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Abstract

Determining the benefits and/or drawbacks of hormone replacement therapy (HRT) on women’s health is an imperative public health goal.
Research in rodents suggests benefits of estrogen on neuronal growth and function. However, little research has investigated the effects of
HRT on brain tissue in humans. We used high-resolution magnetic resonance imaging and an optimized voxel-based morphometric technique
to examine the effects of HRT on brain volume in postmenopausal women. We report two main results: (a) HRT is associated with the sparing
of grey matter in prefrontal, parietal, and temporal brain regions and white matter in medial temporal lobe regions, and (b) longer durations of
therapy are associated with greater sparing of grey matter tissue. HRT should be considered a possible mediator of age-related neural decline
in both grey and white matter tissues.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The effect of hormone replacement therapy (HRT) on
the brain health of postmenopausal women is currently
being debated. On the one hand, research on non-human
animals generated high expectations by showing that estro-
gen replacement improves functioning of cholinergic neurons
[25,27], boosts memory performance on some tasks [22,31],
enhances dendritic spine formation [18], and promotes ax-
onal sprouting [26]. In humans, moderate to large benefits
of hormone intervention on memory tasks have been ob-
served, and in more than 80% of longitudinal studies women
on HRT showed no age-related cognitive decline [40,52].
Despite these encouraging results only a few studies have
examined the effect of HRT on human brain tissue.
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One of the first studies to examine the effects of estrogen
treatment on regional cerebral blood flow (rCBF) reported
a series of group by task interactions in the rCBF response
when comparing estrogen users to non-users during figural
memory and verbal memory tasks [35]. The authors con-
cluded that estrogen treatment positively modulates rCBF
activation during memory tasks in regions that are known
to subserve memory functions. In another study, conducted
longitudinally, estrogenusers showed increases in rCBFcom-
pared to non-users in some of the same regions affected by
Alzheimer’s disease (AD) and commonly associated with a
memory circuit (hippocampus, parahippocampal gyrus, and
middle temporal lobe) [23]. The authors concluded from this
study that the longitudinal changes in the estrogen users pro-
vide support for a protective view of estrogen on cognition. In
corroboration with these findings, a longitudinal functional
magnetic resonance imaging (MRI) study with a 3-week es-
trogen treatment intervention reported a “sharpening of the
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hemisphere encoding/retrieval asymmetry effect” [p. 1197]
during performance of verbal and non-verbal working mem-
ory tasks and concluded that: “estrogen affects brain orga-
nization for memory in postmenopausal women” [p. 1197]
[39]. The sum of these functional neuroimaging findings pro-
vide preliminary, but encouraging results for the effects of
estrogen therapy on brain health and maintenance including
establishing the neural correlates of cognitive differences be-
tween estrogen users and non-users.
In addition to brain function, some studies have examined

the effects of estrogen treatment on the structural integrity of
neural tissue in postmenopausal women. At least one study
examining the effects ofHRTon the volume of the hippocam-
pus has shown greater volumes in estrogen users compared to
non-users and men [11]. In addition, two other studies have
been conducted that examine the number and extent of white
matter hyperintensities in the MRI scans of HRT users com-
pared to non-users [9,38]. One of these studies reported that
estrogen users not only performed better on neuropsycho-
logical tests of conceptualization and visuopractical skills,
but also showed fewer and less extensive white matter hy-
perintensities than their non-using peers [38]. Another study
corroborated this effect by reporting results from a longitu-
dinal investigation that found less progression of subclinical
white matter hyperintensities for estrogen users compared to
non-users [9]. Finally, a single photon emission computed to-
mography study examined whether women on estrogen ther-
apy had a greater concentration of cholinergic synaptic termi-
nals. Although they found no differences between users and
non-users of estrogen, they did report a positive correlation
between duration of estrogen therapy and the concentration
of cholinergic synapses in the frontal, parietal, and temporal
cortex and anterior and posterior cingulate [49].
Despite these encouraging results several other studies

have reported no significant effects of HRT on regional brain
volumes [34,35]. For example, one study using automated
segmentation algorithms, reported no differences between
HRTusers and non-users in the overall volume of greymatter,
white matter, or CSF despite finding differences in rCBF ac-
tivation between the groups [35]. In addition, a recent study
using manual tracing methods reported that HRT use was
not related to larger regional brain volumes in 13 differ-
ent regions examined in a sample of 42 women (21 taking
HRT), although gender related effects were found in a subset
of these regions [34]. Another recent study reported larger
hippocampi in estrogen users compared to users of selec-
tive estrogen receptor modulators, but failed to find a signif-
icant difference in hippocampal size between estrogen users
and non-users [12]. Finally, a study investigating endoge-
nous levels of estrogen on hippocampal volume and memory
performance reported smaller hippocampi and worse mem-
ory performance for women with higher levels of circulat-
ing estrogens [10]. In addition to these findings, recent re-
ports on large-scale HRT trials have associated combined
estrogen–progesterone replacementwith an increased risk for
dementia [41].

The sum of these recent studies provides equivocal evi-
dence in support of a protective effect of HRT on human brain
tissue. However, there are a number of potential reasons for
the variable results. For example, to date, studies of estrogen
and HRT effects on human brain volume have often focused
on a limited number of brain regions [10–12,34,38] despite
rodent and monkey research suggesting distributed effects of
estrogen on a variety of brain regions including the hippocam-
pus [3,14,18,22,24–28,37], frontal cortex [30,32,33,46,49],
parietal cortex [49], basal ganglia [14,49], and amygdala
[33]. Therefore, studies examining the effects of HRT on
regional brain volume measures may have missed brain re-
gions that are the most affected by HRT use. Along these
lines, human studies of the aging brain have more commonly
associated structures other than the hippocampus with non-
pathological age-related decline [34]. Therefore, if HRT is
protective against age-related tissue atrophy, then HRT may
exert its effects in regions more commonly associated with
age-related changes such as the prefrontal, temporal, and
parietal association cortices. However, few of the previous
studies have examined cortical regions that are considered
most sensitive to age-related decline and only a few of the
previously mentioned studies have examined interactions be-
tween age and HRT on tissue atrophy measures. In order to
circumvent these potential problems, we employed a tech-
nique that can examine differences in tissue volume across
the entire brain in a point-by-point fashion and use interac-
tions between age and HRT status to determine if estrogen
plays a role in sparing tissue affected by non-pathological
aging.
Another source of variability among previous in vivo neu-

roanatomy and neurophysiology studies is the infrequent fo-
cus on the effects of duration of HRT treatment on brain
volume (however, see [38] and [49]), although such effects
of duration have been previously reported in both rodent and
human cognitive studies [7,37]. Therefore, variability ofHRT
duration amongst participants in previous studies may con-
tribute to the variability and inconsistency between results.
Here, in a sample of healthy postmenopausal women, we re-
port the first known evidence that HRTmay attenuate shrink-
age of grey and white matter tissue in regions known for their
sensitivity to age-related decline and that the degree of tissue
sparing is positively related to the duration of therapy.

2. Methods

2.1. Participants

We examined, in vivo, the brains of 43 postmenopausal
women (16 current HRT users, 14 past users—off HRT
1year, and 13 HRT-naive) with high-resolution magnetic res-
onance (MR) imaging. Our target participant pool was right-
handed, high functioning, community-dwelling older adults,
who were at least 55 years of age, and were recruited from
newspaper ads, public flyers, and campus-wide e-mailings.
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Participants were excluded from the study if they were be-
low 55 years of age, scored below 51 on the Modified Mini-
Mental State Examination [45], or had a known history
of stroke or other organic brain dysfunction. Although we
screened for disease and dementia, we cannot rule out the
possibility that some members of our sample were in a pre-
clinical disease state, but because of the healthy demographic
characteristics and MMSE screening procedure we will re-
fer to our population as ‘non-pathological’. Additionally, for
safety concerns related to a magnetic resonance imaging set-
ting, participantswere excluded if they hadmetallic implants,
pacemakers, or reported claustrophobia prior to, or during,
the assessment. The Institutional Review Board of the Uni-
versity of Illinois approved this research project, and all rele-
vant ethical standards of human subject treatmentweremet or
exceeded. All participants providedwritten informed consent
before participation.
The descriptive statistics for demographic variables, in-

cluding the type of, and duration of HRT, gravidity (number
of pregnanices), parity (number of births), socioeconomic
status (SES), and Kaufmann Brief Intelligence Scale (K-
BIT) scores are presented in Table 1. SES was determined
by asking participants which taxable income bracket they fell
into (if single (1) <30,000, (2) 30–60,000, (3) 60–135,000,
(4) >135,000, if married (1) <45,000, (2) 45–100,000, (3)
100–160,000, (4) >160,000). We collected information on
gravidity and parity because a few recent studies have sug-
gested a relationship between cognitive decline and nulli-
parity and late menopause [29]. In the HRT groups, 23 of
30 women were on an unopposed estrogen therapy (Pre-
marin) while seven were taking estrogen opposed by pro-
gestin (Prempro).
Because of the small number of participants in each of

the groups, the distribution of the samples may not con-
form to a normal distribution. Therefore, we performed
Kruskal–Wallis nonparametric tests on each of the demo-
graphic variables except for duration of treatment. To test if
duration of treatment significantly differed between current
and prior users we performed a nonparametric two-sample
Kolmogorov–Smirnov (K–S) test. All nonparametric tests

were thresholded at p< 0.05. In addition, Spearman rank cor-
relation coefficients were obtained between all variables and
thresholded at p< 0.05.

2.2. Measures

Our primary outcome measures were based on stan-
dardized grey and white matter maps, rendered from high-
resolution magnetic resonance images. For 26 participants,
high-resolution (0.98mm× 0.98mm× 1.30mm) brain im-
ages were acquired using a 3D spoiled gradient (SPGR)
sequence on a 1.5 T MR scanner (General Electric, Mil-
waukee, WI). For the remaining 17 participants, high-
resolution (0.98mm× 0.98mm× 1.30mm) brain images
were acquired using an MPRAGE gradient sequence on a
3 T MR scanner (Siemens Allegra, Germany).
We used an optimized voxel-based morphometric (VBM)

technique [1,15,16] to assess the impact of hormone replace-
ment therapy, age, and duration of therapy on differences in
the volume of grey matter and white matter. Multiple studies
have now used this technique to examine differences in brain
tissue volume in Alzheimer’s disease [5,6,17,21,47], Parkin-
son’s disease [5], and normal aging [8,16]. The optimized-
VBM technique provides a means to estimate tissue atrophy
in a voxel-wise fashion throughout the brain with reasonably
high spatial resolution. This allows regionally specific con-
clusions about the variables of interest on changes in brain
matter, and represents a significant advantage over measures
of global atrophy in estimating brain integrity. This technique
has gained popularity over the past few years and has con-
tributed to a large number of both clinical andmethodological
studies (e.g. [1,4–6]). The optimized approach employed in
this report is similar to other recently published studies that
have examined the effects of aging and pathological distur-
bances on the brain except for the following changes: (a) we
employed FSL instead of SPM to conduct our analyses; (b)
we used affine transformations for all registrations instead of
using a combination of affine and nonlinear transformations.
To reduce potential registration bias due to differences

in brain structure between groups [1,4,15,16] we initially

Table 1
The mean, standard deviation, and range of demographic information for current, past, and never users of HRT

Current Past Never

N 16 14 13
Age 68.9 (5.5), range: 60–79 66.2 (6.2), range: 58–78 68.4 (5.5), range: 57–76
Education 16.1 (3.1), range: 12–22 16.6 (2.9), range: 12–24 15.8 (2.7), range: 11–20
SES 1.3 (.96), range: 0–3 1.4 (.83), range: 0–3 1.2 (.83), range: 0–3
K-BIT 114.8(6.4), range: 101–121 114.3 (7.5), range: 103–120 118.3 (6.3), range: 107–128
Parity (# births) 2.8 (1.3), range: 0–5 2.9 (2.8), range: 0–10 2.5 (1.8), range: 0–6
Gravidity (# pregnancies) 3.2 (1.6), range: 0–6 3.2 (2.9), range: 0–10 3.2 (2.6), range: 0–8
Age at menses 12.5 (1.1), range: 11–15 12.4 (.83), range: 11–14 11.8 (1.3), range: 10–14
Age at menopause 45.6 (6.3), range: 32–55 48.0 (5.8), range: 34–57 46.2 (5.6), range: 39–56
Type of therapy 10 Premarin 13 Premarin X
Duration of therapy 13 years (4.5), range: 2–20 11 years (3.1), range: 1–18 X
Standard deviations are represented in parentheses. There was no statistical relationship between any variables and use of HRT using nonparametric
Kruskal–Wallis and K–S tests.
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constructed a sample-specific stereotaxic template. First, we
removed all non-brainmatter using an accurate and robust de-
formable model algorithm [43]. The skull-stripped image for
each participant was then spatially registered to stereotaxic
space (152 T1MNI, Montreal Neurological Institute) using a
robust 12-parameter affine transform [20]. Next, we averaged
these normalized images to create a representative composite,
and then smoothed the composite image with an 8mm (full-
width at half-maximum) 3DGaussian kernel [1,15,16,21,48].
The next step was to create the prior probability maps that

would seed the final segmentation. To do this, each skull-
stripped image in native spacewas re-registered toMNI space
using the template as the reference image [1,15,16,17]. This
registration stage will be referred to as the second level reg-
istration. Next, prior probability tissue density maps were
obtained by segmenting the skull-stripped images into three
separate 3D maps representing the probability density of the
cerebrospinal fluid, grey matter, and white matter, at each
point in the MR image for each participant, using a well-
established automated segmentation algorithm [53] that re-
quires minimal user intervention. The resulting 3D maps
for each tissue type were then registered to the template
image by applying each participant’s transformation matrix
from the second level registration to their probability den-
sitymaps. These normalized and segmented probabilitymaps
were then averaged and smoothed with a 12mm kernel and
subsequently used as prior probability maps to seed the final
segmentation.
For the final segmentation, the original skull-stripped im-

ages were re-segmented into 3D maps of grey matter, white
matter, and cerebrospinal fluid using the prior probability
density maps as seeds for the segmentation. A priori seeding
of the segmentation algorithm has been shown to increase
both robustness and precision of the resulting segmented
maps, particularly for deep grey matter structures [1,15,16].
These greymatter, whitematter, and cerebrospinal fluid prob-
ability maps were then registered to the template image by
applying the transformation from the second level registra-
tion to each image. These final normalized grey matter, white
matter, and cerebrospinal fluid probability maps were spa-
tially smoothed with an 8mm full-width at half-maximum
Gaussian kernel to satisfy the requirements of the random
field theory upon which the final analyses would be based,
and then forwarded to the analysis stage.
In order to preserve information about changes in voxel

volume due to spatial registration, we computed the Jacobian
determinant of the second level transformation matrix. The
Jacobian determinant of the spatial transform matrix can be
viewed as an index of the amount of volumetric compres-
sion that each voxel is subjected to when stretching, shearing
and compressing the images into stereotaxic space, thus rep-
resenting a modulating factor that can be used to preserve
volumetric information at each voxel in the image [1,15,16].
Given that our transformations into stereotaxic space were
constrained to linearmodulations, the amount of compression
at each voxel was uniform throughout the head, and thus we

entered the Jacobian determinant of the spatial transforma-
tion matrix for each participant as covariates in our statistical
model.

2.3. Analysis

To assess the effects of HRT, age and HRT duration on
regional brain volume, we examined each tissue map for sys-
tematic variation associatedwith the participant’sHRTstatus,
age and duration of treatment. Simply stated, each point in the
CSF, grey andwhite probability density maps for each partic-
ipant was entered into a separate multiple regression with the
participant’s HRT status, age, and duration of HRT treatment
as independent variables of interest. In order to control for
any confounding effects of SES, education, or differences in
spatial transformations on differential tissue volume between
HRT users and non-users, participant’s SES, education, and
Jacobian determinants were considered covariates. The re-
sulting analysis yielded four statistical parametric maps of
interest for each tissue type: one representing the change in
tissue volume at each point in the brain associated with HRT
use (main effect of HRT), one representing changes due to
age (main effect of age), one representing changes associated
with length of treatment (main effect of duration), and one
representing the degree to which HRT moderated the change
in tissue volume associated with age (the age×HRT interac-
tion). Our images were rendered using a minimum Z-score of
4.0 uncorrected for multiple comparisons. Similar thresholds
have been used in other VBM studies to control for small
sample sizes and multiple comparisons [5,6,21].
Because of the high number of multiple comparisons in

a voxel-wise analysis it is sometimes preferable to perform
a region-of-interest analysis on smaller brain structures, de-
fined a priori, in which effects may be masked by stringent
thresholding criteria in the whole-head analysis. Since ani-
mal studies have reported robust effects of estrogen on the
hippocampus but human studies have reported mixed results,
we conducted an ROI analysis of the anterior portion of the
hippocampus, which would provide additional information
regarding the effects of estrogen treatment, duration of treat-
ment, and age on the volume of the hippocampus. Therefore,
the anterior hippocampus was examined further by using a
region-of-interest approach using an ROI template. Because
of the smaller number of multiple comparisons and fewer
voxels overall in an ROI analysis, lower statistical thresholds
are usually preferred. Therefore, we applied an uncorrected
minimum voxel-wise Z-score of 2.33 (p< 0.01) to the hip-
pocampal ROI.

3. Results

3.1. Demographic variables

We tested for differences in the demographic vari-
ables between the three groups by using the nonparametric
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Kruskal–Wallis test. We found non-significant effects of
age (χ2 = 2.82; p= 0.245), education (χ2 = 0.108; p= 0.948),
SES (χ2 = 0.577; p= 0.749), age at menses (χ2 = 2.71;
p= 0.257), age at menopause (χ2 = 1.99; p= 0.369), gra-
vidity (χ2 = 0.898; p= 0.638), parity (χ2 = 1.01; p= 0.603),
and K-BIT (χ2 = 3.1; p= 0.210) between the three groups.
In addition, the two-sample K–S test revealed a non-
significant difference for duration of hormone use between
current and prior users (Z= 0.371; p= 0.999). We also con-
ducted a series of correlations between all of our vari-
ables and found only one significant correlation (p< 0.05)
between the number of births and number of pregnan-
cies (ρ = 0.88). The lack of group differences on any of
the demographic or cognitive variables decreases the like-
lihood that our results are confounded by any of these
characteristics.

3.2. Magnet effects

In order to assess any potential confounds with respect to
the strength of the two magnets, we directly compared the
grey and white matter maps from the 1.5 T to those from
the 3 T magnet. We found no significant effect of scanner
or any interaction with scanner with any of our variables of
interest anywhere in grey matter or white matter, even at a
less stringent voxel-wise threshold (p< 0.05).

3.3. Grey matter

We found no significant differences in grey matter vol-
umes between current and past users of HRT. However, a
comparison of HRT users (regardless of group) and HRT-
naı̈ve women revealed a significantly greater amount of grey
matter tissue in HRT recipients than in non-users. This effect
was largest throughout the frontal, prefrontal, and temporal
regions (Fig. 1a). Moreover, we found that HRT had signifi-
cantly greater effects with increasing age (HRT× age), indi-
cating that the sparing of brain tissue in HRT users may ame-
liorate age-related threats to brain integrity (Fig. 1e). Thus,
our findings buttress the hypothesis that HRT effects on brain
tissue are age-specific as suggested by non-human animal
[37] and human cognitive [7] studies.
Although non-human animal studies have found effects of

estrogen on basal ganglia and subcortical structures we failed
to find any effect of HRT status on these regions. Although
an ROI analysis of these structures was not conducted in this
study, it remains a possibility that any changes in subcorti-
cal structures were undetectable in our whole-head analysis.
Therefore, a ROI-based analysis of these regions may be a
more appropriate method to assess the impact of hormones.
Future research is warranted to address this possibility.
We observed a robust effect of HRT duration on grey

matter, with greater regional sparing associated with longer

Fig. 1. (a) The sparing effect of HRT on grey matter. The effects extended from prefrontal regions (superior, middle, and inferior frontal gyri) to medial frontal
regions (medial frontal and anterior cingulate gyri) as well as parietal (superior and inferior parietal lobules) and temporal lobe (medial and inferior temporal
gyri). (b) The sparing effect of HRT on white matter was localized to the medial temporal lobe immediately superior to the hippocampus. (c) The sparing
effects of duration of therapy on grey matter. It is notable that the effects of duration were in the same regions as the general effects of HRT treatment, except
to a lesser degree. (d) The sparing of white matter was observed in the same region as that of the main effect for HRT except to a lesser degree. (e). The effect
of the interaction between HRT× age. Notably, the grey matter regions that were found to be significant in this interaction were highly overlapping with the
regions where we found main effects of HRT and duration. (f) The white matter effects for the HRT× age interaction were absent in this sample. In all images
neurological convention is used (left is on the left). All images were thresholded at a Z-score of 4.00.
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Fig. 2. The sparing effect of HRT on the hippocampus in a region-of-interest
analysis. The image is presented in neurological convention (left is on the
left). No effects of duration of treatment were found in the hippocampus.
The map has a Z-score threshold of 2.33.

durations of therapy. Again, the effect was evident in age-
sensitive regions of the brain: the prefrontal, parietal, and
temporal association cortices (Fig. 1c).
We further examined the grey matter of the hippocam-

pus in a region-of-interest analysis. That analysis revealed
greater anterior hippocampal volume in HRT users (Fig. 2)
than non-users. A similar effect was found for the age×HRT
interaction in the left anterior hippocampus (Fig. 3). No effect
was found for duration of treatment.

Fig. 3. The sparing effect of HRT with increasing age (HRT× age) on the
hippocampus in a region-of-interest analysis. The image is presented in neu-
rological convention (left is on the left). The map has a Z-score threshold of
2.33.

3.4. White matter

Therewere no differences inwhitematter volume between
current and past users of HRT. However, we found HRT-
related sparing of white matter when comparing HRT use
(regardless of group) to naı̈ve users (Fig. 1b). This effect was
primarily limited to the medial temporal lobe, superior to
the hippocampus. The benefit of prolonged therapy was also
observed in that region (Fig. 1d). We found no significant
interaction between HRT and age on white matter (Fig. 1f).

3.5. Cerebrospinal fluid

Additionally, we found a greater volume of cerebrospinal
fluid in women who were not taking HRT. The effects of CSF
were largely localized to the lateral ventricles aswell as a strip
along the perimeter of the brain. Notably, one area where we
found increased CSF was along the temporal horn of the
lateral ventricle near the hippocampus. This result supports
our finding that HRT protects against medial temporal lobe
atrophy.

3.6. Opposed versus unopposed therapy

We were unable to formally examine the differences be-
tween opposed versus unopposed estrogen users due to the
small number of women on opposed estrogen therapy in our
sample. However, the removal of data from the seven women
on opposed estrogen therapy from the statistical model had
no significant effect on our results.

4. Discussion

Notably, the areas where HRT had its largest effects were
similar to the regions known for increased age-related vulner-
ability: prefrontal, parietal, and temporal association cortices.
Importantly, these regions are also thought to support cogni-
tive functions such as verbalmemory, which is also positively
influenced by HRT [40,52]. The significant age×HRT inter-
action suggests that the effect of HRT on grey matter reduces
the decline in tissue volume associatedwith aging. Therefore,
our results support the belief that estrogen positively affects
the structural integrity of aging brain tissue.
Our results converge with previous human research show-

ing a benefit of estrogen on brain structure and func-
tion as well as reduced AD risk associated with HRT
[7,11,18,22,25,27,31,37,39,44,51,52] as well as with find-
ings that suggest sparing effects of HRT treatment on rodent
and human hippocampus [7,18,25–27,40,51,52]. Moreover,
the HRT-related differences in anterior hippocampus in the
current study is in accord with the reported association be-
tween anterior hippocampal volume and memory in older
adults [19] and is also consistent with protection of hip-
pocampal structure and function in non-human animals on
estrogen replacement [18,25,27]. Cortical and hippocampal
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deterioration in non-pathological aging and more severe at-
rophy in these structures in certain pathologies suggests a
potential mechanism by which some aspects of atrophy,
pathological or otherwise, may be mediated through the use
of a hormone intervention. How, whether, and under what
circumstances this is possible should be examined further.
The sum of these findings argues that estrogen may play

a protective or sparing role on brain tissue in certain cortical
regions in non-pathological aging and that the effects may be
largest in those regions most sensitive to age-related declines
in tissue volume. Moreover, our findings beg the question of
whether similar effects would be seen in pre-clinical pop-
ulations with greater declines in regional brain volume, or
women with the APOE-e4 allele.
We also found it interesting that the effects inwhite-matter

were directly superior to the hippocampus. The white matter
effects extended from the hippocampus toward the basal gan-
glia. Although we do not report effects of hormones on the
basal ganglia, rodent research has commonly implicated this
region in estrogen research [22] and the relationship between
the hippocampus and basal ganglia are well-documented
[22,31]. Therefore, it seems probable that the white matter
effects are related to both of these structures. An ROI anal-
ysis of the basal ganglia regions and a correlation with hip-
pocampal atrophy measures may prove fruitful in addressing
this question. The white matter effects might also be related
to the hippocampus such that hippocampal atrophy is accom-
panied by deterioration of its efferent and/or afferent white
matter tracts. Diffusion tensor imaging is one method that
may be able to test this possibility.
A positive relationship between duration of HRT use and

the degree of tissue sparing is also in accord with some stud-
ies that report a positive relationship between duration of
treatment and the number of cholinergic synapses in certain
cortical regions and an inverse relationship between duration
of treatment and the total number of white matter hyperinten-
sities [38,44]. In addition, in our study, themain effect ofHRT
on medial temporal white matter and the incremental effect
of duration are consistent with recent findings of an inverse
link between risk for AD and duration of HRT in a sample of
postmenopausal women [51]. However, publications in non-
human animals suggest a limited time window and a limited
duration for positive effects of estrogen [24]. It may be possi-
ble that the optimal duration of HRT use is longer in humans
than rodent models suggest, but that the duration of therapy
in humans beyond a certain length reduces the efficacy of
the treatment. However, as our results show that the bene-
fits of estrogen treatment are strongest with extended therapy
regimen, it becomes clear that studies based on short-term
interventions in humans could have overlooked the poten-
tial benefits of HRT. More research should be conducted to
examine the relationship between duration of treatment, cog-
nitive and neural protection and optimal time windows for
the efficacy of treatment.
In animal models the density of estrogen receptors (ER!

and ER") differs by region, with the prefrontal cortex be-

ing especially high in ER" [27]. Thus, although estrogen
is known to act on regions lacking estrogen receptors (e.g.
striatum), the action of HRT on specific brain regions due
to differential changes in estrogen receptors with age is pos-
sible. However, non-genomic mechanisms of estrogen such
as angiogenesis or regulation of neurotransmitters may also
contribute to the sparing of tissue with HRT use. In short,
the mechanisms underlying estrogen’s effects on neural tis-
sue are complex and there may be multiple paths by which
estrogen acts.
It is interesting to consider our results in relation to the

recent results from the Women’s Health Initiative (WHI).
The WHI has reported an increased risk of dementia and
lower MMSE scores associated with combined estrogen and
progestin treatment [41] and unopposed estrogen treatment
[13,42]. Althoughwe do not have any behavioral or cognitive
data to relate to our volume measures, the sparing effect of
HRT with increasing age suggests that the effects of HRT on
grey and white matter tissue is not detrimental as might be
inferred from theWHI study. However, numerous differences
exist between this study and the studies from the WHI that
could contribute to the seemingly discrepant findings. First,
although recent publications from the WHI report that both
combined estrogen and progestin as well as unopposed estro-
gen have deleterious effects on MMSE scores and dementia,
it remains a possibility that unopposed estrogen has different
effects on neural tissue than opposed estrogen plus progestin
therapy. Our sample consisted mostly of women taking un-
opposed estrogen. We were unable to formally address the
question of whether opposed estrogen therapy differs from
the outcome of unopposed estrogen therapy on brain health,
but the removal of those subjects from our sample did not
change the pattern of results. In any case, it still remains a
possibility that opposed estrogen has a different effect on
the neural tissue of women than unopposed estrogen. More
research is warranted to examine this issue.
In addition, other differences could exist between the cur-

rent study and the studies conducted through the WHI in-
cluding duration of treatment (our study has a longer mean
duration than the mean duration of the WHI), age starting
treatment, severity of menopausal symptoms, etc. whichmay
play a role in determining the efficacy and benefit of HRT on
brain tissue. Some of these variables may prove to be deter-
mining factors in the variability currently seen among studies.
It is also interesting to consider the effects of HRT in the

context of previous findings on the relationship between aer-
obic fitness and brain structure in aging humans [8]. In both
samples, the greatest age differences were observed in the
prefrontal, parietal, and temporal grey matter, and therein
lied the greatest benefits of the respective interventions. This
similarity may reflect the fact that estrogen increases some
of the same neurochemical and molecular markers as those
often implicated in exercise related neuronal changes [3,14].
Estrogen is also known to positively affect physical activ-
ity levels, but the relationship between estrogen and phys-
ical fitness on human brain tissue and neuropsychological
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functioning remain unanswered. However, these findings, in
combination, suggest the possibility of a common pathway
for brain health maintenance in older populations.
AlthoughVBMis thought to provide avery robust and spa-

tially precise method for investigating the integrity of brain
tissue, there are caveats relevant to the technique that cur-
rently limit the applicability and interpretations of VBM re-
sults. For example, the registration routines that are the most
optimal, robust, and valid for drawing conclusions about the
volume of the underlying tissue being registered, continue
to be a source of debate [1,2,4]. Some studies suggest that
different registration parameters and methods may be appli-
cable under certain circumstances and not others, depending
on the regions of interest or the population of interest [36,50].
However, the majority of VBM studies that have examined
aged individuals or populations with neuropathologies have
followed the optimized and modulated VBM protocol sim-
ilar to those developed by Ashburner and Friston [1,2] and
Good et al. [15], and used in the current study. Furthermore,
although methods of registration can produce errors, tech-
niques such as manual tracing that do not rely on registration
are also prone to error [47]. Recent studies examining the
consistency between VBM and manual tracing report both
some overlap and some discrepancy between the two meth-
ods [17,47]. Although beyond the scope of this paper, fur-
ther research examining the association between VBM and
manual tracing should be conducted to further enlighten the
commonalities and discrepancies between the two methods.
The findings reported here should be interpreted in the

context of two limitations. First, the cross-sectional design
of this study does not allow for the examination of a causal
relationship between HRT and differences in brain tissue.
Second, our findings are limited primarily to unopposed es-
trogen replacement therapy, and do not necessarily generalize
to an opposed estrogen replacement regimen. Nonetheless,
the important implication of our findings is that the effects
of HRT, beneficial or otherwise must be examined with at-
tention to multiple specific factors such as type and duration
of therapy, participants’ age and specific brain locations that
may be the most likely targets of intervention.
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