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Research in basic neuroscience has provided biological plau-
sibility for the hypothesis that estrogen replacement therapy
(ERT) would protect against cognitive aging in healthy
women. The weight of the evidence from randomized con-
trolled trials of estrogen and cognition in women shows that
this hormone preferentially protects verbal memory in post-
menopausal women, whereas findings from observational
studies are less consistent and show a more diffuse effect of
estrogen on a range of cognitive functions. There is fairly
consistent evidence from epidemiological studies that ERT
significantly reduces the risk of Alzheimer’s disease (AD) in
women. On the other hand, findings from controlled treat-

ment trials of women diagnosed with probable AD failed to
show that physiological doses of ERT ameliorate existing def-
icits in cognitive functioning and/or prevent further deterio-
ration in memory that inevitably occurs in these women over
time.

Finally, an accumulating body of evidence is beginning to
suggest that the immediate postmenopausal period may con-
stitute a critical window for treatment with ERT that maxi-
mizes its potential to protect against cognitive decline with
aging and/or to reduce the risk of AD. (Endocrine Reviews 24:
133–151, 2003)
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I. Introduction

DURING THE PAST two decades, the availability of new
medical technologies and a focused research effort

have combined to provide considerable new knowledge of
the mechanisms of action of estrogen on the central nervous

system (CNS) that may underlie its possible influence on
cognitive functioning. The intensity of this research effort has
been spurred by the potential clinical applications of these
findings, which are related to the dramatic increase in female
life expectancy during the past century. Whereas in 1900
female life expectancy was 54 yr, women now live to an
average age of 83 yr in industrialized countries (1). On the
other hand, the age of spontaneous menopause has remained
stable at approximately 50 yr since recorded history (2, 3).
The fact that women now live more than one third of their
lives after the menopause has encouraged research efforts to
discover new ways to prevent degenerative diseases that
jeopardize the quality of life for elderly women. To the extent
that estrogen protects aspects of cognitive functioning, it
might help to preserve those functions and to delay the onset
of dementia during the latter one third of women’s lives.

This article will review the human clinical literature on the
effects of estrogen on cognitive functioning in women. An
attempt will then be made to provide an explanation for the
inconsistencies in the human literature. However, before
these areas are reviewed, the most relevant neurobiological
and behavioral effects of estrogen will be briefly described.

II. Mechanisms of Estrogen Action on the CNS

A comprehensive account of the mechanisms of action of
estrogen on the CNS is beyond the scope of this article, and
several recent reviews of the area are available (4, 5). How-
ever, in the attempt to describe the biological plausibility for
the hypotheses that estrogen affects aspects of cognitive func-
tion, the mechanisms that are likely the most relevant will be
briefly described here.

In 1980, the identification and mapping of estrogen recep-
tors (ERs) in the brain led to the discovery that these proteins
were concentrated in the hypothalamus and the pituitary (6),
and, later on, in the hippocampus, the cerebral cortex, mid-
brain, and brainstem. Two types of intracellular ERs have
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now been identified, ER� and ER� (see Ref. 4 for a review).
Although the distribution of ER� in brain has been fairly well
established by steroid autoradiography, immunocytochem-
istry, and in situ hybridization (6, 7), there is less certainty
concerning the localization of ER�. Recently, the colocaliza-
tion of ER� mRNA with cell nuclear ER� immunoreactivity
was demonstrated in the rat cerebral cortex, in the paraven-
tricular nuclei, and in the preoptic area of the hypothalamus
(8). Importantly, the use of [125I]estrogen, which labels ER
with a higher specific radioactivity than [3H]estradiol (E2),
led to detection of label in pyramidal cells of CA1 and CA3
in the ventral hippocampus (9), areas shown to be important
for memory. In addition to its ability to effect both direct
genomic actions, estrogen can also act in the CNS via non-
nuclear receptors that involve interactions of ERs with sec-
ond messenger systems (10). Third, there is in vitro evidence
that E2 can modulate the functions of neural and vascular
cells via nongenomic actions (11). Documented forms of non-
genomic estrogen effects include rapid actions on excitability
of neuronal and pituitary cells, the activation by estrogens of
cAMP and MAPK pathways that affect activity of targets
such as kainate and IGF-1 receptors, modulation of G protein
coupling and effects on calcium channels and calcium ion
entry, and the protection of neurons from damage from free
radicals and excitotoxins (5).

Because of the widespread presence of the ERs in their
various forms throughout the brain, estrogen actions are also
widespread and affect many neurotransmitter systems in-
cluding the catecholaminergic, serotonergic, cholinergic, and
�-aminobutyric acidergic systems (5). Several well described
effects of estrogen on brain structure and function offer pos-
sible explanations for the mechanisms of action by which this
steroid hormone may influence cognitive functioning in
women. For example, one of the actions of estrogen is to
increase dendritic spine density on CA1 pyramidal neurons
in the hippocampus within 24–72 h after acute administra-
tion (12, 13). When progesterone (P) is administered after E2
priming, spine density increases during the first 6–8 h, fol-
lowed by a rapid return to low baseline levels. Interestingly,
changes in memory function in rats show a strong temporal
relationship with these hormonal alterations in neuronal
structure. When ovariectomized rats were primed with
10-�g injections of E2 72 and 48 h before testing, memory
retention was improved compared with retention in rats
primed with oil (14). An injection of P maintained the re-
tention enhancement if testing occurred within 8 h of the P
injection but not when testing occurred more than 24 h after
the P injection (14).

Second, estrogen increases the concentration of choline
acetyltransferase, the synthetic enzyme for acetylcholine
(15), a neurotransmitter critically implicated in memory
functions and the levels of which are markedly reduced in
Alzheimer’s disease (AD) (16). Finally, estrogen’s numerous
neurotrophic effects might explain how this hormone could
protect against declines in cognition with aging. Widespread
colocalizations of ER and nerve growth factor are found
mainly in neurons of the cerebral cortex, hypothalamus, hip-
pocampus, and sensory ganglia, implying that estrogen fa-
cilitates neurotrophin responses (17). Estrogen may also ex-
ert neuroprotective effects via modulation of molecules

involved in apoptosis (18) and via its action as an antioxidant
(19). Both 17�- and 17�-E2 provide neuroprotection against
oxidative stress via an antioxidant effect (19). Moreover, E2,
in vitro, promotes the breakdown of the �-amyloid precursor
protein to fragments less likely to accumulate as �-amyloid
(20). Estrogenic effects on neural systems that affect mood,
fine motor control, and pain have also been described (10).
The potential for these myriad mechanisms of action of es-
trogen to influence the structure and function of brain areas
that subserve a variety of cognitive functions, described only
briefly here, provides biological plausibility for the clinical
hypothesis that estrogen helps to maintain aspects of cog-
nition in women.

III. Components of Cognition

Whereas a comprehensive review of the components of
cognition will not be attempted here, several basic concepts
are important for an understanding of the results of the
clinical studies on estrogen and cognition, the focus of this
review. Cognition is an umbrella term for the totality of
human information processing. It is multidimensional and
includes such functions as attention, pattern recognition,
memory, learning, language processing, problem solving,
abstract reasoning, or higher-order intellectual functioning
and psychomotor skills. Memory, a critical aspect of cogni-
tion, is composed of numerous component processes that
localize to different anatomical sites (21). Human memory
may be regarded as a system that stores and retrieves in-
formation acquired through the senses. Visual and auditory
systems have been the most thoroughly explored. Short-term
visual memory implies that the visual memory trace decays
after a fraction of a second to several seconds (22), and long-
term visual memory describes the ability to identify a visual
stimulus for days, months, or years after exposure. The same
is true for verbal memory; i.e., short-term verbal memory
describes the situation in which a verbal stimulus (for ex-
ample, a word) is held in memory for seconds, whereas
long-term verbal memory describes the ability to recognize
or remember a verbal stimulus or association over an ex-
tended period of time.

The most compelling evidence that short-term memory
(STM) and long-term memory (LTM) are mediated by two
separate systems came from studies of patients with hip-
pocampal lesions resulting in STM deficits, which drastically
reduced their ability to acquire new information. On the
other hand, these adult patients could easily and accurately
recall incidents from early life, indicating that LTM was
intact (23, 24). Whereas learning is concerned with encoding
and storing information, forgetting often occurs because ma-
terial that has been learned can no longer be accessed or
retrieved. The inability to retrieve previously learned mate-
rial may be due to the fact that it had never been encoded (25)
or because the recall or recognition cues are not effective.
Either or both of these possibilities could impair LTM.

Working memory refers to the ability to “hold in mind”
and flexibly manipulate information over a short period of
time to make a response (26). During the past decade, con-
siderable progress has been made toward specifying the
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neural mechanisms underlying working memory in humans
(27, 28). Functional neuroimaging studies show prefrontal
cortical activation during the performance of working mem-
ory tasks (29, 30). Moreover, there is evidence that working
memory efficiency decreases with increasing age (31, 32).

As discussed above, patients with hippocampal lesions
have anterograde amnesia; that is, they are unable to re-
member new facts for more than 30 sec (23, 25). Indeed, there
is convincing evidence from studies of nonhuman primates
that the consolidation of a memory occurs in the hippocam-
pus (21), although the mechanisms that facilitate consolida-
tion are not clear. Findings from studies on rats, monkeys,
and humans have consistently provided evidence of the im-
portance of medial temporal-lobe structures in the acquisi-
tion of new information as well as in the retrieval of previ-
ously learned information (33). Recently, these findings have
been confirmed by neuroimaging studies using magnetic
resonance imaging (MRI)-based volumetric measurements
of the hippocampus that demonstrated a structural-func-
tional relationship between memory loss and hippocampal
atrophy in individuals with AD (34). Based on the informa-
tion that estrogen induces cyclic changes in synapse forma-
tion and spine density of the hippocampus (12, 13), and in
embryonic hippocampal neurons in cell culture (35), and also
increases the synthesis of acetylcholine in basal forebrain and
the cholinergic neurons that project to the hippocampus and
cortex (36, 37), it might be predicted that estrogen would
have its most profound effect on hippocampally dependent
cognitive functions such as memory and learning, which
involve the acquisition, encoding, and consolidation of new
information. Estrogen may also be important for working
memory, which is mediated by the frontal lobes, because this
hormone enhances STM, an important component of work-
ing memory.

In summary, there are numerous cognitive functions in
humans that are differentially mediated by specialized, an-
atomically distinct brain areas. Therefore, a lesion in a dis-
crete area of the brain, such as might occur after a stroke, will
result in a deficit in the specific cognitive function subserved
by the area in which the brain injury occurred, whereas other
cognitive functions mediated by brain areas remote from the
locus of the brain injury will be unaffected. Certain neuro-
transmitters and brain structures, along with neural path-
ways and projections, are also critical for cognitive function.
The extreme complexity of this system makes it unlikely that
any one neuroactive chemical could influence the totality of
cognitive functions. Rather, it is probable that any given
neuroactive compound would exert a specific action on cer-
tain domains but not on the totality of cognitive functions.
Estrogen is a neuroactive hormone; the largest concentra-
tions of ER� receptors are in the hypothalamus, the amyg-
dala, and in the hippocampus (38); and the neurotransmitter
that estrogen up-regulates most profoundly is acetylcholine
(36), although it affects the serotonergic, noradrenergic, and
dopaminergic systems as well (5). Moreover, the hippocam-
pus itself has been shown to be critical for explicit or de-
clarative memory. One possible interpretation of these find-
ings, taken together, is that estrogen would have its most
profound effects on memory, although it does not exclude
the possibility that it might influence other cognitive func-

tions as well. The description of sex differences in cognitive
function that appears below provides some support for this
prediction.

IV. Sex Differences in Cognitive Functioning:
Organizational and Activational Effects of

Sex Hormones

Although there are no qualitative differences in cognitive
skills between the sexes, quantitative differences have been
consistently found. Whereas women tend to excel on tasks of
verbal skills and memory, on perceptual speed and accuracy,
and on fine motor skills (female-typical skills), men tend to
outperform women on tests of visual memory and on math-
ematical and spatial ability (male-typical skills) (39). Al-
though the effect sizes of these sexual dimorphisms in cog-
nitive function are modest (0.5–1.0 sd), they have been found
consistently in studies that have attempted to document
them. These sex differences in cognitive functioning are
thought to occur as a result of the exposure of the fetal brain
to differential levels of the sex hormones during prenatal life.
These so-called organizational effects of sex hormones are
thought to permanently alter the structure and/or function
of specific brain areas during fetal life, perhaps by directing
the development of certain neural pathways. Postpubertally,
circulating levels of a given sex hormone serve to amplify the
neural “hard-wiring” laid down prenatally under its influ-
ence, usually referred to as the activational effect of that
hormone. Therefore, this psychoendocrine theory proposes
that, during prenatal life, the presence of significant quan-
tities of a sex hormone organizes neural substrates for a
certain behavior or function that becomes manifest after pu-
berty under the influence of high circulating levels of that
same hormone.

An impressive amount of evidence is available to suggest
that this psychoendocrine theory of the genesis of sex dif-
ferences in cognition may be true. Perhaps the most com-
pelling support comes from studies of individuals who have
a genetic disorder that resulted in their having been exposed
to abnormal levels of sex hormones during prenatal life. For
example, girls with congenital adrenal hyperplasia (CAH)
have a 21-hydroxylase deficiency that prevents them from
synthesizing cortisol (40). This results in high ACTH levels
and, consequently, in an overproduction of adrenal andro-
gens. CAH girls may be born with different gradations of
genital virilization that are surgically corrected after birth
when necessary. If the prenatal sex hormone environment
contributes to cognitive sex differences as the psychoendo-
crine theory proposes, it would be predicted that, compared
with normal controls, girls with CAH would have better
performance on tests of male-typical cognitive functions
such as enhanced spatial ability because of the prenatal ex-
posure of their brains to large amounts of androgens. Indeed,
CAH girls performed better on tests of spatial ability and
worse on tests of verbal ability compared with their unaf-
fected sisters (41). The superior spatial skills of CAH girls
were later confirmed using spatial tasks that normally show
sex differences (42). Finally, in two methodologically rigor-
ous investigations, girls with CAH performed significantly
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better on three separate tests of spatial ability compared with
their unaffected female relatives (43). When CYP21 geno-
typing was used to determine the degree of fetal androgen
exposure in girls with CAH, a dose-response relationship
was evident between disease severity and degree of mascu-
linization of behavior of the affected girls (44). Therefore, the
combined evidence of these studies on girls with CAH sug-
gests that prenatal exposure of genetic females to excessive
amounts of androgens masculinizes their cognitive profile.

Additional evidence of the influence of prenatal sex hor-
mone exposure on subsequent sex differences in cognition
comes from studies of girls with Turner syndrome (TS). The
ovaries in TS girls apparently form normally but involute
prematurely at 4 to 5 months’ gestation (45). TS children lack
ovarian estrogen production, do not undergo spontaneous
pubertal maturation, and are infertile (46). They display a
marked deficit in visuospatial abilities consistent with the
notion that early exposure to androgen (from the fetal ova-
ries) promotes subsequent visuospatial abilities (47). In a
recent multicenter trial, 7-yr-old TS girls were randomized to
treatment with either estrogen or placebo for 2 yr, and their
performance on a comprehensive battery of neuropsycho-
logical tests was compared with a control group of normal
girls matched for age and socioeconomic status (SES) (48).
Two years of estrogen treatment were associated with im-
provement in verbal and nonverbal memory in the TS girls.
Interestingly, scores on tests of short- and long-term verbal
memory were significantly impaired in the placebo-treated
TS group compared with those of the normal, age-matched
control group.

One possible explanation for the impaired neurocognitive
performance of girls with TS on verbal memory tests may be
related to the fact that they do not experience the surge in
estrogen production that occurs in normal girls during the
first year of life (49), which likely influences brain develop-
ment. If that is true, then it could be concluded that under-
exposure of the female brain to estrogen during critical de-
velopmental windows results in deficits in female-typical
cognitive functions in girls, whereas the exposure of female
brains to excessive amounts of androgens during fetal life
causes an enhancement of male-typical cognitive functions in
childhood, as occurs in girls with CAH.

Of course, the evidence from these so-called “experiments
in nature,” which are provided by psychoendocrine studies
of children with genetic abnormalities affecting the produc-
tion of sex hormones, constitutes the only information we are
ever likely to obtain from humans with regard to the orga-
nizational effects of these hormones on cognition because of
the obvious ethical constraints on experimentally testing this
theory in humans. However, the voluminous animal litera-
ture on reproductive and social behaviors in rats and mon-
keys demonstrates clearly that sex differences in both brain
organization and in behavior can be reversed by early hor-
monal manipulation. For example, prepubertal male rhesus
monkeys normally engage in more rough-and-tumble play
than females. When pregnant rhesus monkeys were injected
with androgens, the female offspring engaged in rates of
rough-and-tumble play that were intermediate between
those of normal males and normal females (50). The conclu-
sion that their increased rates of masculine-like behavior was

due to an organizational effect of androgen on their brains
was confirmed by the failure of postnatal castration to alter
the atypical behavior of the affected females.

A hypothesis that derives from this literature on the or-
ganizational and activational effects of sex hormones on be-
havior relevant to this review is that, in adulthood, estrogen
would have its most profound effect on cognitive tasks, such
as verbal skills and memory, perceptual speed and accuracy,
and fine motor skills, in which females are known to excel.
If this is true, then the administration of estrogen to post-
menopausal women should preferentially enhance female-
typical cognitive skills.

V. Estrogen and Cognition

A. Human menstrual cycle studies

Perhaps the most obvious strategy to investigate whether
changes in cognition may be associated with fluctuations in
circulating levels of sex hormones is to observe whether
scores on cognitive tests change in association with serum
hormone levels during different phases of the menstrual
cycle. Unfortunately, the early studies suffer from numerous
methodological problems including samples that are too
small to detect a significant difference in the variables of
interest, failure to confirm menstrual cycle phase by mea-
suring hormone levels, and use of inappropriate cognitive
tests or cycle phases to properly test the hypotheses. Indeed,
early investigations failed to find any meaningful associa-
tions between cognitive abilities and cyclic fluctuation in
estrogen levels in women (51–54). In 1981, Broverman et al.
(55) suggested that the relationship between cyclic hormonal
changes and specific cognitive abilities was highly depen-
dent upon a precise identification of cycle phases, exclusion
of women who were anovulatory, and use of gender-sensi-
tive cognitive tests (55). More recent studies that have in-
corporated these factors into their experimental designs and
procedures have had somewhat greater success in observing
changes in certain cognitive abilities across the menstrual
cycle. Most (56–61), but not all, of these studies have found
that women perform better on sexually dimorphic tests in
which females typically excel during the midluteal phase
compared with the menstrual phase, suggesting that estro-
gen facilitates verbal and fine motor abilities. However, it is
important to consider that P levels also peak during the
midluteal phase, a fact frequently ignored in these studies,
which, with several exceptions (61–62), failed to measure
hormone levels to confirm cycle phases. When we performed
RIAs on serum to determine cycle phase, we failed to confirm
any effect of estrogen on verbal memory or on attention (63).
Although performance on a test of visual memory was en-
hanced during the midluteal compared with the menstrual
phase, these higher scores were positively and significantly
correlated with serum levels of P but not with levels of E2
(63). In a recent, well controlled study, however, poorer
performance on a test of spatial ability (which favors males)
and better performance on tests of motor skills and verbal
fluency (which favor females) occurred during the midluteal
phase of the cycle in healthy young women compared with
their performance during the early follicular phase. More-
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over, the fact that scores on verbal fluency were positively
associated with E2 levels and spatial ability scores were neg-
atively associated with E2 levels provided indirect evidence
that E2, and not P, was responsible for these cycle-related
changes in aspects of cognition in young women (62). There-
fore, the results of this recent study support the idea that
estrogen positively influences performance on sexually di-
morphic tasks that favor females and negatively influences
performance on tasks that favor males (64).

Perhaps the most consistent finding of the menstrual cycle
studies is that performance on visual and on spatial tasks (in
which men typically excel) is better in women during the
phase of the menstrual cycle that is characterized by rela-
tively low levels of estrogen. The implication that higher
levels of estrogen impair visual and spatial abilities in
women is consistent with the finding that performance on
spatial tasks is significantly better in untreated ovariecto-
mized female rats (67, 68) and cynomolgus monkeys (69).

Despite the methodological problems in the menstrual
cycle literature cited earlier, there does seem to be some
consistent evidence that variations in performance on cog-
nitive tasks known to be sexually dimorphic occur during
phases of the cycle characterized by high or by low levels of
estrogen. This is in line with the proposition that estrogen
facilitates those cognitive skills in which females typically
excel. A corollary of this proposition, that young, cycling
women would perform better on tasks in which men typi-
cally excel when their estrogen levels are relatively low (i.e.,
during the menstrual phase of the cycle), also occurs. How-
ever, the magnitude of the effect of these menstrual phase
differences on test scores is quite small and, for most women,
would go unnoticed in everyday life. It must also be con-
sidered that the so-called estrogen “deficit” that occurs dur-
ing menses is relative to the ovulatory and luteal phases of
the cycle when levels are much higher. The constant, albeit
variable, background of estrogen secretion during all phases
of the menstrual cycle makes it more difficult to document
positive effects of the hormone on aspects of cognition if they
indeed occur. One possible conclusion from the extant lit-
erature on the menstrual cycle is that although minor fluc-
tuations in some cognitive abilities occur simultaneously
with fluctuations in ovarian hormones during different men-
strual cycle phases, levels of sex hormones are sufficient at
all times to maintain cognitive functions in women of re-
productive age.

The clinical relevance of cognitive fluctuations associated
with the menstrual cycle is probably quite minor because
these changes are rather modest in magnitude and highly
limited in scope. However, documentation of such changes
provides important support for the notion that fluctuations
in estrogen levels within the physiological range can influ-
ence specific aspects of cognition in gonadally intact adult
women.

B. Studies in postmenopausal women

1. Randomized controlled trials (RCTs). Another experimental
strategy to investigate whether estrogen influences aspects of
cognitive functioning has been to carry out prospective RCTs
in naturally and in surgically postmenopausal women. Be-

cause of the drastic alterations in the hormonal milieu that
occur at the time of menopause, this population provides a
unique opportunity for investigating the possible effects of
estrogen on cognitive functions in women using rigorously
controlled experimental designs. A RCT reported in 1952 (70)
provided the first evidence for an estrogenic influence on
cognition in older women. In that study, 75-yr-old women
living in a nursing home randomly received either E2 ben-
zoate, 2 mg, or placebo im once per week. After 12 months
of treatment, verbal intelligence quotient (IQ) scores on the
Wechsler Bellevue Intelligence Scale and scores on the Wech-
sler Memory Scale had increased significantly from pretreat-
ment baseline in the estrogen-treated women, whereas ver-
bal IQ scores decreased significantly in those given placebo
during the same time span. Two additional findings from
this early study are noteworthy. First, exogenous estrogen
failed to influence scores on the IQ performance subscales
that mainly measure visual/spatial abilities, and second, the
estrogenic enhancement of memory did not endure after the
discontinuation of treatment. The fact that the cognitive sta-
tus of these elderly women was poorly assessed beforehand,
that many had history of prior mental illness, and that some
had dementia constrains the ability to conclude that estrogen
improved verbal IQ and memory in these subjects. None-
theless, given the positive outcome of this early study, it is
puzzling that no further research was carried out in this area
for the next 25 yr.

In 1977, Campbell and Whitehead (71) treated middle-
aged postmenopausal women with conjugated equine es-
trogens (CEE), 1.25 mg, or placebo, each administered for 2
months in a double-blind, cross-over design (72). Estrogen
treatment was superior to placebo with regard to reduction
in insomnia, irritability, headache, anxiety, and the enhance-
ment of memory, and the improvements were independent
of hot flush frequency. Changes in memory were assessed
only with a self-administered analog rating scale.

Other investigators employed objective, standardized
tests of neuropsychological function in studies of estrogen
and cognition in postmenopausal women. Nine postmeno-
pausal women treated with piperazine estrone sulfate, 3
mg/d, showed greater improvement in the Guild Memory
Scale than women who randomly received a placebo (73).
This report of a beneficial effect of estrogen on memory was
soon confirmed by others in short-term studies with small
sample sizes. After 3 months of treatment with E2 valerate,
2 mg, or placebo daily, 11 women in the estrogen group had
higher scores than 10 women in the placebo group in choice
reaction time and in a test that is assumed to involve STM
(74).

In contradistinction to these positive findings, other RCTs
also undertaken in the 1970s failed to find any effect of
estrogen on cognitive functioning. No differences occurred
between scores of women given E2 valerate, 2 mg, or placebo
daily on the Integration Memory Test, on a test of logical
thinking, or on a reaction time task (75). Similarly, the ad-
ministration of estriol, 4 mg/d, a very weak estrogen, had no
effect on scores on the Groninger Intelligence Test, on digit
span, on concentration, or on tempo of work and attention
(Spot Pattern Test of Bourdon-Wiersma) (76).

The inconsistent findings that derive from these RCTs
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published in the 1970s are difficult to interpret for several
reasons. Each of the studies used a different oral estrogen
preparation in different doses, and none measured serum
levels of estrogens, so that it is impossible to know how
cognitive performance was related to actual hormonal status.
Some studies included both naturally and surgically meno-
pausal women whose pretreatment serum estrogen levels
may have differed. Finally, each study used different mea-
suring instruments to assess cognitive functions and, in some
cases, information regarding the reliability and validity of the
psychometric measures is not readily available (74–76).
Equally important is the fact that no study used a sufficiently
comprehensive battery of neuropsychological tests to allow
the assessment of all the domains of cognition. It is therefore
possible that the negative findings of any study mean only
that the psychometric instrument used did not tap an exist-
ing cognitive deficit.

As the evidence that estrogen replacement therapy (ERT)
endowed benefits with regard to the preservation of bone
density started to accrue, the use of ERT for the treatment of
postmenopausal women became a more popular clinical
practice in the 1980s and beyond. These documented clinical
benefits on other organ systems, coupled with new knowl-
edge of estrogenic influences on brain structure and function,
stimulated renewed efforts to investigate the possible causal
relationship between estrogen and cognition in women. In a
controlled, double-blind, cross-over design, Sherwin (77) in-
vestigated premenopausal women who needed to undergo
total abdominal hysterectomy (TAH) and bilateral salpingo-
oophorectomy (BSO) for benign disease. They were tested
before surgery, after 3 months of treatment with E2 valerate,
10 mg im, or placebo im every 4 wk and, again, after a
3-month cross-over treatment with the other drug. Scores on
tests of verbal memory and abstract reasoning were main-
tained relative to their preoperative levels of functioning in
these surgically menopausal women when they were being
treated with ERT, but they decreased significantly when the
women were given a placebo. Moreover, the protective effect
of estrogen on aspects of cognition did not occur secondary
to the alleviation of hot flashes in that study. In a subsequent
pilot study, women who randomly received E2 valerate, 10
mg/month im, after their TAH and BSO maintained their
preoperative scores on two tests of verbal memory, whereas
scores on those same tests decreased significantly in those
treated with placebo (78). Finally, in a replication of the 1988
study, a more comprehensive battery of neuropsychological
tests was used (79). Women who randomly received treat-
ment with E2 valerate, 10 mg/month im, after TAH and BSO
had significantly higher scores on tests of short- and long-
term verbal memory compared with women who had been
treated postoperatively with an im placebo. In the latter two
studies, there was a noticeable specificity of the estrogenic
effect on verbal memory functions because scores on other
tests of cognition such as visual memory were unaffected by
hormonal status. Moreover, the earlier demonstration that
the protective effect of estrogen on verbal memory was in-
dependent of its influence on mood and on hot flashes was
confirmed.

Support for these findings was provided by a recent RCT
of healthy postmenopausal women (80). Sixty-five-year-old

women who had never previously taken ERT randomly re-
ceived either a transdermal patch containing 7.8 mg E2 per
week, designed to deliver 0.1 mg 17�-E2/24 h, or a placebo
patch for 3 wk. A selective improvement in performance on
tasks of learning and memory occurred after treatment only
in the estrogen group. Interestingly, ERT also enhanced per-
formance on a mental rotations task, a test of spatial ability,
but failed to influence frontal lobe functions such as planning
skills and executive functions. In another RCT of postmeno-
pausal women whose average age was 69 yr, higher serum
E2 levels in women who randomly received treatment with
a transdermal E2 patch (0.1 mg E2/d) for 2 wk correlated
positively only with scores on tests of verbal memory (81).

Four RCTs failed to find effects of ERT on aspects of
cognitive functioning in postmenopausal women. In one
study, women who had undergone TAH and BSO several
years earlier were treated with either placebo or with either
0.625 mg or 1.25 mg CEE daily (82). No differences occurred
on the only two tests of cognitive function administered,
which are both primarily measures of attention. In a cross-
over study, women less than 56 yr old received 2.5 g/d of an
E2 gel, and those over 55 yr received 50 �g E2 via transdermal
patch or a placebo gel or patch for 3 months per treatment,
separated by a 1-month washout phase (83). Cognitive test-
ing failed to find any effects of the active treatment. When
69-yr-old women were treated with either 0.625 mg CEE or
placebo/d, no effects of ERT were apparent on working
memory, the only test administered (84). Also, no differences
in scores on tests of verbal memory, verbal fluency, psy-
chomotor speed, attention, or visual scanning occurred in
81-yr-old women treated for 9 months with CEE, 0.625 mg/d,
plus trimonthly progestin compared with treatment with
placebo (85).

Using a different endocrine manipulation, the possible
causal relationship between estrogen and cognitive func-
tioning was further investigated in another RCT. Thirty-two-
year-old infertile women with a large uterine myoma but
with normal ovarian function were tested at pretreatment
baseline and again after 12 wk of treatment with 3.75 mg of
a GnRH agonist, leuprolide acetate depot (LAD) (Lupron
Depot) im every 4 wk for 3 months (86). Then, all women
continued to receive LAD, 3.75 mg im, every 4 wk and,
concurrently, half randomly received either add-back CEE,
0.625 mg, or a placebo daily for an additional 8 wk. Levels
of all sex hormones decreased significantly after 12 wk of
LAD treatment, and only E2 levels increased significantly in
the add-back phase of the study in the group that received
LAD plus CEE. Scores on neuropsychological tests of verbal
memory and learning, but not on visual memory, decreased
from pretreatment to 12 wk posttreatment with LAD. More-
over, these memory deficits were reversed in the group that
randomly received LAD plus add-back CEE for 8 wk in the
second part of the study, coincident with an increase only in
their serum E2 levels, whereas scores on tests of verbal mem-
ory and learning remained depressed in the LAD plus add-
back placebo group, once again, demonstrating the specific-
ity of estrogenic action on verbal memory and learning
documented earlier (78, 79).

In summary, results of the post-1980 RCTs that included
tests of verbal memory and learning and also assayed plasma
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hormone levels provide evidence that estrogen acts to main-
tain these specific aspects of cognition in postmenopausal
women. Although the findings of the RCTs are clearly not
entirely consistent, in no study did placebo-treated women
perform better than those who received estrogen, and per-
formance on 47% of memory measures was better in women
who received ERT (87). Moreover, across these studies, there
was a significantly higher percentage of significant positive
findings for the tests of verbal compared with visual memory
performance with ERT (87).

2. Observational studies

a. Case-control studies. In general, case-control designs in-
volve recruiting groups of postmenopausal estrogen users
and nonusers from the general population who are, under
ideal conditions, also matched for variables that may inde-
pendently influence cognitive functioning such as age, level
of education, and SES. The Rancho Bernardo cohort, assem-
bled between 1972 and 1974, consisted of white, upper-
middle-class women who were being followed for cardio-
vascular risk factors. Cognitive testing undertaken cross-
sectionally between 1988 and 1991 on these women, who
were an average of 77 yr old, found that performance on only
one of 12 cognitive tests administered (verbal fluency) was
significantly better in long-term estrogen users compared
with never users (88). In another study, 72-yr-old estrogen
users performed significantly better than the nonusers on a
test of recall of proper names but not on recall of words,
which were the only tests of cognition used (89). In a group
of healthy, well functioning 65-yr-old women, the estrogen
users performed significantly better on tests of short- and
long-term verbal memory compared with the nonusers
drawn from the same population (90) and, in another case-
control study, 58-yr-old healthy estrogen users had overall
higher scores on tests of memory and nonmemory tests com-
pared with nonusers but the authors did not report signif-
icance for individual measures (91). Moreover, nine women
treated with 17�-E2, 2 mg/d, plus 2.5 mg or 5 mg progestin/d
(drug unspecified) performed better on tests of LTM after 6
and 12 months of treatment compared with 10 women who
had refused hormone treatment and served as controls (92).

In a cross-sectional study, men, estrogen users, and female
estrogen nonusers were matched for age (mean of 72 yr), SES,
and level of education (93). The men had higher free testos-
terone levels than either of the two groups of women; their
plasma E2 levels were not different from the mean levels of
the female estrogen users and, in absolute terms, were 3 times
higher than the plasma E2 levels of the female nonusers. The
72-yr-old men and the age-matched female estrogen users
also had higher Total and Forward Digit Span Scores com-
pared with the 72-yr-old women who were not taking es-
trogen. When these subjects were tested 2 yr later when they
were an average age of 74 yr, the differences in levels of
testosterone and of E2 reported above were still apparent
(94). Moreover, the men and the female estrogen users had
maintained their superior scores on the Forward Digit Span
test compared with the nonusers, with the additional finding
that the female estrogen users performed significantly better
than the nonusers on Backward Digit Span, a test of verbal
working memory.

Another case-control study investigated the possible ef-
fects of ERT on working memory, thought to be mediated by
the prefrontal cortex. Thirty-five estrogen nonusers, 38
women on unopposed estrogen, and 23 women on a con-
tinuous regimen of estrogen plus a progestin (E�P) were
included (95). Women in both estrogen groups performed
better on tests of verbal and spatial working memory but not
on a test of explicit memory. Interestingly, only the women
on unopposed estrogen but not those on E�P did better on
the Backward Digit Span test, thought to involve compo-
nents of working memory.

A correlational study undertaken to investigate the rela-
tionships between plasma levels of sex hormones and aspects
of cognitive functioning studied 39 highly educated, nonde-
mented women whose average age was 78.8 yr (96). Higher
E2 levels were associated with better immediate and delayed
verbal memory and retrieval efficiency, whereas low levels
of E2 were correlated with better immediate visual memory.
A recent cross-sectional report on a subpopulation of the
Baltimore Longitudinal Study of Aging cohort extended
these findings by delineating the specific aspects of verbal
memory most sensitive to estrogen (97). One hundred and
three postmenopausal women who were receiving either
oral or transdermal estrogen (44 of whom were also taking
a progestin) were matched on education, health status, de-
pressive symptoms, income, and general verbal ability with
81 women who had never received HRT. Estrogen-treated
women performed significantly better on measures of verbal
learning and memory than the nonusers, but scores did not
differ between groups on neuropsychological tests that mea-
sured visual memory or spatial abilities. Moreover, the stor-
age and retrieval of new information were the aspects of
memory that were most profoundly enhanced by HRT.

In the Einstein Aging Study, 10 surgically menopausal
women who were ever users of ERT (7 current users and 3
past users) were matched by age and years of education with
25 surgically menopausal women from the same cohort who
had never received ERT (98). In these groups of women,
whose average age was 75 yr, the ever users performed
significantly better on tests of verbal memory, free recall, and
constructional ability compared with the never users.

In a recent cross-sectional study, 31 estrogen users (mean
age, 63 yr) and 16 nonusers (mean age, 70 yr) were tested with
a battery of neuropsychological tests (72). After age, SES, and
education were controlled for, the ERT users performed sig-
nificantly better on tests of verbal fluency and working mem-
ory, but there were no between-group differences in contex-
tual verbal memory.

Although the data from case-control studies also provide
some support for the notion that estrogen selectively main-
tains verbal memory in women, they also show that cognitive
functions other than verbal memory are associated with es-
trogen use in contrast to the specificity of estrogenic action
seen in the RCTs. In general, the findings from the case-
control studies are also less robust than those from the RCTs.
This is not surprising because the ERT users in these case-
control studies were self-selected, so that numerous biases
likely affected the results. For example, women who choose
to take ERT are usually healthier and have more years of
formal education than women who do not take hormones
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after the menopause (99). The importance of this statistic lies
in the fact that a higher level of education is an independent
protective factor with respect to cognitive aging (100). In
view of the finding that older women are not always com-
pliant with a prescribed hormone replacement regimen (81),
it is also noteworthy that only a few of these case-control
studies actually assayed levels of E2 (93, 94). An additional
confounder in most of these studies is that some included
women who were also taking a progestin in addition to
estrogen, and the data were analyzed together as the “es-
trogen” group. Although the possible effects of progestins on
cognition have not been clearly elucidated, there is reason to
believe that they may be different from and, possibly, op-
posite to those of estrogen, as will be discussed later in this
article. Finally, although most investigators eliminated par-
ticipants who were receiving psychotropic medications that
could have affected cognitive function, few specifically in-
quired about a history of head injury or CNS diseases that
likely would have affected cognitive function, especially in
older populations. The possibility that these biases might
have affected the findings must be considered.

b. Longitudinal studies. In recent years, several longitudinal
studies have provided evidence for the role of ERT on cog-
nitive aging in women. In the Baltimore Longitudinal Study
of Aging cohort, the estrogen users (�65 yr old) made sig-
nificantly fewer errors on the Benton Visual Retention Test
(BVRT), a test of visual memory, compared with the never
users in this repeated measures design (101). Whereas
the number of errors on the BVRT increased with age for the
never-treated women, it remained stable over time for the
women who had been receiving ERT, suggesting that they
had experienced less cognitive decline with increasing age.
The BVRT was the only test for which repeated measures
data were available in this study; therefore, it cannot be
determined whether changes on verbal memory or on other
aspects of cognition would have differed between groups
with increasing age.

In an ethnically diverse, community-based epidemiolog-
ical study of aging and dementia in northern Manhattan,
New York, standardized tests of memory, language, and
abstract reasoning were administered at baseline and at fol-
low-up 2.5 yr later to women who were an average age of 74
yr at the time of testing (102). Women who had used ERT (a
combination of current and past users) scored significantly
better on all four neuropsychological tests at baseline. More
important, perhaps, is that scores on tests of short- and long-
term verbal memory improved over time in the ERT users,
whereas they declined in the never users over the 2.5-yr time
span between test sessions. Because a decrease in scores on
this test would be expected with normal aging, these findings
support the idea that ERT helps to maintain aspects of cog-
nition in aging women.

In a homogeneous community in Utah, 2338 nondemented
women whose mean age was 75 yr were administered the
modified Mini Mental State Exam (mMMSE), an omnibus
test of cognitive function designed to detect significant cog-
nitive decline (103). Scores were higher among current ERT
users compared with past and never users and higher also in
past users compared with never users. The findings were

significant even after controlling for other factors known to
affect cognitive performance such as age, education, depres-
sion, and activity limitation.

The Study of Osteoporotic Fractures evaluated the effects
of ERT on three measures of cognitive function in a diverse
group of 9651 women aged 72 yr on average who were tested
twice, 4–6 yr apart (100). Current and past ERT users had
higher scores on the mMMSE compared with never users,
and this was especially true for current users who were older
and less educated. There was no apparent benefit of ERT on
the Trails B or the Digit Symbol Substitution test, which
measure visual scanning and perceptual organization, re-
spectively. The methodological limitations of this cross-
sectional study include the fact that more than 6% of the
sample were depressed and 37% had a functional limitation.
Although 21% of the current users were taking E�P, separate
analyses to determine whether the progestin may have af-
fected test scores differentially were not performed. Neither
were tests of verbal memory and of verbal fluency, areas in
which estrogen-treated women were shown to excel in pre-
vious studies, included in this investigation.

A second publication on the Study of Osteoporotic Frac-
tures cohort reported on 116 women who developed breast
cancer and on 309 women who did not develop breast cancer
during the 6-yr study for whom both serum hormone levels
and scores on the mMMSE were available (104). In this sub-
sample, higher non-protein-bound and bioavailable E2 levels
were associated with a significantly lower risk of cognitive
decline in these elderly women over the 6-yr period. The 33%
attrition rate by the second test session was due to the death
of 9% and the loss to follow up of 24% of the original sample.
As in other longitudinal studies, women who were not avail-
able for testing after 6 yr were older, less educated, and had
lower mMMSE scores at baseline than the women who re-
turned for testing. Additionally, treatments are not reported
for the 25% of the participants in this study who had breast
cancer, and it is not known how the medical and surgical
interventions for breast cancer they surely endured might
have influenced the findings.

The Nurses’ Health Study, an ongoing prospective cohort
study begun in 1976 in Boston, reported results of the Tele-
phone Interview of Cognitive Status and tests of verbal flu-
ency and memory on 2138 women whose average age was
74 yr (105). The only difference between the groups at this
one point in time was that the current ERT users scored better
than the never users on a test of verbal fluency. There was
also a trend of increasing scores on this test with increasing
duration of hormone use. A separate analysis of women
taking E�P compared with those on estrogen alone failed to
change the results of the initial analyses. The reliability and
validity of administering cognitive tests via telephone are not
known.

The Kame Project is a longitudinal, population-based
study of memory and aging designed to establish prevalence
and incidence rates of dementia in older Japanese-Americans
in Washington State (106). The Cognitive Abilities Screening
Instrument (CASI), a measure of global cognitive function,
was designed for this study and is said to yield scores on nine
cognitive domains. The CASI was administered twice, 2 yr
apart, to 837 women whose average age was 71 yr. Current
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unopposed estrogen use was significantly associated with
increased total scores on the CASI as well as with higher
scores on tests of abstract reasoning and verbal fluency over
the 2 yr. It is noteworthy that the beneficial association be-
tween ERT and cognitive changes in these elderly women
was nullified by the concurrent administration of medroxy-
progesterone acetate (MPA). Indeed, total CASI scores of
women taking E�MPA actually decreased during the 2-yr
period between test sessions. As in other longitudinal stud-
ies, women who were tested at baseline but who did not
participate in the second test session 2 yr later were older, less
educated, performed worse on the cognitive tests at baseline,
and were more likely to be ERT nonusers.

In the attempt to determine whether exogenous estrogen
interacted with genetic factors to influence cognitive aging in
women, 297 current estrogen users and 336 past estrogen
users were administered the mMMSE annually within the
context of the longitudinal Cardiovascular Health Study
(107). The women were an average age of 72 yr at baseline.
Over the 6-yr average follow-up, the mMMSE score of the
never users declined significantly more than the average
score of the current ERT users. Moreover, among apolipopro-
tein E-�4 negative women, current estrogen use reduced the
risk of cognitive impairment by almost half (hazard ratio �
0.59) compared with never users but did not influence the
risk among �4-positive women. Once again, the 23% of the
original sample who failed to complete cognitive follow-up
testing were older, less educated, and had lower mMMSE
scores at baseline.

In the Duke Established Populations for Epidemiological
Studies of the Elderly in North Carolina, 1907 women (average
age, 73 yr) were tested at baseline using a brief cognitive screen-
ing test (The Short Portable Mental Status Questionnaire) and,
again, 3 and 6 yr later (108). Although 20% of the cohort had
used estrogen in the past, only 8% were taking estrogen by the
3 yr follow-up. When the analyses were corrected for demo-
graphic and health characteristics, the protective effect of ERT
on cognitive decline was no longer significant. Two method-
ological limitations of this study are that only 5% of the sample
were consistent long-term users of estrogen and that the survey
screen measure used is not a targeted measure of memory or
of any other cognitive function.

The Atherosclerosis Risk in Communities Study is a pro-
spective investigation of the etiology and natural history of
atherosclerotic disease in four communities in the United
States. Of the 2121 women enrolled in the study, 669 were
current estrogen users (mean age at baseline, 56.7 yr) and
1452 were never users (mean age at baseline, 59.2 yr) (109).
Three cognitive tests were administered twice, 6 yr apart,
during the second and fourth clinic visits. After adjustment
for age, education, and duration of estrogen use, no associ-
ations were observed between estrogen use and 6-yr changes
in cognitive functioning (verbal fluency, verbal learning, and
psychomotor performance) in these middle-aged women.

Although the findings of these longitudinal studies do not
allow causal inferences regarding the estrogen-cognition re-
lationship, they nonetheless provide important information
because they sampled large numbers of ethnically and eco-
nomically diverse women. Some clear trends emerge from
these data. All of the longitudinal studies (100–107) except

for one (108), in which the average age of the women was
greater than 65 yr at the time of their first neuropsychological
test session, found that estrogen users performed better on
cognitive tests and had significantly less deterioration over
time compared with never users. In the recent Atheroscle-
rosis Risk in Communities Study, which failed to find any
protective effects of estrogen on cognitive aging (109), the
average age of the estrogen users at follow-up was 56 yr.
Because the deterioration in some aspects of cognitive func-
tioning with normal aging has its onset after the age of 65 yr
(31), the population sample in that study (109) was inappro-
priate for testing the association between estrogen use and
cognitive aging.

Although the preponderance of findings from the longi-
tudinal studies show that estrogen users performed better on
cognitive tests and showed less deterioration in aspects of
cognition with increasing age compared with the nonusers,
it must be considered that these studies are replete with
several sources of bias. Their subject samples reflect the com-
mon observation that women who take ERT after the meno-
pause are younger, better educated, and generally healthier
(99, 111–113). This is a particularly serious bias in studies of
cognitive function and aging, because younger age and
higher educational levels are themselves independent pre-
dictors of cognitive aging, and their effects would be con-
founded with a possible hormonal influence on cognition.
Although most of the studies controlled statistically for age
and education in their analyses, statistical adjustment cannot
completely account for these sources of bias. A second and
related problem is that, in five repeated-measures studies,
the 25–33% of women who failed to return for cognitive
testing were older, had less education, had lower mMMSE
scores at baseline, and were more likely to be estrogen non-
users (100, 103, 106–107, 109). The characteristics of these
women who failed to return for follow-up testing would
have led to an underestimation of the strength of the asso-
ciations that were found between estrogen use and the pres-
ervation of cognitive functioning.

A commonality among the longitudinal studies that re-
ported on estrogen and cognitive functioning is that most
were originally undertaken to study the effect of estrogen on
other organ systems (e.g., bone density, cardiovascular
health). Because cognition was not a primary endpoint, many
used the mMMSE as the sole measure of cognitive function-
ing. As mentioned earlier, the MMSE is an omnibus test of
cognitive functioning that is generally used as a screening
instrument to detect cognitive decline, and it is unable to
distinguish performance between specific cognitive do-
mains. Because the findings from the RCTs show that estro-
gen has its most profound effect on verbal memory, which
was not specifically tested in any of the longitudinal studies
undertaken to assess effects of ERT on other endpoints, it is
possible that the true effects of estrogen on cognitive pro-
tection in their samples of elderly women may have been
underestimated due to the lack of precision and specificity of
the measuring instrument.

Logically, the longitudinal studies that tested women only
once (88, 105) were able to provide only a comparison be-
tween the estrogen users and nonusers in their population
and, interestingly, these studies found the weakest evidence
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for a beneficial effect of estrogen on cognitive functioning in
postmenopausal women. In contradistinction, studies that
had two or more test sessions over a period of two or more
years could not only compare absolute test scores between
estrogen users and nonusers but were also able to address the
clinically more important question of whether or not ERT
helps to prevent deterioration in cognitive function with
increasing age in women. Of the six studies that included two
or more test times over the course of 2.5–6 yr in women aged
over 65 yr (100–102, 106–108), five of the six reported that the
cognitive test scores of elderly estrogen users either re-
mained stable across time or decreased significantly less than
the scores of the estrogen nonusers over time. Therefore, the
weight of the currently available evidence from longitudinal
studies suggests that cognitive aging may be prevented or
attenuated by long-term ERT in postmenopausal women.

VI. Imaging Studies on Estrogen and Cognition

The development of functional neuroimaging technolo-
gies presented new opportunities to investigate whether es-
trogen influences cerebral circulation and brain activation in
ways that might impact on cognitive functioning in women.
A functional MRI study in healthy young women found an
enhanced perfusion in cortical areas involved in cognitive
functions during the phase of the cycle when estrogen levels
were high (114). When postmenopausal women were given
ERT or placebo for 21 d, to examine brain activation patterns
during the performance of verbal and nonverbal working
memory tasks with functional MRI, increased activation in
the inferior parietal lobule during the verbal task only in
estrogen-treated women suggested that estrogen may me-
diate the short-term storage of verbal material (115).

The neuroimaging techniques of single photon emission
tomography (SPECT) and positron emission tomography
(PET) allow the study of cerebral blood flow (CBF), neuro-
transmitter function, and glucose metabolism as a function
of estrogen levels, and there is some evidence that estrogen
modulates all of these endpoints. Using PET, regionally spe-
cific variations in glucose metabolism occurred during dif-
ferent phases of the menstrual cycle in healthy young women
(116). Twelve estrogen users and 16 nonusers from the Bal-
timore Longitudinal Study on Aging cohort were tested
twice, 2 yr apart using PET (117). Regions of increased re-
gional CBF occurred over time in the estrogen users, partic-
ularly in the hippocampus, the parahippocampal gyrus, and
temporal lobe regions that form a memory circuit. Estrogen
users performed better than nonusers on a standardized test
of prospective memory but not on the delayed memory ac-
tivation task performed during the PET imaging procedure.
These findings on changes in CBF in postmenopausal estro-
gen users are consistent with an earlier report that found that
sex hormones modulated CBF during the performance of
cognitive tasks (118). When SPECT was used to evaluate CBF
in postmenopausal estrogen users and nonusers, an im-
provement in CBF occurred in temporal and parietal regions
of the brain in the estrogen users (119).

Although the findings from these neuroimaging studies
provide some support for the conclusion that estrogen mod-

ulates CBF and glucose metabolism in regions of the brain
that underlie specific cognitive functions, others have failed
to confirm the positive hormonal effect on CBF (120). The
inconsistencies may be due to the small sample sizes of some
studies, to the fact that data from women taking unopposed
ERT and those taking E�P were folded into a “users” group
and analyzed together (117), or to an inappropriate choice of
cognitive tests used during imaging. At the present time, it
is possible to conclude only that ERT is associated with
different patterns of brain activation in some regions of the
brain that subserve memory and other cognitive functions,
but the theoretical and clinical significance of the differences
await clarification.

VII. Estrogen and AD

A. Case-control and cohort studies

The most common cause of dementia is AD, whose earliest
symptom is the inability to learn and recall new information
followed by a progressive loss of other cognitive abilities.
Typically, these symptoms of dementia begin insidiously in
the seventh decade of life or later and progress gradually
over a period of 5–15 yr before death. Several lines of evi-
dence suggested that ERT might prevent or delay the onset
of AD in women. First, findings from basic neuroscience that
estrogen has a salutary effect on many of the brain structures
and functions involved in the neuropathology of AD (such
as the degeneration of neurons in the basal forebrain, the
source of cholinergic projections to cortical, hippocampal,
and amygdala regions) provided biological plausibility for
this hypothesis (see Ref. 121 for a review). Second, although
the sex difference in the incidence of AD had been in dispute,
a recent meta-analysis found a significantly higher incidence
of AD in women compared with men [odds ratio (OR) � 1.56]
while correcting for greater female longevity (122). Finally,
the findings that ERT protected the very aspects of cognition
in healthy, elderly women that deteriorate most profoundly
in patients with AD (memory and learning) raised the pos-
sibility that ERT might protect against AD in women.

In 1998, Yaffe et al. (123) performed a meta-analysis of 12
studies that addressed the effect of estrogen on cognitive
function (70, 71, 73–75, 77, 79, 82, 88–91) and 10 studies that
addressed the effect of estrogen on the risk for developing
AD (124–133). They found an overall 29% decreased risk of
AD in estrogen users compared with nonusers. The two
prospective cohort studies that reported a significantly re-
duced risk of AD in estrogen users are particularly compel-
ling because they avoid both recall and prescribing-practice
bias (132, 133). Two studies documented a positive associ-
ation between longer duration of ERT and the degree of AD
risk reduction (129, 132).

Since the 1998 meta-analysis, three more case-control stud-
ies and one more prospective study have been published. In
the Italian Longitudinal Study on Aging, ERT was associated
with a reduced prevalence of AD in 2816 women (OR, 0.24;
95% CI, 0.07–0.77) (134). A case-control study from The Neth-
erlands found a similar inverse association between ERT and
early-onset AD in women (adjusted OR, 0.34; CI, 0.12–0.94)
(135) and a third case-control study performed in the United
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States also found a significant inverse association between
estrogen use and the risk of AD (OR, 0.42; 95% CI, 0.18–0.96)
(136). In the latter study, a significant trend of decreasing risk
of AD among estrogen users with increasing duration of use
was also evident.

Recently, new findings from The Cache County Study,
a longitudinal investigation of the prevalence of AD and
other dementias in a single county in Utah became avail-
able (137): 2930 women (mean age, 74.5 yr) and 2691 men
(mean age, 73 yr) who showed no evidence of cognitive
impairment were first assessed with the MMSE at baseline
between 1995 and 1997. Of these, the cognitive status of
1801 women and 1322 men was reassessed between 1998
and 2000 and these subjects were found to be free of
dementia. Forty-two percent of these women had never
used HRT and 57% were either past or current HRT users.
Duration of HRT use was classified as either less than 3 yr
of use, 3–10 yr of use, and more than 10 yr of use. In the
female nonusers, the incidence of AD increased after age
80 yr and considerably exceeded the incidence among men
of similar age (adjusted HR, 2.11; 95% CI, 1.22–3.86).
Women who used HRT had a significantly reduced risk of
AD compared with nonusers (adjusted HR, 0.59; 95% CI,
0.36 – 0.96). Importantly, the risk of AD was found to vary
with duration of HRT use, so that a women’s gender-
specific increase in risk disappeared entirely with more
than 10 yr duration of hormone treatment. Moreover, al-
most all of the HRT-related reduction in the incidence of
AD risk reflected former use of HRT; current HRT use was
not protective unless duration of treatment exceeded 10 yr.
These findings are consistent with those of three other
longitudinal studies, which also found a lower incidence
of AD in women with longer duration of estrogen use (129, 132,
136).

Overall, the findings from the case-control and cohort
studies show a 20–70% reduction in the risk of AD in women
who use ERT and also provide some evidence that estrogen
users who develop AD do so at an older age (132, 138). A
meta-analysis of observational studies on estrogen use and
AD found a summary OR of 0.71 (95% CI, 0.53–0.98) for
estrogen-treated women (123), and a more recent meta-anal-
ysis that applied inclusion criteria for grading internal va-
lidity of studies found a summary OR of 0.66 (95% CI, 0.53–
0.82) for AD in estrogen users (139). Although this implies
that estrogen use in postmenopausal women provides a 29–
41% decreased risk of developing AD, it is important to
acknowledge that, like the longitudinal studies on estrogen
use and cognition in healthy, elderly women, these studies
on ERT and the risk for AD are replete with possible biases
that suggest caution in their interpretation. For example, not
only do estrogen users tend to be healthier in general, but
they also tend to have more years of formal education and
to be younger than nonusers. As discussed earlier, these
biases, which were indeed evident in the ERT users in several
of these case-control and cohort studies, are themselves in-
dependent protective factors with respect to the develop-
ment of AD. Therefore, any conclusion that ERT protects
against or delays the onset of AD will be strengthened by
data from RCTs.

B. Treatment studies of women with AD

During the 1980s, several small, uncontrolled trials using
ERT for the treatment of women with mild-to-moderate AD
found improvement on some, but not all, measures of de-
mentia (140–141). Each study had a sample size of less than
10 women, administered ERT for 6 wk, and lacked control
groups. When 15 women with AD were given CEE, 1.25
mg/d, for 6 wk and compared with 15 untreated controls
matched for age and dementia severity at baseline, ratings on
one dementia scale improved in the estrogen-treated women
(142). However, a between-group analysis was not con-
ducted at posttreatment.

C. Randomized controlled treatment studies of estrogen
and AD

In the first true RCT of ERT and AD, 14 women with AD
were randomly assigned to treatment with either CEE, 1.25
mg/d, or placebo for 3 wk (143). The estrogen group had
improved scores on one dementia scale but not on two oth-
ers. These findings are complicated by the fact that some of
the estrogen-treated women also received a progestin in this
small study. Nonetheless, these findings were confirmed in
another RCT in which 12 women with mild-to-moderate AD
randomly received either a 17�-E2 transdermal patch, 0.05
mg/d, or a placebo patch for 8 wk (144). A significant in-
crease in scores occurred on tests of attention and verbal
memory in the estrogen-treated but not in the placebo-
treated women. The estrogen-induced enhancements on
tests of attention and verbal memory were no longer evident
several weeks after the termination of treatment, indicating
that the beneficial effects of ERT did not endure after treat-
ment was withdrawn.

In a third RTC, 50 women with mild-to-moderate AD
received either CEE, 1.25 mg, or placebo daily for 12 wk (145).
Neither primary nor secondary outcome measures showed
any benefit of ERT on cognitive performance, dementia se-
verity, mood, or cerebral perfusion in this well controlled
drug trial.

Recently, results of two multicenter RCTs on ERT and
cognitive functioning in women with AD have become avail-
able. In the Alzheimer’s Disease Cooperative Study, women
with AD who had had a hysterectomy were randomized to
receive treatment with CEE, 0.625 mg/d (n � 42), CEE, 1.25
mg/d (n � 39), or a placebo daily (n � 39) for 12 months
(146). Although there was a benefit of CEE, 0.625 mg/d, on
MMSE scores after 2 months of therapy, it did not persist
with continued treatment. The authors concluded that ERT
for 1 yr failed to slow disease progression or to improve
global, cognitive, or functional outcomes in women with
mild-to-moderate AD.

In the second RCT, 42 women with mild-to-moderate AD
were randomly assigned to treatment with CEE, 1.25 mg/d,
or placebo for 16 wk (147). After 4 and 16 wk of treatment,
no differences between the treatment groups were apparent
in scores on the primary outcome measure, the clinician-
rated global impression of change, or on the caregiver-rated
functional status measure.

Although the earlier, small, uncontrolled studies on the
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use of estrogen for the treatment of women with AD were
encouraging, the more recent, methodologically rigorous
RCTs on larger sample sizes failed to confirm their early
promise. At the present time, there is no reason to believe that
ERT, in doses conventionally used to treat healthy post-
menopausal women, is an effective treatment for women
with AD. However, there is a suggestion that the efficacy of
ERT in women with AD may lie in its potentiation of other
agents used to treat AD. When tacrine (an acetylcholinest-
erase inhibitor) or placebo was administered randomly to
women with AD, a post hoc analysis found that the 14% of the
sample who were estrogen users and had received tacrine
improved more on tests of cognitive function than the es-
trogen nonusers treated with tacrine (148). The potential
efficacy of estrogen as adjunctive therapy with other drugs
that affect acetylcholine metabolism merits further study in
RCTs due to its potential clinical significance.

VIII. Selective ER Modulators (SERMs)
and Cognition

Because they have tissue-selective effects as both estrogen
agonists and antagonists, the possible influence of SERMs on
brain function and on cognition in postmenopausal women
has aroused considerable interest. Raloxifene, a SERM that
binds with high affinity to the ER, prevents bone loss, fa-
vorably alters the serum lipid profile, and does not stimulate
breast tissue (149, 150). On the other hand, raloxifene in-
creases the incidence of hot flashes in postmenopausal
women, suggesting that it may act as an estrogen antagonist
at the level of the hypothalamus (149, 150). In a RCT, 143
women with established osteoporosis received either pla-
cebo, raloxifene, 60 mg/d, or raloxifene 120 mg/d (151).
After 1 yr of treatment, no differences in performance were
apparent between the three treatment groups on a comput-
erized battery of neuropsychological tests. The failure to find
significant differences between raloxifene and placebo on
cognitive functioning was recently confirmed in a RCT
whose duration of treatment with either raloxifene or pla-
cebo was 3 yr (152). At the present time, therefore, there is
no evidence from humans that raloxifene positively influ-
ences aspects of cognition in women. Similarly, performance
improved on a test of spatial working memory in aged,
ovariectomized monkeys when they were treated with ethi-
nyl E2, but not when they were treated with raloxifene (153).

IX. Modulators of the Estrogen-Cognition
Relationship

In addition to age and years of education, several other
factors can modulate the association between estrogen and
cognitive functioning in women. Variables that can act as the
major confounders of studies in this area include the influ-
ence of estrogen on mood, the concomitant administration of
progestins with ERT, and the pharmacokinetics of various
estrogen formulations.

At the present time, there is a considerable amount of
evidence that estrogen enhances mood in women. It now
seems clear that, although physiological doses of estrogen

given to postmenopausal women alleviate depressive symp-
toms, or dysphoria (82, 154–156), these doses are without
significant effect on the more profound mood disturbances
that fulfill diagnostic criteria for a major depressive episode
(157, 158). Although large, supraphysiological doses of es-
trogen are somewhat effective for the treatment of a clinical
depression (159), the import of this finding is more theoret-
ical than clinical, both because of the side effects that accrue
to these large doses of estrogen and because the efficacy and
favorable side effect profiles of current second-generation
antidepressant drugs has solidified their use as first-line
treatment for major depression. Nonetheless, in a recent
RCT, six of seven perimenopausal women with a major de-
pression (85%) and 19 of 24 perimenopausal women with
minor depression (79%) had a full or partial remission of their
depressed mood when treated with 0.05 mg/d of transder-
mal E2 compared with the 22% who improved with a placebo
patch (160). The finding that associated depressive symp-
toms such as disturbed sleep, increased appetite, lack of
energy, and emotional detachment were unaffected by ERT
suggests that although estrogen has antidepressant proper-
ties, physiological doses are not sufficiently effective for use
as a sole agent to successfully treat the syndrome of clinical
depression.

The serotonin-deficit hypothesis is still the most promi-
nent biological theory of the etiology of depression and,
notably, estrogen affects the serotonin system in numerous
ways. For example, estrogen increases the rate of degrada-
tion of monoamine oxidase, the enzyme that catabolizes se-
rotonin (15), and also affects intraneuronal serotonin trans-
port (161). Both of these mechanisms would serve to increase
serotonin availability in the synapse, thereby enhancing
mood. In contradistinction, P increases the amount of mono-
amine oxidase, thereby decreasing the concentration of brain
serotonin (15). Indeed, in a RCT, the addition of a progestin
(MPA) to an estrogen replacement regimen attenuated the
beneficial effect of estrogen on mood in a dose-dependent
manner (156). These findings were similar to those of two
nonblinded trials (162, 163), as well as to those of a meta-
analysis of sex hormones and mood (164). Because depres-
sion is associated with a reduction in concentration and at-
tention, which would compromise performance on cognitive
tests, the ability of P to attenuate the beneficial effect of ERT
on mood underlines the importance of including only
women on unopposed estrogen in studies of estrogen and
cognition. At the very least, studies with mixed hormone
groups containing unopposed estrogen users and E�P users
need to analyze data from those two groups separately. Un-
fortunately, the vast majority of the case-control and longi-
tudinal studies on healthy, elderly women and on those with
AD failed to do so. Because estrogens and progestins affect
mood differentially, it is also necessary to include a reliable
measure of mood in studies of estrogen and cognitive func-
tioning, the scores of which should be used as covariates in
the analysis of the cognitive data to discount the possibility
that a change in cognitive functioning occurred secondary to
a change in mood in estrogen-treated women.

There is also reason to believe that P may have a direct,
negative effect on cognition. The decrease in apical dendritic
spine density in the CA1 area of the hippocampus that occurs
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during the estrous phase of the rat cycle was prevented by
the administration of RU-486, a P receptor antagonist (12).
This suggests that the estrogenic enhancement of dendritic
spine density, thought to be a protective factor for cognitive
aging, is opposed by P. Indeed, in the Kame longitudinal
study (106), whereas scores on a global measure of cognitive
functioning improved over time in elderly women taking
unopposed ERT, scores actually worsened during the same
time frame in those treated with a combined E�P regimen.
In a recent SPECT study, the duration of ERT correlated
positively with the density of cortical cholinergic terminal
concentrations, and the effect was attenuated in women who
were also taking a progestin along with estrogen (165). This
is the first evidence from humans that progestins may ad-
versely influence cholinergic neuronal integrity. Adding to
the complexity of this issue is that different classes of pro-
gestins, such as MPA and micronized P, have differential
effects on some aspects of metabolism, such as lipoprotein
lipid cholesterol, when administered with estrogen (166).
This raises the possibility that different progestins might also
affect brain function differentially. Although a definitive
study on progestins and cognitive function in women has not
been performed, currently available evidence strongly sug-
gests that findings from studies that had mixed groups of
women treated with unopposed ERT and with E�P, and in
which the data were analyzed together, need to be inter-
preted with caution.

A third modulating factor that is likely to have affected the
findings in these studies on estrogen and cognition is related
to the different drugs, doses, and routes of administration of
the many estrogen compounds used. The majority of inves-
tigations on estrogen and cognitive functioning reviewed
here have sampled women who were predominantly taking
CEE (Premarin, Wyeth-Ayerst Laboratories, Inc., Philadel-
phia, PA), although some used other forms of oral estrogen,
whereas other studies administered estrogen transdermally,
transcutaneously, or intramuscularly. Although little atten-
tion has been paid to the differences in the pharmacokinetics
and route of administration of various estrogen preparations,
the work of Steingold et al. (167) provides reason to believe
that differing characteristics of various estrogen preparations
could critically influence the findings of studies on estrogen
and brain function. They investigated, in vivo, the influx from
the microvasculature into the brain, the uterus, and the liver
of all commercially available classes of estrogens available in
the United States for replacement therapy in 1986. In the
brain, there was an 80–100% extraction of E2, estrone, and
ethinyl E2, but only a 6.5% extraction of estrone sulfate. On
the other hand, the mean extraction of all estrogen prepa-
rations by the liver was high, indicating that the hepatic
microvasculature was freely permeable to all compounds,
including estrone sulfate. It must also be considered that
orally administered E2, but not ethinyl E2, undergoes sub-
stantial hepatic metabolism to less active forms (168), so that
parenteral routes of administration, which avoid the initial
hepatic metabolism, may allow more estrogen to be available
to the brain.

Second, route of administration modulates responses to
ERT. Indeed, it is widely accepted that oral estrogen prep-
arations induce greater beneficial effects on serum lipopro-

teins than transdermal estrogens, which circumvent first-
pass liver metabolism (169). Although it is likely that route
of administration also influences brain levels of estrogen in
treated, postmenopausal women, no information is available
for humans because of the obvious problem of measuring
levels of estrogen in the brain; however, the future devel-
opment of an estrogen ligand that can be used in imaging
studies may eventually be able to provide information on the
differential availability of various estrogen compounds to the
brain.

It must also be considered that certain components of oral
CEE have specific beneficial effects on brain function. For
example, equilenin, a component of CEE, was more effica-
cious than E2, estrone, and estriol for cortical nerve growth
in vitro (170), and 17�-dihydroequilenin, another component
of CEE, increased the density of dendritic spines on hip-
pocampal neurons (171). This could imply that CEE would
induce the greatest benefit on cognition because of the
uniqueness of its neuroactive components. Although there is
clearly much to be learned concerning the availability to and
the influence of different estrogen formulations on the brain,
it should be acknowledged, for the present, that these here-
tofore ignored pharmacological issues are likely responsible
for some of the inconsistency in the extant literature.

At the present time, it cannot be determined what dose of
estrogen would endow the cognitive benefits seen in many
of the studies reviewed above, because there is not a single,
systematic dose-response study available. It is difficult to
glean dose-response information from the extant studies be-
cause remarkably few investigators actually measured se-
rum levels of estrogen at the time of neuropsychological
testing, thereby failing both to confirm their subjects’ com-
pliance with the treatment regimen and to provide an esti-
mate of the potency of the specific estrogen preparation they
used. Inasmuch as 0.625 mg CEE/d or its equivalent has
conventionally been the standard replacement dose for post-
menopausal women, the majority of participants in the case-
control and longitudinal studies were actually receiving that
dose, although doses in those studies ranged from 0.3 mg to
1.25 mg CEE. Clearly, dose-response studies are needed in
this area to determine the minimally effective dose required
to protect aspects of cognitive aging in postmenopausal
women.

X. Summary and Conclusions

The evidence that estrogen influences neuroanatomical
and neurophysiological aspects of CNS function implicated
in cognition is compelling and provides a high degree of
biological plausibility for the notion that estrogen would
have a beneficial effect on cognition in women. Cognition is
a complex, multidimensional set of intellectual functions
whose component processes are subserved by distinct but
interrelated brain areas. The established quantitative differ-
ences in some cognitive skills between the sexes, coupled
with evidence from studies of individuals with genetic dis-
orders that caused them to be exposed to abnormal levels of
the sex hormones during prenatal life, led to the hypothesis
that estrogen would have its most pronounced beneficial
effect on those cognitive skills in which females typically
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excel, such as verbal memory and learning and fine-motor
skills. Although the specificity of the estrogenic effect on
memory holds true for the RCTs that examined mainly the
acute postoperative phase in surgically menopausal women,
in the observational studies of older women, it seems that the
estrogenic effect is more diffuse and encompasses other as-
pects of cognition in addition to verbal memory.

Several experimental models have been used to investigate
whether estrogen affects aspects of cognition in women. In
some, but not all, of the menstrual cycle studies, performance
on tasks of verbal memory and fine-motor skills was better,
and that on tests of visual and spatial ability was worse,
during the midluteal phase of the cycle when both estrogen
and P levels are high. However, considerable variability ex-
ists across studies, perhaps because few actually measured
circulating levels of hormones to verify cycle phase or con-
sidered that P might oppose the influence of estrogen. Be-
cause the effect size of the differences in cognitive scores
between menstrual phases are small and unlikely to be clin-
ically significant, the importance of these findings lies in their
demonstration that fluctuations in hormone levels during the
normal menstrual cycle are associated with measurable dif-
ferences in cognitive function in healthy young women.

Most of the work on estrogen and cognition has been
carried out in postmenopausal women whose ovaries have
become atrophic. RCTs of the efficacy of ERT on cognition
that measured serum levels of hormones and used a com-
prehensive battery of standardized neuropsychological tests
consistently found that ERT enhanced verbal memory and
learning in postmenopausal women but was without effect
on visual memory and spatial abilities. Although the results
of the case-control and the longitudinal studies on estrogen
and cognition in postmenopausal women generally show
that estrogen users perform better on tests of verbal memory
and learning compared with nonusers, the findings are less
robust and less consistent than those from the RCTs, prob-
ably because of the biases associated with self-selected es-
trogen users, and the failure to control for concomitant pro-
gestin use, to assay serum levels of estrogen, and to include
neuropsychological tests that measure the specific cognitive
domains of interest. Nonetheless, taken together with the
findings of the RCTs, the results of the case-control and
longitudinal studies provide converging evidence that ERT
protects aspects of cognition that normally deteriorate some-
what with normal aging (31).

Overall, although 71% of the studies that examined the
effect of estrogen on cognitive functioning found significant
beneficial effects on one or more neuropsychological tests of
cognition (87), the potential clinical importance of these data
lie in determining the magnitude of the effect. When effect
sizes were calculated for the scores on the memory measures
of studies for which the necessary information was available
(26% of the RCTs and 70% of the observational studies), the
median effect size for the memory measures in the RCTs was
0.681 (range, 0.276–1.111) and 0.492 (range, 0.137–1.631) for
the observational studies that compared estrogen users to
nonusers (87). The median effect size for the nonmemory
cognitive measures was 0.425. In accordance with conven-
tional methods of quantifying effect sizes, the effect of es-
trogen on memory in the RCTs is considered to be medium

to large, whereas that of the observational studies as well as
that of the nonmemory tests of cognition is a medium effect
size (172).

Case-control and cohort studies show that ERT use is
associated with an approximately 30-40% decrease in the
incidence of AD in elderly women. There is also some evi-
dence that estrogen-treated women who eventually develop
AD do so at an older age, suggesting that ERT may delay the
onset of AD in women who are destined to develop it for
genetic and/or environmental reasons. Although these stud-
ies also suffer from numerous and significant methodolog-
ical limitations, their findings are remarkably consistent in
demonstrating a protective effect of ERT with regard to the
development of AD. The same is not true, however, for the
treatment studies of women diagnosed with probable AD.
Two recent, well controlled RCTs of women with mild-to-
moderate AD both failed to show that treatment with estro-
gen either improved cognitive function or prevented the
deterioration in aspects of cognitive function that predictably
occur during the course of this degenerative disease.

Accumulating data are beginning to suggest that there
may be a critical period during the immediate postmeno-
pausal years for the protective effect of ERT on cognition. For
example, elderly women who initiated ERT at the time of
menopause had less cognitive decline than nonusers,
whereas the incidence of cognitive decline was not different
in women with more recent exposures (100). Likewise, the
recent Cache County longitudinal study found a reduced risk
in AD among former users of ERT but not among current
users unless they had taken estrogen for more than 10 yr
(137). Others have suggested that the withdrawal of estrogen
at the time of menopause may lead to increased brain sus-
ceptibility to pathological processes so that treatment with
ERT during the immediate postmenopausal period may be
protective (173). Although there is no direct evidence in
support of that idea, the finding that women who initiated
ERT around the time of menopause had a lower risk of AD
compared with never users, even when ERT had been ter-
minated more than 20 yr before the assessment of AD risk,
suggests that the initiation of ERT in the immediate post-
menopausal period may provide the most protection against
AD (102). Not only do these findings suggest that there may
be a critical window to optimize the efficacy of ERT with
regard to its protective effects on cognitive decline and/or
AD but also imply that the beneficial effects of early treat-
ment are enduring. However, confidence in these conclu-
sions is attenuated by the fact that the evidence in their
support comes from observational and not from controlled
studies, which weakens their value for the formulation of
clinical recommendations for treatment.

In summary, the weight of the evidence from extant stud-
ies provides support for the idea that ERT helps to maintain
aspects of cognition in healthy postmenopausal women that
normally deteriorate somewhat with aging. Based on the
available evidence, it is also reasonable to conclude at this
time that ERT significantly reduces the incidence of AD while
bearing in mind that the support for this conclusion rests
exclusively on the findings of observational studies. How-
ever, once probable AD has been diagnosed, physiological
doses of estrogen are apparently without effect on the de-
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terioration of cognition that is induced by the neuropatho-
logical processes that underlie this disease.

Unfortunately, the caveats that temper these general con-
clusions on the effect of estrogen on cognitive functioning in
women are numerous and relate to biases inherent in the
populations studied, the use of other drugs that affect CNS
function, the use of inappropriate measuring instruments,
and the variety and doses of estrogen formulations used.
Some of these limitations will be addressed by the Women’s
Health Initiative (WHI) Memory Study, a randomized, con-
trolled, multicenter trial in the United States that is prospec-
tively assessing, over the course of 9 yr, the effect of ERT on
dementia risk and progression in more than 8000 women
over the age of 65 yr (174). In addition, the WHI Study on
Cognitive Aging, an ancillary study to the WHI Memory
Study, is a 6-yr longitudinal assessment of cognitive out-
comes in 2900 women randomly assigned to receive either
ERT, ERT plus progestin, or placebo. However, in May, 2002,
the estrogen-progestin arm of the WHI study was halted
because the global index statistic summarizing the balance of
risks and benefits after 5.2 yr of treatment supported risks
exceeding benefits (175). Specifically, the WHI study found
a significantly increased risk of cardiovascular disease, ve-
nous thromboembolism, deep vein thrombosis, and nonsig-
nificant increases in stroke and in invasive breast cancer in
the combined estrogen-progestin group compared with pla-
cebo. Hip and vertebral fracture rates and colorectal cancer
rates were significantly lower in the hormone-treated women
compared with those who had been randomized to placebo,
and there was no difference between the groups in all-cause
mortality (175). The estrogen-alone arm of the WHI is con-
tinuing because the balance of overall risks has not out-
weighed the benefits thus far. The findings from the estro-
gen-alone arm of the WHI Study on Cognitive Aging, due in
2005, will provide more definitive evidence on the putative
protective effect of estrogen on memory in healthy elderly
women. At that time it is hoped that more information will
be available to evaluate the complex array of risks and ben-
efits of ERT to formulate treatment recommendations for
each individual woman.
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of estrogen action in the brain: new players in an old story. Front
Neuroendocrinol 20:97–121

18. Pike C 1999 Estrogen modulates neuronal Bel-xl expression and
�-amyloid-induced apoptosis: relevence to Alzheimer’s disease.
J Neurochem 72:1552–1563

19. Green PS, Gridley KE, Simpkins JW 1998 Nuclear estrogen in-
dependent neuroprotection by estratrienes: a novel interaction
with glutathione. Neuroscience 84:7–10

20. Jaffe AB, Toron-Allerand CD, Greengard P, Gandy SE 1994 Es-
trogen regulates metabolism of Alzheimer amyloid � precursor
protein. J Biol Chem 269:13065–13068

21. Squire LR 1992 Memory and the hippocampus: a synthesis from
findings with rats, monkeys, and humans. Psychol Rev 99:195–231

22. Baddeley A 1990 Human memory: theory and practice. Boston:
Allyn & Bacon

23. Baddeley AD, Warrington EK 1970 Amnesia and the distinction
between long- and short-term memory. J Verb Learn Verb Behav
9:176–189

24. Milner B 1972 Disorders of learning and memory after temporal
lobe lesions in man. Clin Neurosurg 19:421–446

25. Tulving E 1972 Episodic and semantic memory. In: Tulving E,
Donaldson W, eds. Organization of memory. New York: Academic
Press; 381–403

26. Baddeley A, Logie R, Bressi S, Della Sala S, Spinnler H 1986
Dementia and working memory. Q J Exp Psychol A 38:603–618

27. Smith EE, Jonides J, Marshuetz C, Koeppe RA 1998 Components
of verbal working memory: evidence from neuroimaging. Proc
Natl Acad Sci USA 95:876–882

28. Goldman-Rakic PS 1992 Working memory and the mind. Sci Am
267:111–117

29. Cohen JD, Perlstein WM, Braver TS, Nystrom LE, Noll DC,
Jonides J, Smith EE 1997 Temporal dynamics of brain activation
during a working memory task. Nature 386:604–608

30. Petrides M, Alivisatos B, Meyer E 1993 Functional activation of the
human frontal cortex during the performance of verbal working
memory tasks. Proc Natl Acad Aci USA 90:878–882

31. Grady CL, Craik FIM 2000 Changes in memory processing with
age. Curr Opin Neurobiol 10:224–231

32. Just MA, Carpenter PA, Keller TA 1996 The capacity theory of
comprehension: new frontiers of evidence and arguments. Psychol
Rev 103:773–780

Sherwin • Estrogen and Cognitive Functioning in Women Endocrine Reviews, April 2003, 24(2):133–151 147

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/2/133/2424179 by U

.S. D
epartm

ent of Justice user on 16 August 2022



33. Squire LR, Zola-Morgan S, Cave CB, Hainst F, Musen G, Suzuki
WA 1993 Memory: organization of brain systems and cognition. In:
Meyer DE, Kornblum S, eds. Attention and performance. Cam-
bridge, MA: MIT Press; 393–423

34. Petersen RC, Jack CR, Xu Y-C, Waring SC, O’Brien PC, Smith GE,
Ivnik RJ, Tangalos EG, Boeve BF, Kokmen E 2000 Memory and
MRI-based hippocampal volumes in aging and AD. Neurology
54:581–587

35. Chowen JA, Torres-Alemán I, Garcı́a-Segura LM 1992 Trophic
effects of estradiol on fetal rat hypothalamic neurons. Neuroen-
docrinology 56:895–901

36. Luine VN 1985 Estradiol increases choline acetyltransferase activ-
ity in specific basal forebrain nuclei and projection areas of female
rats. Exp Neurol 89:484–490

37. Gibbs RB, Wu D, Hersh LB, Pfaff DW 1994 Effects of estrogen
replacement on the relative levels of choline acetyltransferase, trkA,
and nerve growth factor messenger RNAs in the basal forebrain
and hippocampal formation of adult rats. Exp Neurol 129:70–80

38. Shughrue PJ, Merchenthaler I 2000 Estrogen is more than just in
“sex hormones”; novel sites for estrogen action in the hippocampus
and cerebral cortex. Front Neuroendocinol 21:95–101

39. Halpern DF 1992 Sex differences in cognitive abilities. 2nd ed.
Hillsdale, NJ: Lawrence Erlbaum Associates

40. White PC, Speiser PW 2000 Congenital adrenal hyperplasia due to
21-hydroxylase deficiency. Endocr Rev 21:245–291

41. Baker SW, Ehrhardt AA 1974 Prenatal androgen, intelligence, and
cognitive sex differences. In: Friedman RC, Richart RM, Vande
Wiele RL, eds. Sex differences in behavior. New York: Wiley; 53–76

42. Perlman S 1973 Cognitive abilities of children with hormone ab-
normalities: screening by psychoeducational tests. J Learn Disabil
6:26–36

43. Resnick SM, Berenbaum SA, Gottesman II, Bouchard TJ 1986
Early hormonal influences on cognitive functioning in congenital
adrenal hyperplasia. Dev Psychol 22:191–198

44. Nordenstrom A, Servin A, Bohlin G, Larsson A, Wedell A 2002
Sex-typed toy play behavior correlates with the degree of prenatal
androgen exposure assessed by CYP21 genotype in girls with con-
genital adrenal hyperphasia. J Clin Endocrinol Metab 87:5119–5124

45. Singh RP, Carr DH 1966 The anatomy and histology of XO human
embryos and fetuses. Anat Rec 155:369–383

46. Park E, Bailey JD, Cowell CA 1983 Growth and maturation of
patients with Turner’s syndrome. Pediatr Res 17:1–7

47. Hines M 1982 Prenatal gonadal hormones and sex differences in
human behavior. Psychol Bull 92:56–80

48. Ross JL, Roeltgen D, Feuillan P, Kushner H, Cutler GB 2000 Use
of estrogen in young girls with Turner syndrome: effects on mem-
ory. Neurology 54:164–170

49. Bidlingmaier F, Strom TM, Dorr HG, Eisenmenger W, Knorr D
1987 Estrone and estradiol concentrations in human ovaries, testes,
and adrenals during the first two years of life. J Clin Endocrinol
Metab 65:862–867

50. Goy RW, Phoenix CH 1972 The effects of testosterone propionate
administered before birth on the development of behavior in ge-
netic female rhesus monkeys. In: Sawyer CH, Gorski RA, eds.
Steroid hormones and brain function. Berkeley, CA: University of
California Press; 193–201

51. Dor-Shav NK 1976 In search of pre-menstrual tension: note on sex
differences in psychological differentiations as a function of cyclical
physiological changes. Percept Mot Skills 42:1139–1142

52. Pierson WR, Lockhart A 1963 Effect of menstruation on simple
reaction and movement time. Br Med J 1:796–797

53. Wuttke W, Arnold P, Creutzfeldt O, Langenstein S, Tirsch W 1975
Circulating hormones, EEG, and performance in psychological
tests of women with and without oral contraceptives. Psychoneu-
roendocrinology 1:141–151

54. Zimmerman E, Parlee MB 1973 Behavioral changes associated
with the menstrual cycle: an experimental investigation. J Appl Soc
Psychol 3:335–344

55. Broverman DM, Vogel W, Klaiber EL, Majcher D, Shea D, Paul
V 1981 Changes in cognitive task performance across the menstrual
cycle. J Comp Physiol Psychol 95:646–654

56. Hampson E 1990 Estrogen-related variations in human spatial and
articulatory-motor skills. Psychoneuroendocrinology 15:97–111

57. Gordon HW, Lee PA 1993 No difference in cognitive performance
between phases of the menstrual cycle. Psychoneuroendocrinology
18:521–531

58. Keenan PA, Lindamer LA, Jong SK 1995 Menstrual phase-inde-
pendent retrieval deficit in women with PMS. Biol Psychiatry 38:
369–377

59. Morgan M, Rapkin AJ, D’Elia L, Reading A, Goldman L 1996
Cognitive functioning in premenstrual syndrome. Obstet Gynecol
88:961–966

60. Hampson E 1990 Variations in sex-related cognitive abilities across
the menstrual cycle. Brain Cogn 14:26–43

61. Hampson E, Kimura D 1988 Reciprocal effects of hormonal fluc-
tuations on human motor and perceptual-spatial skills. Behav Neu-
rosci 102:456–459

62. Maki PM, Pich JB, Rosenbaum S 2002 Implicit memory varies
across the menstrual cycle: estrogen effects in young women. Neu-
ropsychologia 40:518–529

63. Phillips SM, Sherwin BB 1992 Variations in memory function and
sex steroid hormones across the menstrual cycle. Psychoneuroen-
docrinology 17:497–506

64. Sanders G, Sjodin M, de Chastelaine M 2002 On the elusive nature
of sex differences in cognition: hormonal influences contributing to
within-sex variation. Arch Sex Behav 31:145–152

65. Deleted in proof
66. Deleted in proof
67. Frye CA 1995 Estrus-associated decrements in a water maze task

are limited to acquisition. Physiol Behav 57:5–14
68. Fugger HN, Cunningham SG, Rissman EF, Foster TC 1998 Sex

differences in the activational effect of ER on spatial learning. Horm
Behav 34:163–170

69. Lacreuse A, Herndon JG, Moss MB 2000 Cognitive function in
aged ovariectomized female rhesus monkeys. Behav Neurosci 114:
506–513

70. Caldwell BM, Watson RI 1952 An evaluation of psychologic effects
of sex hormone administration in aged women. I. Results of therapy
after six months. J Gerontol 7:228–244

71. Campbell S, Whitehead M 1977 Oestrogen therapy and the meno-
pausal syndrome. Clin Obstet Gynaecol 4:31–47

72. Miller KJ, Conney JC, Rasgon NL, Fairbanks LA, Small GW 2002
Mood symptoms and cognitive performance in women estrogen
users and nonusers and men. J Am Geriatr Soc 50:1826–1830

73. Hackman BW, Galbraith D 1977 Six-month study of oestrogen
therapy with piperazine oestrone sulphate and its effects on mem-
ory. Curr Med Res Opin 4:21–27

74. Fedor-Freybergh P 1977 The influence of oestrogens on the well-
being and mental performance in climacteric and postmenopausal
women. Acta Obstet Gynecol Scand Suppl 64:1–92

75. Rauramo L, Lagerspetz K, Engblom P, Punnonen R 1975 The effect
of castration and peroral estrogen therapy on some psychological
functions. Horm Res 3:94–104

76. Vanhulle G, Demol R 1976 A double-blind study into the influence
of estriol on a number of psychological tests in post-menopausal
women. In: van Keep PA, Greenblatt RB, Albeaux-Fernet M, eds.
Consensus on menopause research: a summary of international
opinion. Baltimore, MD: University Park Press; 94–99

77. Sherwin BB 1988 Estrogen and/or androgen replacement therapy
and cognitive functioning in surgically menopausal women. Psy-
choneuroendocrinology 13:345–357

78. Sherwin BB, Phillips S 1990 Estrogen and cognitive functioning in
surgically menopausal women. Ann NY Acad Sci 592:474–475

79. Phillips SM, Sherwin BB 1992 Effects on estrogen on memory
function in surgically menopausal women. Psychoneuroendocri-
nology 17:485–495

80. Duka T, Tasker R, McGowan JF 2000 The effects of 3-week es-
trogen hormone replacement on cognition in elderly healthy fe-
males. Psychopharmacology 149:129–139

81. Wolf OT, Kudielka BM, Hellhammer DH, Torber S, McEwen BS,
Kirschbaum C 1999 Two weeks of transdermal estradiol treatment
in postmenopausal elderly women and its effect on memory and
mood: verbal memory changes are associated with the treatment
induced estradiol levels. Psychoneuroendocrinology 24:727–741

82. Ditkoff EC, Crary WG, Cristo M, Lobo RA 1991 Estrogen im-

148 Endocrine Reviews, April 2003, 24(2):133–151 Sherwin • Estrogen and Cognitive Functioning in Women

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/2/133/2424179 by U

.S. D
epartm

ent of Justice user on 16 August 2022



proves psychological function in asymptomatic postmenopausal
women. Obstet Gynecol 78:991–995

83. Polo-Kantola P, Portin R, Polo O, Helenius H, Irjala K, Erkkola
R, Portin R 1998 The effect of short-term estrogen replacement
therapy on cognition: a randomized, double-blind, cross-over trial
in postmenopausal women. Obstet Gynecol 91:459–466

84. Janowsky JS, Chavez B, Orwoll E 2000 Sex steroids modify work-
ing memory. J Cogn Neurosci 12:407–414

85. Binder EF, Schechtman KB, Birge SJ, Williams DB, Koher WM
2001 Effects of hormone replacement therapy on cognitive perfor-
mance in elderly women. Maturitas 38:137–146

86. Sherwin BB, Tulandi T 1996 “Add-back” estrogen reverses cog-
nitive deficits induced by a gonadotropin-releasing hormone ag-
onist in women with leiomyomata uteri. J Clin Endocrinol Metab
81:2545–2549

87. Zec RF, Trivendi MA 2002 The effects of estrogen replacement
therapy on neuropsychological function in postmenopausal
women with and without dementia: a critical and theoretical re-
view. Neuropsychol Rev 12:65–109

88. Barrett-Connor E, Kritz-Silverstein D 1993 Estrogen replacement
therapy and cognitive function in older women. JAMA 269:2637–
2641

89. Robinson D, Friedman L, Marcus R, Tinklenberg J, Yesavage J
1994 Estrogen replacement therapy and memory in older women.
J Am Geriatr Soc 42:919–922

90. Kampen DL, Sherwin BB 1994 Estrogen use and verbal memory
in healthy postmenopausal women. Obstet Gynecol 83:979–983

91. Kimura D 1995 Estrogen replacement therapy may protect against
intellectual decline in postmenopausal women. Horm Behav 29:
312–321

92. Hogervorst E, Boshuisen M, Riedel W, Willeken C, Jolles J 1999
The effect of hormone replacement therapy on cognitive function
in elderly women. Psychoneuroendocrinology 24:43–68

93. Carlson LE, Sherwin BB 1998 Steroid hormones, memory and
mood in a healthy elderly population. Psychoneuroendocrinology
23:583–603

94. Carlson LE, Sherwin BB 2000 Higher levels of plasma estradiol and
testosterone in healthy elderly men compared with age-matched
women may protect aspects of explicit memory. Menopause 7:168–
177

95. Duff SJ, Hampson E 2000 A beneficial effect of estrogen on work-
ing memory in postmenopausal women taking hormone replace-
ment therapy. Horm Behav 38:262–276

96. Drake EB, Henderson VW, Stanczyk FZ, McCleary CA, Brown
WS, Smith CA, Rizzo AA, Murdock GA, Buckwalter JG 2000
Associations between circulating sex steroid hormones and cog-
nition in normal elderly women. Neurology 54:599–603

97. Maki PM, Zonderman AB, Resnick SM 2001 Enhanced verbal
memory in nondemented elderly women receiving hormone-
replacement therapy. Am J Psychiatry 158:227–233

98. Verghese J, Kuslansky G, Katz MJ, Sliwinski M, Crystal HA,
Buschke H, Lipton RB 2000 Cognitive performance in surgically
menopausal women on estrogen. Neurology 55:872–874

99. Cauley JA, Cummings SR, Black DM, Mascioli SR, Seeley DG
1990 Prevalence and determinants of estrogen replacement therapy
in elderly women. Am J Obstet Gynecol 163:1438–1444

100. Matthews K, Cauley J, Yaffe K, Zmuda JM 1999 Estrogen replace-
ment therapy and cognitive decline in older community women.
J Am Geriatr Soc 47:518–523

101. Resnick SM, Metter EJ, Zonderman AB 1997 Estrogen replace-
ment therapy and longitudinal decline in visual memory: a possible
protective effect? Neurology 49:1491–1497

102. Jacobs DM, Tang M-X, Stern Y, Sano M, Marder K, Bell KL,
Schofield P, Dooneief G, Gurland B, Mayeux R 1998 Cognitive
function in nondemented older women who took estrogen after
menopause. Neurology 50:368–373

103. Steffens DC, Norton MC, Plassman BL, Tschanz JT, Wyse BW,
Welsh-Bohmer KA, Anthony JC, Breitner JC 1999 Enhanced cog-
nitive performance with estrogen use in nondemented community-
dwelling older women. J Am Geriatr Soc 47:1171–1175

104. Yaffe K, Lui L-Y, Grady D, Cauley J, Kramer J, Cummings SR 2000
Cognitive decline in women in relation to non-protein-bound oes-
tradiol concentrations. Lancet 356:708–712

105. Grodstein F, Chen J, Pollen DA, Albert MS, Wilson RS, Folstein
MF, Evans DA, Stampfer MJ 2000 Postmenopausal hormone ther-
apy and cognitive function in healthy older women. J Am Geriatr
Soc 48:746–752

106. Rice MM, Graves AB, McCurry SM, Gibbons LE, Bowen JD,
McCormick WC, Larson EB 2000 Postmenopausal estrogen and
estrogen-progestin use and 2-year rate of cognitive change in a
cohort of older Japanese American women: the Kame project. Arch
Intern Med 160:1641–1649

107. Yaffe K, Haan M, Byers A, Tangen C, Kuller L 2000 Estrogen use,
APOE, and cognitive decline: evidence of gene-environment in-
teraction. Neurology 54:1949–1954

108. Fillenbaum GG, Hanlon JT, Landerman LR, Schmader KE 2001
Impact of estrogen use on decline in cognitive function in a rep-
resentative sample of older community-resident women. Am J
Epidemiol 153:137–144

109. deMoraes SA, Szklo M, Park E 2001 Projective assessment of
estrogen replacement therapy and cognitive functioning. Am J
Epidemiol 154:733–739

110. Deleted in proof
111. Barrett-Connor E 1991 Postmenopausal estrogen and prevention

bias. Ann Intern Med 115:455–456
112. Matthews KA, Kuller LH, Wing RR, Meilahn EN, Plantinga P

1996 Prior to use of estrogen replacement therapy, are users health-
ier than nonusers? Am J Epidemiol 143:971–978

113. Derby CA, Hume AL, McPhillips JB, Barbour MM, Carleton RA
1995 Prior and current health characteristics of postmenopausal
estrogen replacement therapy users compared with nonusers. Am J
Obstet Gynecol 173:544–550

114. Dietrich T, Krings T, Neulen J, Willmes K, Erberich S, Thron A,
Sturm W 2001 Effects of blood estrogen level on cortical activation
patterns during cognitive activation as measured by functional
MRI. Neuroimage 13:425–432

115. Shaywitz SE, Shaywitz BA, Pugh KR, Fulbright RK, Skudlarski
P, Mencl WE, Constable RT, Naftolin F, Palter SF, Marchione KE,
Katz L, Shankweiler DP, Fletcher JM, Lacadie C, Keltz M, Gore
JC 1999 Effect of estrogen on brain activation patterns in post-
menopausal women during working memory tasks. JAMA 281:
1197–1202

116. Reiman EM, Armstrong SM, Matt KS, Mattox JH 1996 The ap-
plication of position emission tomography to the study of the
normal menstrual cycle. Hum Reprod 11:2799–2805

117. Maki PM, Resnick SM 2000 Longitudinal effects of estrogen re-
placement therapy on PET cerebral blood flow and cognition. Neu-
robiol Aging 21:373–383

118. Berman KF, Schmidt PJ, Rubinow DR, Danaceau MA, Van Horn
JD, Esposito G, Ostrem JL, Weinberger DR 1997 Modulation of
cognition-specific cortical activity by gonadal steroids: a positron-
emission tomography study in women. Proc Natl Acad Sci USA
94:8836–8841

119. Greene RA 2000 Estrogen and cerebral blood flow: a mechanism
to explain the impact of estrogen on the incidence and treatment
of Alzheimer’s disease. Int J Fertil Menopausal Stud 45:253–257

120. Luoto R, Manolio T, Meilahn E, Bhadelia R, Furberg C, Cooper
L, Kraut M 2000 Estrogen replacement therapy and MRI-demon-
strated cerebral infarcts, white matter changes, and brain atrophy
in older women: the Cardiovascular Health Study. J Am Geriatr Soc
48:467–472

121. Henderson VW 1997 Estrogen replacement therapy for the pre-
vention and treatment of Alzheimer’s disease. CNS Drugs 8:343–
351

122. Gao S, Hendrie HC, Hall KS, Hui S 1998 The relationships be-
tween age, sex, and the incidence of dementia and Alzheimer
disease: a meta-analysis. Arch Gen Psychiatry 55:809–815

123. Yaffe K, Sawaya G, Lieberburg I, Grady D 1998 Estrogen therapy
in postmenopausal women: effects on cognitive function and de-
mentia. JAMA 279:688–695

124. Heyman A, Wilkinson WE, Stafford JA 1984 Alzheimer’s disease:
a study of epidemiological aspects. Ann Neurol 15:335–341

125. Amaducci LA, Fratiglioni L, Rocca WA 1986 Risk factors for clin-
ically diagnosed Alzheimer’s disease: a case control study of an
Italian population. Neurology 36:922–931

126. Broe GA, Henderson AS, Creasey H, McCusker E, Korten AE,

Sherwin • Estrogen and Cognitive Functioning in Women Endocrine Reviews, April 2003, 24(2):133–151 149

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/24/2/133/2424179 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Jorm AF, Longley W, Anthony JC 1990 A case-control study of
Alzheimer’s disease in Australia. Neurology 40:1698–1707

127. Graves AB, White E, Koepsell TD, Reifler BV, van Belle G, Larson
EB, Raskind M 1990 A case-control study of Alzheimer’s disease.
Ann Neurol 28:766–774

128. Brenner DE, Kukull WA, Stergachis A, van Belle G, Bowen JD,
McCormick WC, Teri L, Larson EB 1994 Postmenopausal estrogen
replacement therapy and the risk of Alzheimer’s disease: a popu-
lation-based case-control study. Am J Epidemiol 140:262–267

129. Henderson VW, Paganini-Hill A, Emanuel CK, Dunn ME, Buck-
walter JG 1994 Estrogen replacement therapy in older women.
Comparisons between Alzheimer’s disease cases and nonde-
mented control subjects. Arch Neurol 51:896–900

130. Mortel KF, Meyer JS 1995 Lack of postmenopausal estrogen re-
placement therapy and the risk of dementia. J Neuropsychiatry
Clin Neurosci 7:334–337

131. Paganini-Hill A, Henderson VW 1996 Estrogen replacement ther-
apy and risk of Alzheimer disease. Arch Intern Med 156:2213–2217

132. Tang MX, Jacobs D, Stern Y, Marder K, Schofield P, Gurland B,
Andrews H, Mayeux R 1996 Effect of oestrogen during menopause
on risk and age at onset of Alzheimer’s disease. Lancet 348:429–432

133. Kawas C, Resnick S, Morrison A, Brookmeyer R, Corrada M,
Zonderman A, Bacal C, Lingle DD, Metter E 1997 A prospective
study of estrogen replacement therapy and the risk of developing
Alzheimer’s disease: the Baltimore Longitudinal Study of Aging.
Neurology 48:1517–1521

134. Baldereschi M, Di Carlo A, Lepore V, Bracco L, Maggi S, Grigo-
letto F, Scarlato G, Amaducci L, ILSA Working Group 1998 Es-
trogen-replacement therapy and Alzheimer’s disease in the Italian
Longitudinal Study on Aging. Neurology 50:996–1002

135. Slooter AJC, Bronzova J, Witteman CM, Van Broeckhoven C,
Hofman A, van Duijn CM 1999 Estrogen use and early onset
Alzheimer’s disease: a population-based study. J Neurol Neuro-
surg Psychiatry 67:779–781

136. Waring SC, Rocca WA, Petersen RC, O’Brien PC, Tangalos EG,
Kokmen E 1999 Postmenopausal estrogen replacement therapy
and risk of AD: a population-based study. Neurology 52:965–970

137. Zandi PP, Carlson MC, Plassman BL, Welsh-Bohmer KA, Mayer
LS, Steffens DC, Breitner JCS 2002 Hormone replacement therapy
and incidence of Alzheimer’s disease in older women. JAMA 288:
2123–2129

138. Carlson LE, Sherwin BB, Chertkow HM 1999 Relationships be-
tween dehydroepiandrosterone sulfate (DHEAS) and cortisol
(CRT) plasma levels and everyday memory in Alzheimer’s disease
patients compared to healthy controls. Horm Behav 35:254–263

139. LeBlanc ES, Janowsky J, Chan BK, Nelson HD 2001 Hormone
replacement therapy and cognition: systematic review and meta-
analysis. JAMA 285:1489–1499

140. Honjo H, Ogino Y, Naitoh K, Urabe M, Kitawaki J, Yasuda J,
Yamamoto T, Ishihara S, Okada H, Yonezawa T, Hayashi K,
Nambara T 1989 In vivo effects by estrone sulfate on the central
nervous system-senile dementia (Alzheimer’s type). J Steroid Bio-
chem 34:521–525

141. Fillit H, Weinreb H, Cholst I, Luine V, McEwen B, Amador R,
Zabriskie J 1986 Observations in a preliminary open trial of es-
tradiol therapy for senile dementia-Alzheimer’s type. Psychoneu-
roendocrinology 11:337–345

142. Ohkura T, Isse K, Akazawa K, Hamamoto M, Yaoi Y, Hagino N
1994 Evaluation of estrogen treatment in female patients with de-
mentia of the Alzheimer type. Endocr J 41:361–371

143. Honjo H, Ogino Y, Tanaka K, Urabe M, Kashiwagi T, Ishihara S,
Okada H, Araki K, Fushiki S, Nakajima K, Hayashi M, Sakaki T
1993 An effect of conjugated estrogen to cognitive impairment in
women with senile dementia-Alzheimer’s type: a placebo-
controlled, double-blind study. J Jpn Men Soc 1:167–171

144. Asthana S, Craft S, Baker LD, Raskind MA, Birnbaum RS,
Lofgreen CP, Veith RC, Plymate SR 1999 Cognitive and neuroen-
docrine response to transdermal estrogen in postmenopausal
women with Alzheimer’s disease: results of a placebo-controlled,
double-blind, pilot study. Psychoneuroendocrinology 24:657–677

145. Wang PN, Liao SQ, Liu RS, Liu CY, Chao HT, Lu SR, Yu HY, Wang
SJ, Liu HC 2000 Effects of estrogen on cognition, mood, and cerebral
blood flow in AD: a controlled study. Neurology 54:2061–2066

146. Mulnard RA, Cotman CW, Kawas CW, van Dyck CH, Sano M,
Doody R, Koss E, Pfeiffer E, Jin S, Gamst A, Grundman M,
Thomas R, Thal LJ 2000 Estrogen replacement therapy for treat-
ment of mild to moderate Alzheimer disease: a randomized con-
trolled trial. JAMA 283:1007–1015

147. Henderson VW, Paganini-Hill A, Miller BL, Elble RJ, Reyes PF,
Shoupe D, McCleary CA, Klein RA, Hake AM, Farlow MR 2000
Estrogen for Alzheimer’s disease in women: randomized, double-
blind, placebo-controlled trial. Neurology 54:295–301

148. Schneider LS, Farlow MR, Henderson VW, Pogoda JM 1996 Ef-
fects of estrogen replacement therapy on response to tacrine in
patients with Alzheimer’s disease. Neurology 46:1580–1584

149. Draper MW, Flowers DE, Huster WJ, Neild JA, Harper KD, Ar-
naud C 1996 A controlled trial of raloxifene (LY139481) HCl: impact
on bone turnover and serum lipid profile in healthy postmeno-
pausal women. J Bone Miner Res 11:835–842

150. Walsh BW, Kuller LH, Wild RA, Paul S, Farmer M, Lawrence JB,
Shah AS, Anderson PW 1998 Effects of raloxifene on serum lipids
and coagulation factors in healthy postmenopausal women. JAMA
279:1445–1451

151. Nickelsen T, Lufkin EG, Riggs BL, Cox DA, Crook TH 1999
Raloxifene hydrochloride, a selective estrogen receptor modulator:
safety assessment of effects of cognitive function and mood in
postmenopausal women. Psychoneuroendocrinology 24:115–128

152. Yaffe K, Kruger K, Sarkar S, Grady D, Barrett-Connor E, Cox DA,
Nickersen T 2001 Cognitive function in postmenopausal women
treated with ralozifene. N Engl J Med 3441:1207–1213

153. Lacreuse A, Wilson ME, Herndon JG 2002 Estradiol, but not ralox-
ifene, improves aspects of spatial working memory in aged ovari-
ectomized rhesus monkeys. Neurobiol Aging 23:589–600

154. Sherwin BB, Gelfand MM 1985 Sex steroids and affect in the
surgical menopause: a double-blind, cross-over study. Psychoneu-
roendocrinology 10:325–335

155. Sherwin BB 1988 Affective changes with estrogen and androgen
replacement therapy in surgically menopausal women. J Affect
Disord 14:177–187

156. Sherwin BB 1991 The impact of different doses of estrogen and
progestin on mood and sexual behavior in postmenopausal
women. J Clin Endocrinol Metab 72:336–343

157. Schneider MA, Brotherton PL, Hailes J 1977 The effect of exog-
enous oestrogens on depression in menopausal women. Med J Aust
2:162–163

158. Sherwin BB 1991 Estrogen and refractory depression. In: Amster-
dam JD, ed. Refractory depression (Advances in neuropsychiatry
and psychopharmacology, vol. 2). New York: Raven Press; 209–218

159. Klaiber EL, Broverman DM, Vogel W, Kobayashi Y 1979 Estrogen
therapy for severe persistent depressions in women. Arch Gen
Psychiatry 36:550–554

160. Schmidt PJ, Nieman L, Danaceau MA, Tobin MB, Roca CA,
Murphy JH, Rubinow DR 2000 Estrogen replacement in perim-
enopause-related depression: a preliminary report. Am J Obstet
Gynecol 183:414–420

161. Sherwin BB, Suranyi-Cadotte BE 1990 Up-regulatory effect of
estrogen on platelet 3H-imipramine binding sites in surgically
menopausal women. Biol Psychiatry 28:339–348
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