


larly memory, in postmenopausal
women. Results are far from consis-
tent.2,3,6-8 In those studies showing a
positive influence of estrogen on cog-
nitive function, the effects are fre-
quently observed on measures of ver-
bal memory.2 Recent advances in
technology now permit the noninva-
sive measurement of brain function as
individuals perform memory and other
cognitive tasks. This technique, func-
tional magnetic resonance imaging, ex-
ploits the differences in the magnetic
properties of oxygenated compared
with deoxygenated blood. In perform-
ing a cognitive task, such as working
memory, blood flow and oxygen con-
centration are altered in those brain re-
gions engaged by the task.

Neuroimaging studies examining the
neural correlates of verbal memory have
established a core set of expected pat-
terns of functional activation observed
atspecificbrainregionsduringtheencod-
ing, storage, and retrieval of to-be-
remembered materials.9 For example,
storage (or maintenance) of verbal mate-
rial in working memory is typically asso-
ciated with activations at anterior brain
regions in the frontal lobe and at a more
posterior region in the parietal lobe.10

With respect to encoding and retrieval,
an almost universally obtained result is
a relatively greater left-frontal hemi-
sphereactivationduringencoding11,12 and
a relatively stronger right-frontal hemi-
sphere activation during retrieval, a pat-
tern designated as the hemispheric

encoding/retrieval asymmetry (HERA)
effect.13 We used functional magnetic
resonance imaging todeterminewhether
estrogen treatment in postmenopausal
women modified these expected brain
activation patterns.

METHODS
Subjects

We studied 46 postmenopausal right-
handed women between the ages of 33
and 61 years (mean [SD] age, 50.8 [4.7]
years) in a randomized, double-blind,
placebo-controlled, crossover trial.
Womenwererecruited fora studyexam-
ining “the role of estrogen in cognitive
processes” through postings in librar-
ies, letters to women’s groups and phy-
sicians’ offices, and newspaper adver-
tisements. Informed consent was
obtained from all subjects. Subjects were
compensated $250 for their participa-
tion. Entry criteria consisted of having
good general health, being right handed,
having normal structural magnetic reso-
nance imaging findings, having an IQ of
at least 85, and having last menstrual
period at least 5 months before enter-
ing the trial; exclusion criteria were hav-
ing follicle-stimulating hormone levels
of 45 IU/L or less and estradiol levels that
wereat least128pmol/Latbaseline.Sub-
jects had received no exogenous hor-
mones for at least 3 months before entry.

Intervention
Women were treated for 2 periods of
21 days each, 1 with conjugated equine

estrogens (1.25 mg/d) and the other
with identical placebo with 14 days of
washout between treatments. Sub-
jects were randomized to start treat-
ment with estrogen or placebo; the ran-
domization scheme was generated using
a random number table in blocks of 4.
Eligible participants were assigned the
next available sequential randomized
treatment assignment. The randomiza-
tion scheme was in the sole posses-
sion of the Investigational Drug Ser-
vice of the Yale-New Haven Hospital
Pharmacy, New Haven, Conn; hence,
study personnel and subjects re-
mained blinded to treatment assign-
ment throughout. Study medication, or
placebo, consisted of 1 tablet daily con-
taining conjugated estrogens, 1.25 mg,
or identical-appearing white placebo
tablets. Compliance was monitored by
weekly contacts with the project nurse,
pill counts at the termination of each
phase, and serum samples at the end of
each 21-day period for estrone, estra-
diol, equilin, and dihydroequilin.

Forty-seven women were random-
ized to the protocol; 1 subject was found
to have a large cystic abnormality dur-
ing the first imaging session. Al-
though she completed the protocol, the
structural brain abnormality pre-
cluded analysis of the functional data.
Functional imaging data were thus
available for 46 subjects. The primary
analyses reported herein are on all 46
women, constituting a modified inten-
tion-to-treat analysis. The nature of the
study mandated that the serum hor-
mone levels not be disclosed until the
study was complete. At that time, 10
subjects were identified as not meet-
ing the inclusion or exclusion criteria
because they were nonmenopausal
based on their follicle-stimulating hor-
mone and estradiol concentrations
(n = 6, 1 of whom also had a low IQ),
1 was not healthy, based on abdomi-
nal surgery (laparoscopic cholecystec-
tomy with anesthesia) during the 14-
day washout period; and 3 were
noncompliant based on serum equilin
levels of less than 200 pg/mL during the
estrogen phase. An additional analysis
was performed on this subset of 36 sub-

Figure 1. Experimental Protocol for Verbal and Nonverbal Assessment of Working Memory
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The components of each cycle, encode, store, retrieve (forced choice recognition), and rest, were each 20 sec-
onds long. Each run alternated between verbal and nonverbal cycles. A, For the verbal cycle encode phase sub-
jects saw 5 nonsense words sequentially for 4 seconds each, followed by a 20-second storage period with noth-
ing on the screen. During the retrieval period, subjects saw 2 familiar nonsense words and 2 new nonsense words.
B, For nonverbal cycles, subjects saw 3 Tamil characters for 6.67 seconds each, followed by a 20-second storage
period. During the retrieval period, subjects saw 2 familiar characters and 2 new Tamil characters.
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jects who satisfied inclusion and ex-
clusion criteria.

Imaging
Subjects underwent imaging in a 1.5-T
Signa MR imaging system (General
Electric, Waukesha, Wis) equipped
with echo-planar imaging hardware
(Advanced NMR, Wilmington, Mass).
Women lay supine in the imaging sys-
tem, looking up through a periscope at
a screen that was attached to the gan-
try; stimuli were projected on the screen
with a Macintosh laptop computer
(Apple Computer, Cupertino, Calif).
Stimuli for the verbal memory tasks
were pronounceable nonsense words,
and for the nonverbal memory tasks
were Tamil letters (for non-Tamil
speakers these characters are coded as
complex geometric patterns). The pro-
tocol is shown in FIGURE 1.

Image Analysis
We used 2 parallel types of data analy-
ses, both with the goal of identifying
brain areas showing estrogen effects
and/or estrogen interactions with task
(encode, store, retrieve) and stimulus-
type (nonsense words or Tamil). In 1 ap-
proach, analyses were performed on a
voxel-by-voxel basis. Effect sizes were
computed using standard linear con-
trasts, which represent differences in
mean activation levels between 1 set of
experimental conditions and another set.
The associated significance levels
(a = .05) were assessed using a nonpara-
metric randomization test14 and over-
laid on the mean anatomic image for dis-
play; we refer to these maps of complex
effects as contrast maps (FIGURE 2 and
FIGURE 3). The other type of analysis,
termeda region of interest analysis,15-17 op-
erates on relatively large brain areas and

focuses on brain regions that previous re-
search has implicated in memory, for ex-
ample, superior frontal and parietal sites.

RESULTS
Subjects

The 46 subjects had a mean IQ of 99.0
(range, 74.8-127), mean last men-
strual period of 34.3 months (range, 5-
168 months; median, 16.0 months),
mean follicle-stimulating hormone lev-
els of 78.6 IU/L (range, 4.1-150 IU/L),
and mean estradiol levels of 108 pmol/L
(range, 55.1-348.7 pmol/L). Thirty-
five subjects (76%) were actively em-
ployed outside the home. Subjects had
received no exogenous hormones for at
least 3 months before entry.

Brain Activation Patterns
Estrogen produced significant modifi-
cations in expected brain activation pat-

Figure 2. Functional Magnetic Resonance Imaging Showing Effect of Estrogen on the Verbal Storage Component of Verbal Working Memory
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Estrogen was associated with increased activation of the anterior, frontal lobe regions (superior [regions 2 and 4] and middle [region 5] frontal gyri) bilaterally. Of the
posterior regions, estrogen was associated with increased activation of the inferior parietal lobule bilaterally (regions 1 and 3); and the superior (region 6) and middle
(region 7) occipital gyri on the right. Sites with decreased activation on estrogen included regions around the inferior parietal lobule, as indicated by letter a, the left-
central sulcus, as indicated by letter b, and the right superior temporal gyrus, as indicated by letter c. Letters under each image correspond to the following positions
along the z-axis of the Talairach atlas. A indicates 50; B, 40; C, 32; D, 24; and E, 12.

Figure 3. Functional Magnetic Resonance Imaging Showing Effects of Estrogen on the Retrieval Component of Working Memory
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Estrogen was associated with increased activation of the right anterior regions, such as the right superior (region 1), and the middle and inferior (regions 4 and 5) frontal
gyri. Other areas of increased activation included posterior cingulate (region 2) and precuneus (region 3). Brain regions with decreased activation during retrieval in-
cluded the superior temporal gyrus and insula on the right (b and c respectively), and the central sulcus region on the left (a). Letters under each image correspond to
the following positions along the z-axis of the Talairach atlas: A indicates 40; B, 32; C, 24; D, 12; and E, 4.
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terns in a number of brain regions. Dur-
ing the verbal store task (Figure 2),
estrogen increased activation in the infe-
riorparietal lobuleandthesuperior fron-
tal gyrus. Region of interest analyses
confirm this pattern; significant condi-
tion 3 stimulus-type 3 task interac-
tions were obtained for both the infe-
rior parietal lobule (F2,90 = 7.359;
P,.025) and the superior frontal gyrus
(F2,90= 6.237; P,.01). As illustrated for
the inferior parietal lobule in FIGURE 4,
increases in activation from the pla-
cebo to the estrogen condition were spe-
cific to the verbal store task.

Estrogen also produced a sharpen-
ing of the hemispheric encoding/
retrieval asymmetry effect. For ex-
ample, strong increases in activation
were found in the right superior fron-
tal gyrus during the retrieval tasks, both
for verbal and nonverbal stimuli (Fig-
ure 3). Region of interest analyses were
consistent and indicated that the left
hemisphere showed greater activation
than the right hemisphere during en-
coding, and the right hemisphere
showed greater activation than the left
hemisphere during retrieval, the hemi-
spheric encoding/retrieval asymmetry

effect. These results were further modi-
fied by significant 3-way interactions
(condition 3 task 3 hemisphere in-
teraction at the superior frontal gyrus,
F2,90= 4.055; P,.025), which demon-
strated that the hemispheric encoding/
retrieval asymmetry effect was much
more pronounced in the estrogen con-
dition (Figure 4).

The effects described above, both for
the voxel-by-voxel and for the region
of interest analyses, were also exam-
ined for the subset of subjects who sat-
isfied inclusion and exclusion criteria
and who were compliant (n = 36). The
pattern of results did not change.

Accuracy of retrieval of information
did not differ between the estrogen and
the placebo condition for either the ver-
bal or nonverbal stimuli (F,1; mean
proportion correct was 0.912, 0.923,
0.914, and 0.930 for the verbal placebo,
nonverbal placebo, verbal estrogen, and
nonverbal estrogen, respectively).

COMMENT
The results of this study indicate that
estrogen in a traditionally prescribed
therapeutic dose produces significant
alterations in brain activation patterns

in postmenopausal women as they per-
form working memory tasks. These data
suggest that it may be possible to af-
fect functional brain organization in
older women; these alterations in brain
activation patterns in subjects taking es-
trogen suggest functional plasticity of
memory systems in mature women.

Our experimental study was theo-
retically driven, guided by our prior ex-
perience with studying the process of
reading. Reading is known to rely on a
component of language, phonologic
processing, which relates to the sound
structure of language.18 A large body of
research indicates that phonologic pro-
cesses are also strongly involved in ver-
bal working memory19,20 and that ver-
bal information is typically held in
temporary storage in its phonologic
form. We further observed that the
components of language and memory
often reported to be sensitive to the ac-
tions of estrogen (eg, verbal working
memory, articulatory speed, and ver-
bal fluency)21,22 have in common a
reliance on phonologic processing. Ac-
cordingly, we hypothesized that estro-
gen may exert a positive influence on
language and memory through its

Figure 4. Effects of Estrogen in the Inferior Parietal Lobule and the Superior Frontal Gyrus
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A, For the inferior parietal lobule, a significant condition 3 stimulus-type 3 task interaction was obtained (F(2,90)= 7.359, P,.025). Of note, increases were significant
with estrogen use during the verbal (V) store task (with corresponding decreases in the nonverbal [NV] store task). B, The superior frontal gyrus illustrates the sharp-
ening of the hemisphere encoding/retrieval asymmetry (HERA) effect with estrogen. A significant 3-way interaction was obtained at the superior frontal gyrus (condition 3 task
3 hemisphere; F(2,90)= 4.055; P,.025), indicating that the HERA effect was observed in the estrogen condition and not in the placebo condition. During estrogen use
but not during placebo use, right-hemisphere activation is significantly greater than left-hemisphere activation during retrieval and left is significantly greater than
right-hemisphere activation during encoding. Data are mean (SEM). R indicates right; L, left hemisphere.
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actions on phonologic mechanisms and,
for this study, we chose a set of verbal
tasks that specifically engaged phono-
logic systems.

Women treated with estrogen dem-
onstrated increasedactivation in the infe-
rior parietal lobule during tasks requir-
ing temporary storage of phonologically
coded verbal materials (nonsense
words). This response provides sup-
port for the hypothesis that estrogen
mediates the short-term storage of pho-
nologicmaterial.Our findings inthe infe-
rior parietal lobule are reinforced by a
recent reportby Jonidesetal,10 whostud-
iedbothmenandwomenand found that
activation in the inferior parietal region
occurred during the short-term storage
and retrieval of phonologic stimuli. The
results supportourhypothesis thatestro-
gen effects may be mediated through its
actions on neural sites serving phono-
logically coded materials.

However, our findings also indicate
that the effects of estrogen are not lim-
ited to verbal memory. For example, we
observed a sharpening of the HERA ef-
fect in the superior frontal gyrus that
was present on nonverbal as well as ver-
bal tasks. These findings of effects on
nonverbal memory are consistent with
the findings of Resnick and associ-
ates23 that show effects of estrogen on
a visual memory task. Although many
studies of estrogen, either across the
menstrual cycle24 or in postmeno-
pausal women,25,26 demonstrate an ef-
fect on verbal memory, for the most part,
these studies do not include nonverbal
stimuli.23 The notion that estrogen ex-
erts an influence on nonverbal as well
as verbal memory systems is conso-
nant with observations that estrogen ex-
erts its actions on neural systems dis-
tributed throughout the brain.27,28

An intriguing finding in the current
study is that changes in brain activa-
tion patterns in frontal regions noted
above for the estrogen-treated women—
greater left-hemisphere activation dur-
ing encoding and greater right-
hemisphere activation during retrieval—
appear similar to patterns observed in
younger subjects compared with older
ones in previous studies.29,30 In addi-

tion, older subjects show increased ac-
tivation in insula relative to younger sub-
jects and in our study estrogen was
associated with decreased activation in
this region (Figure 2, B; Figure 3, C).

We note that despite the estrogen-
induced differences in brain activation
patterns, error rates on each task were
comparable between conditions. Brain
activation patterns have been shown to
be more sensitive than behavioral mea-
sures in some conditions. For ex-
ample, functional imaging may detect
brain activation pattern differences in pa-
tients at high risk for Alzheimer dis-
ease before behavior deficits are evi-
dent,31 and Cabeza and associates29

found that older and younger subjects
demonstrated age-related differences in
brain activation patterns despite com-
parable behavioral performance. Based
on our findings, we suggest that func-
tional imaging techniques may detect ef-
fects of estrogen on the brain that are not
yet demonstrable by behavioral mea-
sures themselves.

This study has many strengths, in-
cluding the randomized, double-
blind, placebo-controlled, crossover de-
sign, a large sample size for an imaging
study, and tasks that assess verbal and
nonverbal memory. We relied on a
theoretic framework incorporating both
phonologic processing and working
memory to systematically assess the ef-
fects of estrogen on different compo-
nents of both verbal and nonverbal
working memory and incorporated
nonsense words so that we were able
to examine phonologic processes spe-
cifically. A limitation of this study was
the relatively brief time that women
were receiving either estrogen or pla-
cebo and the relatively short washout
period between conditions. Although
this treatment period may have been too
short to produce significant behav-
ioral effects, our findings suggest that
it was sufficiently long to demonstrate
an effect using functional imaging as a
sensitive index of brain function. Fur-
thermore, as indicated by the minimal
error rates, the relative ease of perfor-
mance of the memory tasks may have
precluded detection of differences be-

tween the estrogen and placebo condi-
tions (“ceiling” effect).

There are many considerations that
enter into a woman’s decision about
whether to take hormone replacement
therapy. Acknowledgment and under-
standing of the effects of estrogen on the
skeletal and cardiac systems have pro-
gressed considerably, although new data
continue to modify our knowledge.31,32

The influence of estrogen on cognitive
function has been much more difficult
to establish. As Barrett-Connor33 re-
cently indicated, there is no question of
the biological plausibility for a benefi-
cial effect of estrogen on brain func-
tion, yet the studies to date in postmeno-
pausal women are inconsistent. Lack of
clarification of estrogen’s role in cogni-
tion has been a source of particular frus-
tration for postmenopausal women, in
part because the symptoms are often
subtle yet may have pervasive effects on
the quality of life.

This current study demonstrates that
estrogen alters brain activation pat-
terns in postmenopausal women and its
corollary that functional brain organi-
zation in mature women (and, we as-
sume, men) is neither fixed nor immu-
table. These changes in brain activation
patterns (1) are observed in specific
brain regions associated with the sorts
of memory function that are called on
frequently during any given day (for ex-
ample, trying to remember a tele-
phone number that had been just
looked up); and (2) appear to rein-
state patterns typically observed in
younger, but not older, subjects as they
perform memory tasks. While we be-
lieve the changes in brain organiza-
tion should predict accompanying im-
provements in performance of memory
tasks, we caution that in this study we
did not observe such changes during the
study period. However, these data sug-
gest that estrogen affects brain organi-
zation in postmenopausal women. In
addition, functional imaging may pro-
vide a new tool to detect these effects
of estrogen. These results are encour-
aging and suggest that the use of func-
tional imaging together with proto-
cols examining, for example, different
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dosages, treatment lengths, and wash-
out periods, may provide a new means
to explore the effects of estrogen on cog-
nitive function in postmenopausal
women.
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