoding in aging and Alzhei-
mer’s disease. Brain Imaging Behav 5:36—44. https://doi.org/10.
1007/s11682-010-9110-3

Miller SL, Celone K, DePeau K et al (2008) Age-related mem-
ory impairment associated with loss of parietal deactivation but
preserved hippocampal activation. Proc Natl Acad Sci U S A
105:2181-2186. https://doi.org/10.1073/pnas.0706818105
Pihlajamiki M, Sperling RA (2009) Functional MRI assess-
ment of task-induced deactivation of the default mode network in
Alzheimer’s disease and at-risk older individuals. Behav Neurol
21:77-91. https://doi.org/10.3233/BEN-2009-0231

Salami A, Pudas S, Nyberg L (2014) Elevated hippocampal rest-
ing-state connectivity underlies deficient neurocognitive function
in aging. Proc Natl Acad Sci U S A 111:17654—17659. https://doi.
org/10.1073/pnas.1410233111

Sperling RA, Bates JF, Cocchiarella AJ et al (2001) Encoding
novel face-name associations: A functional MRI study. Hum Brain
Mapp 14:129-1309. https://doi.org/10.1002/hbm.1047

Spets DS, Slotnick SD (2020) Are there sex differences in brain
activity during long-term memory? A systematic review and fMRI
activation likelihood estimation meta-analysis. Cogn Neurosci
00:1-11. https://doi.org/10.1080/17588928.2020.1806810
Friston KJ, Holmes AP, Worsley KJ (1999) How many subjects
constitute a study? Neuroimage 10:1-5. https://doi.org/10.1006/
nimg.1999.0439

Protopopescu X, Butler T, Pan H et al (2008) Hippocampal struc-
tural changes across the menstrual cycle. Hippocampus 18:985—
988. https://doi.org/10.1002/hipo.20468

Berent-Spillson A, Briceno E, Pinsky A et al (2015) Distinct cog-
nitive effects of estrogen and progesterone in menopausal women.
Psychoneuroendocrinology 59:25-36. https://doi.org/10.1016/j.
psyneuen.2015.04.020


https://doi.org/10.1097/JGP.0b013e3181ff678a
https://doi.org/10.1097/JGP.0b013e3181ff678a
https://doi.org/10.1016/j.neurobiolaging.2020.04.019
https://doi.org/10.1371/journal.pone.0131520
https://doi.org/10.1371/journal.pone.0131520
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neurobiolaging.2004.12.013
https://doi.org/10.1016/j.neurobiolaging.2004.12.013
https://doi.org/10.1093/clinchem/37.6.838
https://doi.org/10.1016/j.tics.2013.03.005
https://doi.org/10.3389/fnins.2013.00137
https://doi.org/10.3389/fnins.2013.00137
https://doi.org/10.1016/j.neuroimage.2004.07.020
https://doi.org/10.20982/tqmp.10.2.p200
https://doi.org/10.1016/S0933-3657(02)00009-X
https://doi.org/10.1016/S0933-3657(02)00009-X
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1523/JNEUROSCI.0524-18.2018
https://doi.org/10.1523/JNEUROSCI.0524-18.2018
https://doi.org/10.1002/hbm.25217
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1002/hipo.23164
https://doi.org/10.1097/gme.0b013e31827655e5
https://doi.org/10.1097/gme.0b013e31827655e5
https://doi.org/10.1093/arclin/acx056
https://doi.org/10.1093/gerona/glx026
https://doi.org/10.1093/gerona/glx026
https://doi.org/10.1523/jneurosci.2504-20.2021
https://doi.org/10.1523/jneurosci.2504-20.2021
https://doi.org/10.1136/jnnp.73.5.508
https://doi.org/10.1007/s11682-010-9110-3
https://doi.org/10.1007/s11682-010-9110-3
https://doi.org/10.1073/pnas.0706818105
https://doi.org/10.3233/BEN-2009-0231
https://doi.org/10.1073/pnas.1410233111
https://doi.org/10.1073/pnas.1410233111
https://doi.org/10.1002/hbm.1047
https://doi.org/10.1080/17588928.2020.1806810
https://doi.org/10.1006/nimg.1999.0439
https://doi.org/10.1006/nimg.1999.0439
https://doi.org/10.1002/hipo.20468
https://doi.org/10.1016/j.psyneuen.2015.04.020
https://doi.org/10.1016/j.psyneuen.2015.04.020

Molecular Neurobiology (2023) 60:6145-6159

6159

64. Jansen CE, Cooper BA, Dodd MJ, Miaskowski CA (2011) A pro-

65.

spective longitudinal study of chemotherapy-induced cognitive
changes in breast cancer patients. Support Care Cancer 19:1647—
1656. https://doi.org/10.1007/s00520-010-0997-4
Carr VA, Rissman J, Wagner AD (2010) Imaging the human
medial temporal lobe with high-resolution fMRI. Neuron 65:298—
308. https://doi.org/10.1016/j.neuron.2009.12.022

66. Coupé P, Manjon JV, Lanuza E, Catheline G (2019) Lifespan
changes of the human brain In Alzheimer’s disease. Sci Rep
9:1-12. https://doi.org/10.1038/541598-019-39809-8

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00520-010-0997-4
https://doi.org/10.1016/j.neuron.2009.12.022
https://doi.org/10.1038/s41598-019-39809-8

	Women’s Brain Health: Midlife Ovarian Removal Affects Associative Memory
	Abstract
	Introduction
	Materials and Methods
	Recruitment
	Image Acquisition 
	Image Preprocessing
	Procedure
	Statistical Analysis
	Univariate Analysis
	Exploratory Partial Least Squares (PLS) Analysis
	Exploratory Connectivity PLS Analysis


	Results
	Behavior: Associative Memory After BSO
	Imaging: Regional Brain Function After BSO
	Correlations
	Imaging: Exploratory Analyses of Whole-Brain Function and Connectivity

	Discussion
	Summary of Findings
	Women with BSO Show SM-Like Patterns of Neural Activity 10 Years Earlier
	Hippocampal Functional Connectivity Varies by Menopause Type
	Study Strengths and Limitations
	Conclusions

	Acknowledgements 
	References


