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Abstract
Despite numerous studies showing neurotrophic and neuroprotective effects of estrogen in animal
models, the long-term effects of estrogen use on brain morphology in older women are not known.
Thus, we compared ventricular, cerebrospinal fluid, white matter, and gray matter volumes estimated
from magnetic resonance images of postmenopausal women with more than 20 years exposure to
unopposed estrogen, women who were not on estrogen, and young healthy women. Estrogen users
had significantly smaller ventricles and greater white matter volumes than non-users, but hormone
exposure did not affect gray matter volumes. Young healthy women had significantly smaller
ventricles, less cerebrospinal fluid and more gray matter than both groups of older women. However,
they had comparable white matter volumes to older women on estrogen. These findings suggest that
long-term estrogen protects against white matter loss in aging. This adds to findings from other
studies suggesting estrogen is neuroprotective of the hippocampus and other regions in older women.
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1. Introduction
The hallmarks of human brain aging include a loss of white matter [21;22] and gray matter
[20]. Cortical changes are not due to significant neuronal loss, because neuron numbers are
relatively stable [19]. Instead, loss of cortical gray and white matter tissue volumes are likely
the result of loss of dendritic arbors, synapse loss, neuronal shrinkage and the degradation of
the myelin as well as other glial changes [17;25]. Whether estrogen loss or replacement at
menopause alters the course of brain aging in healthy older women is unknown. Thus, we
examined brain morphological differences among women with very long-term estrogen use
(EW), women who did not use estrogen (NONE) and healthy younger women (YW).
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Estradiol modifies the response to lesions and ischemic stroke [34] and lesions and can change
the pattern and physiology of the interactions among neurons, thus essentially remodeling brain
circuits [32]. Ovariectomy results in a profound loss of synaptic density in the CA1 region of
the hippocampus [13] and prefrontal cortex in nonhuman primates [27]. These actions suggest
that estradiol can play both neuroprotective and neurotrophic roles that may be of particular
importance in aging. These effects differ depending on dose, timing, length of treatment and
whether estradiol is co-administered with progesterone (for review see [28]).

Information on the functional effects of estrogen in aging come from studies of women on
hormone treatment, and there are contradictory results. Observational studies from
postmenopausal women on long-term estrogen show a reduced risk of developing Alzheimer’s
disease [26] and preservation or enhancement of cognitive abilities, particularly memory [9],
suggesting neuroprotective effects of estrogen. Higher bioavailable estradiol, but not absolute
estradiol or change in levels are predictive better cognitive function in aging [33]. In contrast,
approximately five years of estrogen treatment, when initiated many years after menopause,
is not protective against dementia [24]. The varied results between the observational and
treatment studies of postmenopausal hormone use may be due to a number of differences in
the subject samples as well as the study designs.

There are few quantitative structural neuroimaging studies of the effects of long-term hormone
use, and again, there are conflicting results. There is a trend for greater atrophy, as assessed by
larger ventricles, in current hormone users, as opposed to past users or those who never used
hormones. No differences between groups were found for other measures of atrophy such as
sulcal widening or white matter lesions [16]. Hormone users do not differ in ventricular volume,
but have smaller white matter hyperintensities [23] and ventricular volume was less likely to
increase with time in hormone users as compared to non-users [3]. Hippocampal volumes are
larger with long-term estrogen use as opposed to tamoxifen, but hormone users do not differ
from those on no hormone therapy [5]. More recently, voxel-based morphometry shows a
sparing of gray matter in prefrontal, parietal, and temporal regions, with white matter sparing
adjacent to the lateral ventricles in the temporal lobes in current and past users of hormones in
contrast to women who have never used hormones [6]. Sparing is related to length of hormone
use. In contrast, a quantitative MRI study in a restricted age sample (60 to 64 years) finds no
differences in regional volumes, white or grey matter among current, past or never users [15].

It is unclear whether continuous estrogen use from menopause to old age has different
protective effects than intermittent use or when hormone use is initiated later in life. Thus,
additional information is needed to complete the transition from estrogen effects at the cellular
level in animal models, to effects on cognition in older women. This study provides preliminary
data on the effects of long-term estrogen-alone on brain morphometry in estimated tissue
volumes in older women.

2. Methods
2.1 Participants

Quantitative analysis of brain images of young healthy women (YW), were compared to
healthy older postmenopausal women (estrogen users EW; nonusers NONE; See Table 1 for
participant characteristics). Participants were non-smokers with no history of
neurodegenerative disease or stroke, or significant alcohol use. Written informed consent was
obtained from all participants.
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2.2 Magnetic Resonance Imaging and Region of Interest (ROI) Analysis
MR brain images were acquired using a 1.5-T Horizon MR system (GE Medical Systems,
Waukesha, Wis). The imaging protocol consisted of eight 5-mm-thick oblique axial slices
superior and parallel to a line between the anterior and posterior commissures, including
diencephalic and cortical regions superior to the temporal lobes. A single rater, blinded to group
status (D.M.H.) used a “seed growing” method that uses image contrast (ANALYZE AVW
3.0; BIR Mayo Clinic) to outline ROI’s (lateral and third ventricles, white matter, cerebrospinal
fluid; CSF, intracranial volume, ICV; See Figure). The lateral and third ventricles were present
in four of the eight brain slices. ROIs were normalized by ICV on each of the eight slices to
correct for potential confounding factors that head size may have across age or between groups
[22]. A basic volume estimate was calculated as the total area of the ROI multiplied by the
slice thickness [29]

3. Results
3.1 Effects of estrogen

EW, NONE and YW groups differed significantly on ventricular size, CSF, white matter and
gray matter volumes (F’s2,27> 5.0; p’s <.02; Analysis of Variance. StatView 1998; SAS Cary
North Carolina; see Figure). Post hoc comparisons showed that NONE had larger ventricles
than both EW and YW (p’s<.03), and EW had larger ventricles than YW (p=.009). YW had
significantly less CSF and more grey matter than either EW and NONE (p’s< .04) who did not
differ from each other (p’s >.10). EW and YW had significantly more white matter than NONE
(p’s<.002), but EW and YW did not differ from each other (p> .10). White matter differences
were not solely an artifact of ventricular volumes as the same group differences occurred for
slices superior to the lateral ventricles (data not shown). The marginal age differences (Table
1) do not explain volumetric differences between EW and NONE groups, as group differences
remained the same when age was used as a covariate.

3.2. Effects of age
Age was positively correlated with ventricular size across all participants (r=.72; p<.001), as
well as the YW (r=.75; p=.01) alone, but was marginally correlated in NONE (r=.58; p=.08),
and not correlated in the EW (p> .10). Age was negatively correlated with white and gray
matter across all participants (r’s>−.52; p’s<.01). Age was negatively correlated with white
matter in EW women (r=−.68; p=.03), but not significantly correlated in the other groups (p> .
10) nor was age correlated with gray matter in any of the individual groups (p> .10). There
was a significant positive correlation between age and CSF across all groups (r=.66; p<.001)
but correlations were not significant for any individual group. As expected, age and ICV were
not correlated.

4. Discussion
The major finding of this study is that long-term unopposed estrogen use preserves white matter
in older women. Ventricular enlargement, which commonly accompanies age-related brain
atrophy, is also less pronounced in estrogen users. The underlying mechanism is unknown but
white matter preservation and reduced ventricular size may have the same underlying
mechanism, that is, preservation of fibers coming from cortex to distant or subcortical regions
and/or preservation of myelin. Much more attention has focused on white matter lesions in
aging, which was not the focus here. White matter lesions as well as atrophy are associated
with cognitive decline in old age [11]. The functional implications of the white matter volume
loss reported here, requires further study.
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There is neurobiological support for estrogen effects on white matter preservation. Estrogen
receptors are present on neuroglia including astrocytes, oligodendrocytes, and microglia [for
review see, [18]]. Estrogen alters oligodendrocyte and astrocyte morphology in culture, and
causes synthesis of myelin basic protein and glial fibrillary protein [10] and increases
expression of the estrogen beta receptor in cortical microglia [14]. Estrogen also has an anti-
inflammatory role and promotes remyelination [2].

Effects of estrogen on gray matter volume were not found, although older women had less gray
matter than young women. This suggests that the measure was sufficiently sensitive to detect
loss of grey matter but the variability in the cortical ribbon combined with the small sample
size may not permit detection of subtle preservation or acceleration of grey matter loss.
Alternatively it could be that estrogen use does not preserve gray matter in the regions examined
but does in regions not examined such as the temporal lobes [4]. Our results may seem counter
intuitive given the extensive loss of synaptic density and activity changes in the hippocampus
after estrogen depletion in animal models [35]. However, those studies did not examine
hippocampal volume and this study did not examine the hippocampus. Recent studies of
synaptic loss after androgen deprivation in male nonhuman primates shows that there is a
simultaneous increase in glial processes and dendritic diameter which results in no net change
in the volume of the hippocampus [12]. Thus, the remaining question is whether grey matter
in temporal lobe regions as well as the hippocampus is selectively affected by estrogen use as
compared to other cortical grey matter. Further studies are needed to confirm this idea.

A recent voxel based morphometry study shows that postmenopausal women who have ever
used hormones have sparing of gray matter throughout cortex, and like our study, significantly
smaller ventricles and sparing of white matter (although the white matter sparing was
specifically in the temporal lobes), in contrast to those who had never used hormone therapy
[6]. Two recent studies using two different quantitative methods (voxel based morphometry
and ROI segmentation with volumetric quantification) show that white matter atrophy has a
curvilinear relationship with age with an acceleration of atrophy in the later decades of life (>
65 years;[1;30]). Indeed hormone use is not related to white matter volumes in women 60–64
years [15]. Cortical gray matter loss is linear without acceleration in the latter decades in
contrast to the temporal lobe and hippocampus that show a curvilinear relationship with
acceleration of atrophy in the later decades. Thus, one possibility is that very long-term estrogen
use partially protects against this final phase of accelerated age-related brain atrophy.

Limitations of this study are the small sample size, its cross-sectional design and the lack of
data for some brain regions. We cannot know if women who take estrogen differ in some other
lifestyle variable that may also affect brain morphology or aging, the so-called “healthy user
bias”. Only randomized clinical trials can resolve this potential bias which would be difficult
if not impossible to mount from menopause to late aging. What would be of interest is whether
limited hormone use at the time of the perimenopause plays a more critical role in
neuroprotection than when started much later in life [37]. Our study addresses only women on
estrogen-alone and not other formulations such as those with progesterone. This is important
as neurobiological evidence suggests that estrogen in combination with progesterone has very
different effects on a number of physiological processes, than estrogen alone [8]. This study
was limited to cortical regions superior to the temporal lobe thus precluding assessment of
temporal lobe structures and other important brain regions. In addition, tissue classification is
by an image contrast method, and without microscopic confirmation of tissue boundaries.
Improved MRI methods that quantify gray matter and white matter by the tissue’s biological
characteristics in the future will likely elucidate the underlying mechanism of morphological
differences in the elderly due to hormone use.
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Figure 1.
Central figure is a representative MRI slice to illustrate ROIs. Ventricles (yellow border), CSF
(red border; defined as the strip along the perimeter of the brain from cortical gray matter to
the skull as well as sulcal islands of CSF within the parenchyma), white matter (green border,
delineated outward from the ventricles until it outlined the contrast border between gray and
white matter); and gray matter (calculated as: ICV − CSF + WM + ventricles) volumes were
normalized by dividing by intracranial volume (ICV). ICV from each slice included everything
inside the innermost edge of the skull (white band). Intra-rater reliability was high (repeated
measures p’s> .15 for all regions) as were correlations among repeated measurements for each
of the ROI’s (all r’s>.93). Graphs are comparisons of regions of interest among women using
estrogen (EW), those not using estrogen (NONE), and young women (YW) (ANOVA). On the
graphs, an asterisk denotes significant differences among groups (p<.05). Error bars are
standard error of mean. NONE have larger ventricles than both EW and YW. EW have smaller
ventricles than NONE but larger ventricles than YW. YW have less CSF than EW and NONE
women who do not differ from each other. EW and YW have more white matter than NONE,
but did not differ from each other. YW have more gray matter than EW and NONE, who did
not differ from each other.
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Table 1
Participant Characteristics

Older Women YW
EW Group^ NONE Group^

N 10 10 10
Age 70.1 (4.1) 73.4 (3.5) 30.6 (6.9)

Years Education 14.3 (2.1) 15.1 (3.4) -
Years Postmenopausal 25.4 (7.7) 24.6 (5.7) -

Mini-Mental State Exam1 28.1 (1.4) 28.4 (.84) -
Geriatric Depression Scale2 2.8 (3.4) 3.5 (3.7) -

WAIS-R Vocabulary# 11.7(1.8) 11.9 (1.4) -
Years on hormone therapy 23.1 (9.3) - -

Hormone Regimen
 CEE3 9/10 None

 Estradiol4 1/10

^
Mean Values (Standard Deviation); EW= Estrogen users; NONE= No hormone use; YW=Young Women EW and NONE groups were matched on all

characteristics except hormone use (p’s> .05)

#
Wechsler Adult Intelligence Scale Revised scaled score [31]

1
[7]

2
[36]

3
Conjugated Equine Estrogen (Premarin); 6 women were on .625mg/day; 3 were on .625mg/day but with individualized dosing schemes: on estrogen for

25 days and off for 5 days; alternating daily .625 and .90 mg/day; .625mg. for five days/week

4
(Estrace) .2mg four days/wk
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