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Abstract

Many studies suggest sex differences in memory and hippocampal size, and that hormone therapy
(HT) may positively affect these measures in women; however, the parameters of HT use that most
likely confer benefits are debated. We evaluated the impact of sex and post-menopausal HT use on
verbal learning and memory and hippocampal size in 94 cognitively intact women and 49 men.
Using ANCOVA s that controlled for age and education, Women had better total word learning and
delayed verbal memory performance than men. HT analyses showed that non-HT users performed
similarly to men while HT users performed better than men in delayed memory regardless of
whether use was current or in the past. Women had larger hippocampal volumes than men
regardless of whether they were HT users. Using univariate linear models we assessed group
differences in the predictive value of hippocampal volumes for verbal learning and memory.
Hippocampal size significantly predicted memory performance for men and non-HT users, but not
for HT users. This lack of relationship between hippocampal size and verbal learning and memory
performance in HT users suggests HT use may impact memory through extra-hippocampal neural
systems.
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Introduction

Ways to maintain maximum memory functioning as one ages is of great importance to the
increasingly aging populations of developed countries. Many factors contribute to the effects
of normal aging on memory function, two of which are gender/sex and hormone therapy
(HT) use. Women tend to perform better than men on verbal learning and memory
paradigms across the lifespan (Caselli et al., 2015; Herlitz, Nilsson, & Backman, 1997;
Ystad et al., 2009). In healthy post-menopausal women, HT can prevent (Phillips &
Sherwin, 1992; Sherwin, 1998) or diminish (Campbell & Whitehead, 1977; Duka, Tasker, &
McGowan, 2000; Joffe et al., 2006; Linzmayer et al., 2001; Maki, Zonderman, & Resnick,
2001; Wolf et al., 1999) verbal memory decline. The hippocampus is critical for the
consolidation of episodic memory (Burgess (Burgess, Maguire, & O'Keefe, 2002; Garcia-
Lazaro, Ramirez-Carmona, Lara-Romero, & Roldan-Valadez, 2012), and hippocampal size
can predict normal age-related memory changes (Chen, Chuah, Sim, & Chee, 2010; Golomb
etal., 1993; Hackert et al., 2002; Ystad et al., 2009). There is evidence that hippocampal
size in aging populations differs by sex and is affected by HT use, although findings are
inconsistent. Some studies have found age-related sex differences in hippocampal size
favoring women (Ystad et al., 2009; Zhang et al., 2010), while others have not (Lemaitre et
al., 2005; Thomann et al., 2013). Further, cross-sectional studies have found a sharper age-
related decline in hippocampal size in men (Li et al., 2014; Pruessner, Collins, Pruessner, &
Evans, 2001; Raz, Gunning-Dixon, et al., 2004). Sex differences in memory and regional
brain change vulnerability (e.g. hippocampal shrinkage) may be important factors to be
taken into account as men and women aim to maximize memory function throughout the
lifespan.

Elucidating true sex differences in aging on hippocampal size is complicated by the use of
post-menopausal HT. Eberling and colleagues (2003) reported no sex differences in
hippocampal volume when HT use in women was not accounted for, but larger hippocampi
in women taking HT as compared to men or women not taking HT. These findings were
expanded on by Lord et al. (2008) who found larger hippocampi in women currently taking
HT compared to men, past HT users, or non-HT users. However, other reports found no
difference in hippocampal size between HT users or non-users and men (Greenberg et al.,
2006; Ryan et al., 2014). Further, few studies assessing sex and HT effects on hippocampal
size have included cognitive measures, leaving the functional impact of effects on memory
uncertain. Thus, the first aim of the present retrospective study was to determine if HT use
impacts sex differences in both hippocampal size and verbal learning and memory
performance in older adults. We predicted only women with a history of HT use would have
larger hippocampal volumes and superior verbal learning and memory performance than
men. Additionally, we aimed to determine if HT use or sex effects impact the predictive
value of hippocampal volumes for verbal learning and memory.
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A second aim of the study was to determine if timing of HT use impacts whether or not
benefits are observed for verbal learning and memory and hippocampal size. Multiple
theories have emerged to reconcile the incongruent HT findings between positive effects in
observational studies and negative effects in clinical trials; most notably the unexpected
detrimental findings of the large, placebo-controlled, randomized Women’s Health Initiative
Memory Study (WHIMS). Briefly, WHIMS participants were 65 years and older and HT
assignment was associated with increased risk of dementia (Shumaker et al., 2003),
decrements in verbal memory (Resnick et al., 2006), and smaller hippocampi, as compared
to the placebo group (Resnick, Espeland, Jaramillo, et al., 2009). Regarding timing of use,
HT treatment in the WHIMS began 15+ years post-menopause which may be related to the
observed cognitive and brain detriments not found in previous observational studies. The
“critical window” hypothesis suggests that HT initiation at or near the time of menopause is
related to cognitive benefits, while delayed initiation is not beneficial and can even be
detrimental (Acosta (Acosta, Hiroi, Camp, Talboom, & Bimonte-Nelson, 2013; Khoo et al.,
2009; Maki, 2006; Sherwin, 2005). The “healthy cell bias of estrogen action” hypothesis
suggests HT is beneficial if neurons are healthy, but detrimental if neurological health is
compromised (Brinton (Brinton, 2005; Greendale, Derby, & Maki, 2011; Tierney et al.,
2009). A method for evaluating timing in retrospective studies is to group users into “past”
or “current” HT users, which follows from the notion that past HT use is more likely to only
occur near the time of menopause, when neurons are younger and healthier, and can have
prolonged positive effects on memory and brain structures. There is evidence that current
versus past HT use differentially affects hippocampal size, but results have been mixed.
While Boccardi and colleagues (2006), found past users to have the largest hippocampal
volumes, Lord et al. (2008) found larger hippocampi in current users, and yet other groups
have found no relationship between hippocampal size and current or past HT use (Low et al.,
2006; Ryan et al., 2014). Thus, to date “past HT users” versus “current HT users” studies on
hippocampal size are contradictory and rarely include cognitive evaluations or longitudinal
follow-up. Replication of previous findings, delineation of the relationship between
hippocampal size and cognition, and tracking longitudinal trajectories of cognitive and brain
aging are all needed to better understand the impact of HT. With a sample of 94
postmenopausal women and 49 men, the current study evaluated the impact of current, past,
and never use of HT on verbal learning and memory and hippocampal volumes, and
compared findings to men. In a subset of participants, we examined longitudinal age-related
hippocampal volume loss, as well as interactions with sex and HT use. Lastly, we
investigated the predictive value of hippocampal size on verbal learning and memory
performance and interactions across HT groups. We predicted past HT use would convey the
largest benefit to post-menopausal women in terms of hippocampal volume and verbal
learning and memory, as compared to women who had never used HT and men.

Participants were recruited from several institutions of the Arizona Alzheimer’s Consortium:
Barrow Neurological Institute, Banner Sun Health Research Institute, and Mayo Clinic-
Arizona. All participants provided written consent approved by the individual institutions’
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Institutional Review Boards. We recruited cognitively normal participants from the
longitudinal Alzheimer’s disease studies at the home institutions. Participants consisted of
49 men and 94 post-menopausal women. General eligibility requirements for study
participants were: 1) Cognitively intact, with no clinical diagnosis of mild cognitive
impairment or dementia from the study neurologist and a score of =25 on the Mini Mental
State Exam (Folstein, Folstein, & McHugh, 1975); 2) No evidence of depression as
measured by either the Geriatric Depression Scale (GDS; Yesavage et al., 1982) or Beck
Depression Inventory-11 (BDI; Beck, Steer, Ball, & Ranieri, 1996); and 3) For women, post-
menopausal, as defined as one year or more since the final menstrual period. Detailed
histories of self-reported post-menopausal HT exposure were gathered from female
participants by the attending clinician of each institution. When possible, women were asked
to bring in their prescriptions to confirm accuracy and reliability of self-report. Data
concerning specific information about type of HT formulation (Current, n = 31; Past, n =
29), age at HT initiation, HT initiation delay with regard to menopause, and hysterectomy
status was not recorded unless participants were confident in the accuracy, preferably with
documentation when possible (Current, n = 22; Past, n = 25; Never, n = 12; Table 1). Women
were divided into three groups based on HT exposure: Current (n = 32), Past (n = 41), and
Never (n = 21) users. Based on effect sizes (approx. d=1.1) in Lord et al. (2008) we had
sufficient power (B=0.80) to detect to detect a significant (. =0.05) HT-related benefit for
hippocampal volume with respect to Never Users and Men. Our hypothesis that Past HT
Users would have larger hippocampal volumes than Current Users and Never Users was
based on findings from Boccardi et al. (2006). Effect size for the hippocampus could not be
computed from this report, as the author took a whole-brain statistical approach; however,
our sample size for each group was larger, giving us confidence in our power to detect a
significant effect. Finally, based on effect size (n?=0.12) in Carlson & Sherwin (1999), we
had sufficient power (8=0.80) to detect significant (a=0.05) HT-related benefits for verbal
memory as compared to Never Users and Men. Thirty-one participants (7 Current, 8 Past, 5
Never, and 11 Men) returned for longitudinal analysis an average of three years after their
initial study visit. Genetic determination of Apolipoprotein E (APOE) allelic status, which is
highly related to risk of late-onset Alzheimer’s disease (Burke & Roses, 1991) and memory
decline, was performed in a subset of participants with the use of polymerase-chain-reaction
assays (Hixson & Vernier, 1990).

Cognitive Testing

Participants were administered either the California Verbal Learning Test (CVLT-II; Delis,
Freeland, Kramer, & Kaplan, 1988) or the Rey Auditory Verbal Learning Test (RAVLT; Rey,
1964), which are both auditory learning and memory tasks consisting of a supra-span word
list that is repeated 5 times for a total word recall learning (“Total Words™) measure as well
as a free recall trial 20-30 minutes later to assess delayed memory (CVLT-1I/RAVLT by
group: Current: 19/13; Past: 13/28; Never: 12/9; Men: 15/36). The only difference between
the two tests is the CVLT-11 word list contains 16 words, while the AVLT contains 15 words.
Memory performance for Total Words and Delayed Memory are presented as age-adjusted
z-scores (Ivnik, 1990; Paolo, Troster, & Ryan, 1997) in order to pool data across these very
similar tests.
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Magnetic Resonance Image Acquisition

All participants underwent imaging on a 1.5- or 3- tesla GE scanner at Barrow Neurological
Institute (1.5T/3T by group: Current: 13/19; Past: 7/34; Never: 9/12; Men: 11/40). Scanners
had identical gradient sets (cardiac resonance modules with identical coefficients) in order to
minimize image distortion and facilitate pooling data across magnet strength. Images of the
whole brain were collected using standard axial SPGR (spoiled gradient) T1-weighted, 3-
dimensional acquisition with in plane resolution = 0.9375 square mm voxels.

Volumetric Analyses

Hippocampal volumes were manually traced by three individuals who were blinded to sex,
HT status, age, and other variables. Inter-rater reliability was assessed using a two-way
mixed, average-measures, intra-class correlation (ICC; McGraw, 1996), resulting in the
excellent range (Cicchetti, 1994) for both consistency (ICC = 0.99) and absolute agreement
(ICC =0.99). Hippocampal outlines were traced from the three-dimensional SPGR images
using ANALY ZE (version 7.5; Rochester, MN). Structures were first visualized in all three
planes, landmarked in the sagittal plane, and drawn in the coronal plane. We employed the
guidelines of Machulda et al. (2001) to define the hippocampal boundaries, including the
hippocampal head and body. The anterior boundary was defined by observing the white
matter band and/or the cerebrospinal fluid space between the amygdala and hippocampus in
the sagittal plane (Machulda et al., 2001). The posterior aspect was initially landmarked in
the sagittal plane by locating the posterior edge of the hippocampus and then confirming in
the coronal plane that the fornices were completely visualized. Since total brain size can
influence hippocampal size, we used a corrected value calculated as the percentage of total
brain volume (HVC). This within-subject correction provided further confidence that magnet
strength would not confound results. Total intracranial volume (T1V) was generated using
the Voxel-Based Morphometry Toolbox in Statistical Parametric Mapping 8 (SPMS8; http://
www.fil.ion.ucl.ac.uk/spm/).

Statistical Analyses

ANOVA was performed to assess sex and HT group differences on demographic variables
(age, education, years since menopause, age at HT initiation, and HT initiation delay).
Although groups were well-matched for age and education, because these factors can affect
verbal learning and memory and hippocampal size, they were added as covariates in the
ANCOVA assessing sex and HT effects on cognitive assessment (Total Words, Delayed
Memory) and volumetric data (left hippocampus, right hippocampus, and TIV). In the
presence of a significant omnibus ANCOVA (p<0.05), post-hoc analyses with were
conducted. Significant group differences were interpreted as p<0.05 after Bonferroni
correction for multiple comparisons. We tested for possible sex and HT group by instrument
interactions using a two-way ANOVA and confirmed group effects in each instrument
separately using ANCOVA. Repeated measures ANCOVA with age, education, and time
between visits as covariates, was used to asses longitudinal hippocampal volume loss.
Univariate linear models were used to assess the interactions between our categorical
(group) and continuous (hippocampal volumes) predictors for continuous outcomes (Total
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Words and Delayed Memory). Univariate tests were followed with post-hoc contrasts and
Pearson’s r correlations, in order to assess direction of relationships.

Results

Demographics

The age range of participants was 49-91 years. There were no sex differences in age,
t(141)=0.13, MSE=88.74, p=0.89, or years of education, t(141)=1.11, MSE=6.57, p=0.27,
nor did HT groups differ on these variables, age: F(3, 139)=0.64, MSE=88.80, p=0.59; years
of education: F(3, 139)=0.79, MSE=6.61, p=0.50. Participants were mostly Caucasian
(80%) or Latino (10%). Type of HT formulation used was available for 82% of participants
(Table 1). The most common medications were Premarin (conjugated equine estrogens;
CEE; HT Groups: Current: 48%; Past: 41%) and Prempro (CEE+medroxyprogesterone
acetate (MPA); HT Groups: Current: 10%; Past: 10%). Hysterectomy status, age at HT
initiation, and HT initiation delay with regard to menopause information was available for
65% of women. Of this subsample, 67% (n=41) reported that they had undergone a
hysterectomy (Current: 82% (n=18); Past: 68% (n=17); Never: 43% (n=6); Table 1). The
high rates of hysterectomy are consistent with the high rates of estrogen-only HT use. HT
groups did not differ on the number of years since menopause, F(2, 56)=0.65, MSE=90.31,
p=0.53, age at menopause, F(2, 56)=1.03, MSE=54.5, p=0.36, age at HT initiation,
t(45)=0.22, MSE=78.63, p=0.82, or delay of HT initiation with regard to menopause,
t(45)=0.91, MSE=38.24, p=0.37 (Table 1). APOE genotype was available for a subsample of
the participants (57%). Presence of an e4 allele, the allele related to increased risk of late-
onset Alzheimer’s disease, was distributed equally among the groups, suggesting that the
dependent measures were not influenced by uneven distribution of APOE genotype (Table
1).

Cognitive Measures

Sex Differences—\We observed the expected sex difference for verbal learning and
memory, with Women performing better than Men on Total Words, F(3, 139)=22.1,
MSE=1.23, p<0.001, and Delayed Memory, F(3, 139)=12.1, MSE=1.23, p=0.001.

HT Use—To address the question of whether use of post-menopausal HT at any time
impacted these sex differences, Women were grouped as HT Users (Current and Past) or
Never Users. There was a significant omnibus ANCOVA for Total Words, F(4, 138)=11.04,
MSE=1.24, p < 0.001, and Delayed Memory, F(4, 138)=6.47, MSE=1.24, p=0.002. Post-hoc
analyses revealed that while Users performed better than Men on Total Words, p<0.001 (Fig.
1A), and Delayed Memory, p<0.001 (Fig. 1B), Never Users only performed better than Men
on Total Words, p=0.005 (Fig. 1A), but not Delayed Memory, p=0.10, (Fig. 1B). Users and
Never Users did not differ on either measure (Fig. LA&B).

HT Timing—To address the question of whether timing of post-menopausal HT impacted
sex differences, we further categorized Women based on Current or Past Use. The omnibus
ANCOVAs remained significant when including Men and Never users for both Total Words,
F(5, 137)=7.31, MSE=1.25, p<0.001, and Delayed Memory, F(5, 137)=4.29, MSE=1.25,
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p=0.006. However, timing of HT use did not seem to impact the verbal learning or memory
sex difference, as both Current and Past Users performed better than Men on Total Words
and Delayed Memory, all p<0.006. Current, Past, and Never Users did not differ on either
measure.

Type of Verbal Learning and Memory Test—There were no group by type of verbal
learning test (AVLT vs. CVLT) interactions for any analysis, all p>0.45. Furthermore, when
sex/HT effects were investigated in each verbal learning test separately, findings were
consistent with pooled data. Women performed better than Men on both tests for Total
Words, AVLT: F(3, 80)=12.16, MSE=1.16, p=0.001; CVLT: F(3, 55)=11.22, MSE=1.28,
p=0.001, and Delayed Memory, AVLT: F(3, 80)=5.79, MSE=0.99, p=0.018; CVLT: F(3,
55)=7.88, MSE=1.45, p=0.007. HT Users and Never Users performed better than Men for
Total Words, AVLT: HT Users vs. Men, p=0.002; Never Users vs. Men, p=0.033; CVLT: HT
Users vs. Men, p=0.001; Never Users vs. Men, p=0.03, but only HT Users performed better
than Men for Delayed Memory, AVLT: HT Users vs. Men, p=0.027; Never Users vs. Men,
p=0.14; CVLT: HT Users vs. Men, p=0.003; Never Users vs. Men, p=0.17. HT Users and
Never Users did not differ on either measure for either test. These results collectively
suggest type of verbal learning test administered did not affect the group outcomes observed,
however, Bonferroni adjustments were not carried out for separate verbal learning tests as
these were confirmatory analyses.

Hippocampal volume

Sex differences—There was a sex difference for hippocampal volume-corrected (HVC),
with Women having larger HVCs bilaterally, left: F(3, 139)=94.4, MSE=0.001, p<0.001;
right: F(3, 139)=108.9, MSE=0.001, p<0.001.

HT use—When Women were grouped as HT Users or Never Users, there was a significant
omnibus ANCOVA for each HVC when including Men and Never Users, left: F(4,
138)=47.0, MSE=0.001, p<0.001; right: F(4, 138)=55.36, MSE=0.001, p<0 .001. However,
post hoc analyses revealed that HT Use did not impact HVC, as both Users and Never Users
had larger bilateral HVC than Men, all p<0.001 (Fig. 1C&D), and did not differ from each
other.

Timing of HT—The omnibus ANCOVAs for timing (Current or Past) remained significant
for each analysis when including Men and Never Users, left: F(5, 137)=31.3, MSE=0.001,
p<0.001; right: F(5, 137)=36.7, MSE=0.001, p<0 .001. However, timing of HT use did not
impact HVC, as both Current and Past Users were larger than Men, all p<0.001, and
Current, Past, and Never Users did not differ.

TIV and raw hippocampal volumes—Group differences in HVC were observed in the
presence of a significant sex difference for TIV, a measure of global brain size, favoring
Men, F(3, 139)=78.0, MSE=11929.4, p<0.001. Sex differences in HVC were, however, not
merely an effect of larger TIV in the Men, as Women had larger raw left and right HVs, left:
F(3, 139)=27.5, MSE=254114.0, p<0.001; right: F(3, 139)=31.6, MSE=200165.9, p<0.001,
even when further categorized by HT use or timing, all p<0.05. Interestingly, Past Users had
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larger raw right HVs than Never Users, p=0.04, however, Bonferroni adjustments were not
carried out for raw hippocampal volumes as these were confirmatory analyses.

Strength of MRI Magnet—There were no group by MRI scanner (1.5T vs. 3T)
interactions for any volumetric measure, all p>0.18. Furthermore, when sex/HT effects were
investigated in each MRI scanner separately, findings were consistent with pooled data.
Women had larger HVC than Men on both MRI scanners, left: 1.5T: F(3, 36)=46.07,
MSE=0.001, p<0.001; 3T: F(3, 99)=66.17, MSE=0.001, p<0.001; right: 1.5T: F(3,
36)=32.58, MSE=0.001, p<0.001; 3T: F(3, 99)=81.44, MSE=0.001, p<0.001. HT Users and
Never Users separately also had larger HVC than Men for both scanners, left: 1.5T: HT
Users vs. Men, p<0.001; Never Users vs. Men, p<0.001; 3T: HT Users vs. Men, p<0.001;
Never Users vs. Men, p<0.001; right: 1.5T: HT Users vs. Men, p<0.001; Never Users vs.
Men, p=0.001; 3T: HT Users vs. Men, p<0.001; Never Users vs. Men, p<0.001. HT Users
and Never Users did not differ on HVC for either MRI scanner. All results survived
Bonferroni adjustments and collectively suggest that strength of the magnet did not affect
group outcomes observed.

Longitudinal and Cross-Sectional Age-related Hippocampal Volume
Differences—A subset of 31 participants (7 Current, 8 Past, 5 Never, and 11 Men)
returned for longitudinal analysis an average of 3 years after their initial study visit. For the
Women, all participants maintained their HT status during this time. HVC was assessed
across time with the time between visits, age, and education as covariates. Hippocampi were
significantly smaller at the follow-up visit, left: p<0.001; right: p<0.001, but there were no
significant interactions with sex, left: F(1, 26)=0.80, MSE=0.00, p=0.38 (Supp. Fig. 1A);
right: F(1, 26)=3.25, MSE=0.00, p=0.08 (Supp. Fig. 1A & B), HT Use, left: F(1, 25)=1.15,
MSE=18928.4, p=0.33; right: F(1, 25)=1.56, MSE=75095.5, p=0.23, or timing, left: F(1,
24)=0.85, MSE=19470.6, p=0.48; right: F(1, 24)=2.43, MSE=0.00, p=0.09.

In cross-sectional analyses including all participants, age accounted for a significant amount
of the variance in left, F(1, 140)=11.0, MSE=0.001, p=0.001, and right, F(1, 140)=24.35,
MSE=0.001, p<0.001, HVCs but did not interact with sex, left: F(1, 140)=0.3, MSE=0.001,
p=0.58; right: F(1, 140)=0.08, MSE= 0.001, p=0.78, HT Use, left: F(1, 138)=1.71,
MSE=0.001, p=0.19; right: F(1, 138)=1.37, MSE= 0.001, p=0.26, or timing, left: F(Z,
136)=1.32, MSE=0.001, p=0.27; right: F(1, 136)=1.06, MSE= 0.001, p=0.37.

Hippocampal Volumes as Cognitive Predictors: Sex and HT Interactions—As
expected, univariate linear models revealed a significant influence of hippocampal size on
verbal memory performance for both Total Words, left: F(1, 139)=6.87, MSE=1.21, p=0.01;
right: F(1, 139)=15.11, MSE=1.18, p<0.001, and Delayed Memory, left: F(1, 140)=8.54,
MSE=1.17, p=0.004; right: F(1, 139)=14.15, MSE=1.15, p<0.001, where larger
hippocampal size was related to better verbal learning and memory. The model indicated
that for the left HVC, this relationship differed by sex, Total Words: F(1, 139)=6.86,
MSE=1.21, p=0.01, and between Men and HT groups, Total Words: F(2, 137)=5.4,
MSE=1.19, p=0.006; Delayed Memory: F(2, 137)=4.41, MSE=1.19, p=0.014. Post-hoc
contrasts revealed that for both measures the relationship with left HVC differed between
Users and Men, Total Words: F(1, 137)=9.78, MSE=1.19, p=0.002; Delayed Memory: F(1,
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137)=6.33, MSE=1.14, p=0.013. The relationship between Delayed Memory and left HVC
also differed between Users and Never Users, F(1, 137)=5.21, MSE=1.14, p=0.024. Indeed,
Pearson’s r correlations demonstrated that for Men and Never Users, there was a significant
positive relationship between left HVC and Total Words, Men: r(47)=0.46; p<0.001; Never
Users: r(19)=0.43; p=0.049 (Fig. 2A), and left HVC and Delayed Memory, Men: r(47)=0.40;
p=0.004; Never Users: r(19)=0.49; p=0.023 (Fig. 2B). For HT Users, however, there was not
a significant correlation between left HVC and Total Words, r(74)=0.05; p=0.62, or left
HVC and Delayed Memory, r(74)=0.06; p=0.68 (Fig. 2A&B). Timing of HT use did not
affect this relationship as neither Current nor Past Users had left HVCs that significantly
correlated with verbal learning or memory performance, all p>0.53.

Discussion

In a community-based sample of 143 older adults, controlling for age and education, the
present study replicated previous findings that women perform better on verbal learning and
memory tasks and have larger bilateral hippocampi than men (Caselli et al., 2015; Herlitz et
al., 1997; Ystad et al., 2009; Zhang et al., 2010). We did not find support for beneficial
effects of post-menopausal HT use regardless of timing (current or past) on verbal learning
and memory, with respect to women who had never used HT, as seen in other reports
(Campbell & Whitehead, 1977; Carlson & Sherwin, 1999; Duka et al., 2000; Joffe et al.,
2006; Linzmayer et al., 2001; Maki et al., 2001; Phillips & Sherwin, 1992; Wolf et al.,
1999). Recently, the Cognitive and Affective Study of the Kronos Early Estrogen Prevention
Study (KEEPS-Cog) also aimed to address the “critical window" and “healthy cell bias of
estrogen action” hypotheses by initiating HT in younger, more recently post-menopausal
women (Gleason et al., 2015). In line with our findings, KEEPS-Cog found no impact of HT
on cognitive change, as compared to placebo (Gleason et al., 2015). HT use in our
participants did, however, impact the female advantage for delayed verbal memory. Only
women who had used HT (current or past) performed better than men on delayed memory,
while women who never used HT performed similarly to men. Few investigations have
compared verbal memory in women on and off post-menopausal HT to men, and the present
findings suggest that while HT may not elevate verbal memory abilities above women who
did not take HT, it plays a role in maintaining the female verbal memory advantage
compared to men. This may be important to women as they aim to maximize memory
function throughout the lifespan.

The female advantage for hippocampal size was, however, independent of HT use and
timing; even women who never used HT had larger hippocampi than men, and HT users did
not differ from non-users. Notably, the previous investigations which found benefits of HT
use on hippocampal size were studies with the smallest sample sizes (Boccardi et al., 2006;
Eberling et al., 2003; Lord et al., 2008), while the largest studies to date also found a lack of
support for HT benefits (Low et al., 2006; Ryan et al., 2014). Organizational effects of
ovarian hormones on the female brain may explain why women have larger hippocampi than
men, independent of, or interacting with, post-menopausal HT use. Satterthwaite and
colleagues (2014) found females had larger hippocampi post- but not pre- puberty, even
when controlling for age. Thus, pubertal ovarian hormones may organize the brain to enlarge
female hippocampi, relative to the size of male hippocampi, such that differences in size are
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evident between the sexes across the lifespan (see Koebele & Bimonte-Nelson, 2015 for
further discussion).

Age-Related Hippocampal Volume Differences

Despite strong sex differences in verbal learning and memory performance and hippocampal
size, we found no sex differences on longitudinal age-related hippocampal volume loss or
cross-sectional age-related hippocampal volume differences. Longitudinal findings should
be interpreted with caution as high drop-out rate led to reduced power. Our cross-sectional
findings, however, are in line with others who failed to find sex differences in cross-sectional
age-related volumetric differences when participants were middle-age and older (Lemaitre et
al., 2005; Thomann et al., 2013). Other studies including young-adults, report greater age-
related volumetric differences in men (Li et al., 2014; Pruessner et al., 2001; Raz, Gunning-
Dixon, et al., 2004). Taken together, sex differences in age-related slopes of hippocampal
volumes may be restricted to young-adulthood and no longer evident in middle age and
elderly adults. The mechanisms by which the sex differences in age-related slopes change as
people grow older warrants further investigation and may involve menopause. Further, we
found no evidence that post-menopausal HT use impacts longitudinal age-related
hippocampal volume loss or age-related volumetric differences in cross-sectional analysis.
This finding is in alignment with the WHIMS and other longitudinal reports of hippocampal
volume changes which found no differences in rates of decline between groups previously
assigned to HT or placebo conditions (Coker et al., 2014; Raz, Rodrigue, Kennedy, & Acker,
2004).

Hippocampal Volumes as Cognitive Predictors

The predictive value of left hippocampal size on verbal learning and memory performance
differed by sex and HT use. Hippocampal size was a valuable predictor for performance in
women who never used HT and men. However, regardless of timing, HT use obfuscated the
relationship between hippocampal volume and verbal learning and memory. This lack of
correlation is not merely lack of power, as significant correlations were detected in never
users which represented the smallest group. These findings suggest HT affects extra-
hippocampal regions, such as the prefrontal cortex, that have been shown to be involved in
memory performance (Simons & Spiers, 2003). Functional neurocimaging research provides
some support for this notion. In multiple reports, estrogen administration, with or without a
progestin, induced changes in fMRI brain activation patterns in the frontal lobe and other
brain regions during the performance of memory tasks (Dumas (Dumas, Kutz, Naylor,
Johnson, & Newhouse, 2010; Joffe et al., 2006; Persad et al., 2009; Shaywitz et al., 1999; Y.
R. Smith et al., 2006). Using PET imaging, the Baltimore Aging Study found that women
using HT showed increased regional cerebral blood flow over time in regions important for
memory processing, such as the frontal cortex, entorhinal cortex, and hippocampus (Resnick
& Maki, 2001). Our data add to the notion that HT actions on the brain which are related to
learning and memory likely involve regions other than or in addition to the hippocampus.
Future research is warranted, as delineating HT-induced regional and mechanistic brain
effects is necessary to optimize memory function in women through the lifespan.

Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. Author manuscript; available in PMC 2018 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Braden et al. Page 11

Other HT and Menopause Considerations

Type of HT formulation—Type of HT formulation (combination estrogens+progestogen
vs. estrogen-only) has also emerged as a consideration to reconcile disparate findings of HT
effects on cognition and brain. Women who have a uterus must include a progestogen in
their HT regimen to protect against endometrial hyperplasia (Smith, Prentice, Thompson, &
Herrmann, 1975). Collectively, the WHIMS combination HT trial reported statistically
significant detrimental effects of HT while the estrogen-only trial reported marginally
significant detriments (Resnick, Espeland, An, et al., 2009; Resnick, Espeland, Jaramillo, et
al., 2009; Resnick et al., 2006; Shumaker et al., 2004; Shumaker et al., 2003). Further, in a
more recent review of randomized clinical trials, Maki & Sundermann (2009) conclude
beneficial effects of HT are more commonly associated with estrogen-only HT and
detrimental effects are more commonly seen after combination HT, specifically the
combination HT formulation used in the WHIMS. Type of HT formulation, based on self-
report, was available in 82% of participants in the present study (estrogen-only HT n=38;
combination HT n=22). When verbal learning and memory and hippocampal volumes were
compared between women based on type of HT formulation, we found no differences
between estrogen-only HT, combination HT, and no HT. Type of HT formulation did,
however, impact the female advantage for delayed verbal memory. Only women who used
estrogen-only HT performed better than men on delayed memory (p<0.001) while women
who used combination HT performed similarly to and men (p=0.10). Type of HT did not
affect hippocampal size. Our finding that estrogen-only HT was the most favorable for
verbal memory is in alignment with the collective results of other studies (Maki &
Sundermann, 2009), however, we did not find an advantage over women who did not use
HT, but rather an advantage over men. This exploratory result should be interpreted with
caution, as our sample size was reduced for women whom type of HT formulation was
known, questioning the power to detect true effects. Nevertheless, we did not find HT-related
cognitive detriments as seen in the WHIMS. The difference may be due to sample size, but
may also be due to the fact that many participants in our study used combination
formulations which contained progestogens other than MPA (the progestogen component of
the WHIMS). Clinical and animal research suggests MPA is less favorable for cognition and
brain health than other progestogens (Braden et al., 2010; Maki & Sundermann, 2009;
Nilsen & Brinton, 2002). Our exploratory results add to the growing body of literature
suggesting type of formulation may be a critical parameter to be considered, with regards to
the cognitive effects of HT.

Type of menopause—When possible (65% of sample), we recorded type of menopause;
surgical (hysterectomy) vs. natural. Of this subsample, women who had undergone
hysterectomy were significantly younger at menopause. HT users were also more likely to
have undergone surgical menopause than non-users (74% of users vs. 43% of non-users),
presenting somewhat of a confound in interpreting the HT-related verbal memory benefit as
compared to men. A possible confound lies in whether surgical menopause itself is
beneficial to memory. In our participants, we did not find this to be the case, as type of
menopause did not impact memory performance in women who never used HT. The
literature would also suggest that if anything surgical menopause is more detrimental to
memory than natural menopause (Nappi et al., 1999). Understanding the relation between
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type of menopause and HT effects on memory and brain is inherently confounded by type of
HT formulation, as women who have a uterus must include a progestogen in their HT
regimen (combination formulations). Animal studies, however, can help address this
question; Acosta et al. (2010) found that CEE improved memory in ovariectomized rats but
impaired memory in rats that underwent a transitional model of menopause. The impairment
may in part be due to high levels of androstenedione released from the follicle deplete ovary
(Acosta et al., 2009; Camp et al., 2012).This becomes an important consideration for
retrospective self-report when women may be unclear about whether or not their
hysterectomy included an oophorectomy. Understanding the role follicle deplete ovaries play
in the effects of HT on cognition and brain is important for future prospective studies.

Although there are many practical reasons why retrospective studies may be the most
reasonable method to investigate long-term effects of HT use, there are some limitations that
arise. First, HT information relied on self-report. This concern is somewhat mitigated as our
primary questions surrounded the effects of HT use, past or current, as opposed to factors
that rely on precise recollection (e.g. HT formulation, duration, timing with respect to
menopause etc.). To this point, we were limited in other health related factors to be included
in our analyses. Recent data suggests systemic health conditions such as diabetes can
interact with HT effects on brain health (Espeland et al., 2015), further adding to the list of
factors to be considered when investigating HT use. Second, our sample size was modest,
especially for never users. Based on the literature, however, we had adequate power to detect
HT-related verbal memory and hippocampal volume effects. In order to achieve adequate
power, data were also somewhat heterogeneous for methodology (type of memory and
scanning instruments) and type of menopause. In an effort to address heterogeneity of
methodology we demonstrated similar effects of group when analyses were separated by
memory and scanning instruments, albeit Bonferroni alpha adjustment was not made for
these confirmatory analyses. Further, there were no statistically significant interactions
between groups and instruments, making it unlikely that the heterogeneity of instruments
played a role in the pooled findings. Third, sample size was further reduced for longitudinal
hippocampal volume change due to high drop-out and for genetic determination of APOE
allelic status. We may have been underpowered to detect longitudinal HT effects on
hippocampal volumes were they present, although it is difficult to speculate about necessary
power, as HT-related effects for longitudinal change have not been demonstrated (Coker et
al., 2014; Raz, Rodrigue, et al., 2004).Within the subset of participants for which APOE
allelic status was available (57%), presence of an e4 allele, the allele related to increased risk
of late-onset Alzheimer’s disease, was distributed equally among the groups. However,
APOE cannot be ruled out with certainty as playing a role in observed memory and brain
effects.

In conclusion, our findings shed light on the complexities of how sex and post-menopausal
HT use contribute to normal cognitive and brain aging. Overall, results add to the growing
body of literature which suggests HT may be safe for verbal learning and memory and
hippocampal size. HT use may confer some benefit for the female verbal memory
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advantage. But, while post-menopausal women have larger hippocampi than age-matched
men, size is not impacted by HT use. Finally, a failure to find a relationship between
hippocampal size and verbal learning and memory performance in women with a history of
HT use suggests HT use may be impacting verbal memory in other ways. While
understanding the impact of post-menopausal HT use on brain and cognition has indeed
proven to be complicated, the importance of this understanding is not reduced. From basic
science to clinical investigations, findings suggest that under optimal parameters, post-
menopausal HT use can contribute to maintaining maximum cognitive functioning with age.
In an increasingly aging population, understanding these parameters is essential, and future
prospective studies aimed to optimize HT use for cognition and brain are warranted.
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Figurel.
Age and education adjusted mean z-scores (+SE) for (A) total words and (B) delayed

memory. Age and education adjusted mean %TIV for (C) left and (D) right hippocampal
volumes. HT Users (n = 73), Never Users (n = 21), Men (n=49). *p < 0.05 vs. Men
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Figure 2.

Intergroup correlations between (A) left HVC and total words z-score, and (B) left HVC and
delayed memory z-score, for Men, HT Users, and Never Users.
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