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Estrogen therapy selectively enhances prefrontal
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imaging in perimenopausal and recently postmenopausal women
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ABSTRACT

Objective: Estrogen therapy (ET) seems to differentially effect cognitive processes in younger
versus older postmenopausal women, suggesting a window of opportunity when ET is most
beneficial. Cognitive improvement in younger postmenopausal women has been attributed to ET_s
influence on hot flushes and sleep, but empiric examination of the mediating role of menopause
symptoms versus direct effects of ET on the brain is limited. The aim of this study was to determine
which cognitive domains are influenced by ET and whether hot flushes and sleep play mediating
roles in these effects.

Design: In a double-blind trial, 52 women were randomly assigned to estradiol 0.05 mg/day (n =
26) or placebo transdermal patches (n = 26) for 12 weeks. Women completed tests of memory,
learning, and executive functioning, and hot flush and sleep assessments at baseline and study end.
A subset of women (five ET treated, six placebo treated) also underwent blood oxygenation
levelYdependent (BOLD) functional magnetic resonance imaging (fMRI) studies.

Results: Nondepressed perimenopausal and postmenopausal women were studied. The majority
had hot flushes and sleep impairment. Compared with placebo, ET selectively reduced errors of
perseveration during verbal recall (P = 0.03), a frontal system-mediated function, but did not
influence other cognitive processes. Women with baseline hot flushes had greater cognitive
benefit with ET (P G 0.05). Cognitive benefit was not associated with sleep problems or its
improvement. Measures of fMRI BOLD activation during tests of verbal and spatial working
memory showed significant increases in frontal system activity with ET (P G 0.001).

Conclusions: Estrogen therapy selectively improves executive functioning as demonstrated by
reduced perseverative errors and prefrontal cortex activation during verbal recall tasks. Cognitive
improvement with ET is associated with hot flushes, but not with sleep, suggesting that ET has a direct
central nervous system effect, rather than an indirect effect mediated through improvement of sleep.

Key Words: Estrogen YCognition YMenopause YHot flash YHot flush Y Sleep Y Functional
neuroimaging.
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S
tudies in animals and humans suggest that the
brain responds differently to estrogen therapy
(ET) depending on age and proximity to
menopause.1Y11 ET seems to be neuroprotec-

tive in younger, recently postmenopausal women,
with reduced risk of dementia and better cognitive
aging.1 Y6 In contrast, initiation of ET in older
postmenopausal women has a deleterious or null
effect on cognitive processes.1Y4,8,9,12Y15 Such data
have led to the Bcritical period hypothesis[ that ET
may exert positive effects on cognitive function only
when initiated in younger perimenopausal and
recently postmenopausal women.2,7,16,17

Results of randomized trials examining cognitive
effects of ET are mixed,18,19 with some studies reporting
improved performance in selective domains of cognitive
function13,20Y23 and others concluding that ET does not
enhance these processes.9,12,14,15,24,25 One difficulty
interpreting differences in the findings on the cognitive
effects of ET relates to the complexity of the many
neuropsychological functions examined. These mental
processes are often divided into functional domains of
attention, memory, executive function, visuospatial
processing, and language. Each domain involves
different brain regions, which may have variable
sensitivity to specific interventions. The specific
domains being studied are therefore critical to consider
when interpreting study findings.
Performance on tests of verbal learning and recall

show the most consistent benefit in ET trials.20,21

Verbal learning and recall are subserved by encoding
of information, which is mediated by the hippo-
campus, and retrieval, which is mediated by the
frontal lobes. Taken together, the types and patterns
of cognitive improvement seen in clinical ET studies
suggest that ET_s effect may be specific to the
frontally mediated cognitive processes involved in
verbal recall and learning.26

Functional neuroimaging studies provide vital
insight into the cognitive processes likely to be
influenced by ET and suggest that ET has direct
effects on brain regions that mediate cognitive
function.27Y30 Such studies indicate that the most
pronounced effects of ET on cognitive performance
are seen in the frontal cortex,27,28 the brain region
that mediates the executive components of verbal
learning and recall,31 and the hippocampus, which is
responsible for encoding of information.28

The observation that cognitive benefits from ET are
seen primarily in studies which include younger, recently
postmenopausal women with hot flushes and associated
sleep disruption18Y23 has led to the hypothesis that

cognitive enhancement with ET occurs as an indirect
result of improvement of hot flushes and sleep with
ET.18,19 The beneficial effects of ET on mood,32,33

which can indirectly lead to improved cognitive
performance,34 may also be an explanatory factor in
ET_s cognitive-enhancing benefits.18,19

Thus, the purpose of this randomized, double-blind,
placebo-controlled trial was to determine whether ET
influences specific cognitive processes involved in
verbal and visual learning and memory and frontal
executive function in perimenopausal and recently
postmenopausal women who were not depressed.
Perimenopausal and recently postmenopausal women
were studied to include women with hot flushes and
sleep disruption so that we could determine whether
ET_s impact on cognitive function is mediated by
improvement in sleep associated with hot flushes or
by direct activation of the prefrontal cortex as
assessed by functional magnetic resonance imagining
(fMRI) techniques.

METHODS

Study participants

Perimenopausal and postmenopausal women were
recruited from the community. Eligible participants
were healthy women between the ages of 40 and
60 years who were in the early menopause transition
(variable menstrual cycle length, menstrual cycle
shortening, change in menstrual flow), late meno-
pause transition (two or more skipped cycles and at
least 60 days of amenorrhea, but less than 1 year
amenorrhea), or early postmenopausal years (at least
1 year of amenorrhea, but less than 5 years of
amenorrhea), according to Stages of Reproductive
Aging Workshop menstrual-cycle staging criteria.35

Two women who had undergone a hysterectomy
without oophorectomy were eligible if their baseline
serum follicle-stimulating hormone (FSH) levels
were above 25 IU/L.
Medical histories, physical examinations, and

laboratory tests (eg, thyroid function) were performed
to rule out coexisting medical illnesses. The stand-
ardized psychiatric diagnostic assessment was admin-
istered at baseline to exclude women with psychiatric
disorders.36 Women were excluded if they had major
depression or dysthymia or if they had another
psychiatric or substance-use disorder within 1 year
of enrollment. Other exclusion criteria included
previous bilateral oophorectomy, contraindications
to ET, Mini-Mental Status Examination (MMSE)37

score of less than 29, educational achievement
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below the high school level, lack of proficiency in
English, neurologic disorders, use of psychotropic
and hypnotic medications within the past 3 months,
and use of ET within the past year.

MATERIALS

Eligible women were randomly assigned to a trans-
dermal 17A-estradiol 0.05-mg/day patch (Climara) or
an identical placebo patch supplied by Berlex Labo-
ratories. Consistent with other ET trials examining
cognition,20Y23 women were treated for 12 weeks, a
period that treats hot flushes and associated sleep
disruption.38,39 No progesterone was given until after
the study-end cognitive testing was completed.
All investigators and women were blinded to

treatment assignment. Unexpected bleeding in peri-
menopausal women and any vaginal bleeding in
postmenopausal women was evaluated by a coinves-
tigator (K.A.M.) based on transvaginal ultrasonog-
raphy used to determine the appropriateness of
continuing study treatment (endometrium less than
8 mm thick). Women provided written informed
consent, and the study protocol was approved by the
McLean Hospital and Harvard Medical School
Institutional Review Boards.

Cognitive measures

Verbal and visual learning and recall and executive
function were assessed prior to initiation and after
12 weeks of treatment with ET or placebo with the
following neurocognitive test battery administered by
trained neuropsychologists who were blind to treat-
ment assignment.

California Verbal Learning Test (CVLT)

The CVLT assesses ability to retrieve newly learned
information and specific components of executive
function associated with verbal learning strategies.40

The total number of items recalled correctly on a
previously provided list constitutes the five CVLT
immediate-recall trials (CVLT trials 1 to 5 correct), a
broad measure of overall verbal learning and recall
performance.40 The CVLT also examines specific
verbal learning strategies and cognitive processes
involved in executive function,26 such as the number
of perseverative errors made during verbal recall (ie,
repeatedly stating the same word from a list given
previously) and proactive interference (ie, effect of
prior learning on retention of subsequently learned
material).41 An individual_s ability to learn and
retain new information in the five trials is mediated

by the interaction between frontal cortex and hippo-
campal regions.42,43

Wechsler Memory Scale-Revised (WMS-R)

TheWMS-R is a widely used battery of subtests that
assesses attention, short-term verbal and visual memory,
general memory, and working memory skills,44 but
does not distinguish between hippocampal-mediated
and frontal lobeYmediated effects.

Rey-Osterreith Complex Figure Test

The Rey-Osterreith Complex Figure Test is a widely
used instrument that assesses visuo-organizational
ability, and short-term and long-term visual memory.45

These visuospatial abilities are components of execu-
tive function that are subserved by the frontal lobes.46

Functional MRI

Functional MRI testing was conducted before ini-
tiation and after 12 weeks of treatment with ET or
placebo in the final 11 study participants (five ET
treated, six placebo treated). The number of fMRI
studies conducted was limited by funding. Images were
acquired with a 1.5-T GE LX MRI scanner retrofitted
with an Advanced Nuclear Magnetic Resonance Sys-
tems whole-body echo planar imaging coil. Within the
imaging environment, stimuli were generated by a
Macintosh computer and were projected with a mag-
netically shielded LCD video projector onto a trans-
lucent screen placed at the women_ feet. The women
were able to see the screen with the use of a mirror that
was placed above their heads in the scanner. Functional
imaging was performed in the coronal plane using
multislice gradient echo planar imaging with a field of
view of 20 cm (frequency) by 20 cm (phase), and an
acquisition matrix of 152 by 64 (20 slices, 7 mm
thickness, no skip, relaxation time = 3 seconds, echo
time = 40 milliseconds). This sequence delivered an
effective voxel resolution of 3.125 by 3.125 by 7 mm.
Blood oxygen levelYdependent (BOLD) activation
data were collected during five alternating 30-second
(10 scans) rest/task periods.

The challenge paradigms included a spatial work-
ing memory task and a verbal memory task. The
spatial working memory task was adapted from one
used previously in a positron emission tomography
study of working memory,47 and consisted of two
conditions: a three-dot (easy) and five-dot (harder)
condition, each of which was completed in separate
scanning epochs. During this task, women viewed a
fixation cross in the center of the screen, which was
subsequently replaced by either three or five dots
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appearing on the circumference of an imaginary
circle that was centered on the cross. During the
memory condition, the dots were not visible, but a
probe circle was placed around the region where one
of the dots had been placed. Women were asked to
indicate whether the probe encircled a region where a
dot had been placed by pressing a mouse button.
For the verbal memory condition, women were

instructed to view a list of words before entering the
fMRI environment. They were told they would be
asked about these words later. During the verbal
memory condition of the imaging protocol, women
viewed a list of words that included words previously
presented and words that had not been presented.
Women were instructed to indicate whether the word
on the screen was previously presented to them outside
of the fMRI environment by pressing a mouse button.
Three dummy images were taken at the outset of

each functional scan to reduce nonYsteady-state
effects. Matched T1-weighted anatomical images
were also collected for every woman at the beginning
of the scanning session. The fMRI raw echo ampli-
tudes were saved and transferred to a SUN Ultrasparc
workstation (SUN Microsystems, Mountain View,
CA) for off-line reconstruction.

Menopause, sleep, and depressive symptom measures

Hot flushes, sleep quality, and depressive symptoms
were assessed concurrent with cognitive testing and
fMRI studies at baseline and study end. The average
daily occurrence of hot flushes during the past month
was rated as none, mild (less than two per day),
moderate (two to four per day), or severe (more than
four per day). Sleep quality was assessed with the
Pittsburgh Sleep Quality Index, a self-administered
scale that measures sleep quality over the past month
(range 0 to 21), with scores above 5 suggesting sig-
nificant sleep disturbance.48 While women with major
depression or dysthymia were excluded, women with
minor depression and Beck Depression Inventory
(BDI) scores above 10 were enrolled.49

Assays

Plasma estradiol, FSH, and progesterone were
measured at baseline and after 12 weeks of treatment
using radioimmunoassay methods. All samples were
analyzed in duplicate, and both samples for an
individual were analyzed in the same assay. Serum
estradiol was measured using an automated, random
access, microparticle enzyme immunoassay (AxSYM;
Abbott Diagnostics, Chicago, IL). Serum estradiol has

an analytical sensitivity of 20 pg/mL. Within-assay
precision was determined using six quality-control sera
containing estradiol concentrations spanning the
levels seen in normally cycling women. The intra-
assay coefficient of variation for estradiol ranged
from 2.1% to 4.5%. Interassay precision was deter-
mined from six quality control sera used to monitor
assay performance (AxSYM; Abbott Diagnostics,
and Trilevel Ligand Controls, Chiron Corp. Diag-
nostics, Walpole, MA) and ranged from 6.5% to
9.6%. Assay calibrators, verified by gas chromatog-
raphy/mass spectography, were obtained from the
manufacturer and used according to the man-
ufacturer_s specifications.

Data analysis

Change in performance on the CVLT trials 1 to 5
verbal recall task between the ET and placebo groups
was used to determine the study sample size (80%
power, two-sided hypothesis). Means and standard
deviation (SD) and Student_s t tests were used for
continuous measures with normal distributions, and
medians (interquartile range) and Mann-Whitney
nonparametric tests for nonnormal data. Linear
regression models were developed to detect a differ-
ence in specific cognitive processes from baseline to
study-end between the ET- and placebo-treated
groups.50 The dependent variable in the model was
change in performance on each cognitive process
examined from baseline to study-end, and the
explanatory factors were treatment assignment (ET
versus placebo) and baseline performance on the
same measure. Continuous measures were modeled
linearly after it was determined that assumptions of
normality were met. Statistical analyses were con-
ducted using STATA (Stata Corporation, College
Station, TX) and statistical significance was set at the
> = 0.05 level.
Preprocessing and statistical analyses of fMRI data

were conducted in SPM99 implemented in Matlab
(The Mathworks, Sherborn, MA).51,52 The functional
data sets were motion corrected (intrarun realign-
ment) within SPM99 using the first image as the
reference. After motion correction, the functional
data sets were normalized to a standard template from
Montreal Neurological Institute (MNI). The nor-
malized data sets were first resampled to 2 � 2 �
2 mm within MNI space and then smoothed using a
4 � 4 � 4 mm full width at half maximum Gaussian
smoothing kernel. A 150-second box-car waveform,
convolved with hemodynamic response function,
was used as the reference paradigm. Using the
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general linear model and the hemodynamically
corrected reference paradigm, the T-score values
were calculated for each voxel and the statistical
parametric maps (SPM) were generated.
In the second level of analysis, the group data were

then analyzed using a fixed-effects model to account
for interindividual variance. Group contrast maps
were created for the four groups (predrug, postdrug,
preplacebo, and postplacebo) and the difference in
activation was displayed as SPM 53 maps over an
average template brain in the standardized coordinate
space of MNI. Only the voxels with T-score above
3.46 (P e 0.001) were included in the maps. The
suprathresholded voxels were searched and clusters
with size less than 20 voxels, which were considered
noise, were eliminated. In a subsequent analysis,
these contrasts were entered into a regression model
with performance, age, mood, sleep, and hot flushes
entered as covariates to determine whether these
variables were associated with activation changes.

RESULTS

Characteristics of study participants

Of 52 women enrolled in the study, 26 were
assigned randomly to ET and 26 to placebo. Two
placebo-treated women who dropped out of the study
for Bpersonal reasons[ were excluded from the
analysis, so all results are based on 26 estrogen-
treated and 24 placebo-treated women. There were no
differences in demographic or menopause character-
istics at baseline between the two treatment groups
(Table 1). Before treatment initiation, hot flushes were
reported by 57.7% and 66.7% of women who were
randomized to ET and placebo, respectively (P =
0.57), and there was no difference between the two
groups in sleep quality or depressive symptoms. At
baseline, serum estradiol and FSH levels were similar
between groups, whereas at study end estradiol levels
were higher (P = 0.002) and FSH levels were lower
(P = 0.02) in the estrogen-treated than placebo-
treated groups. A minority (18%) of participants had
ever used ET before enrolling in the study.

Clinical effects of ET

Among those who had hot flushes at baseline, hot
flushes improved in 14 of 15 women (93.3%) on ET
and 9 of 16 women (56.3%) on placebo. At study end,
all estrogen-treated women reported either none or
mild symptoms, whereas 20% of placebo-treated
women continued to have moderate-to-severe symp-
toms (P = 0.01). Sleep quality and depressive

symptoms improved in both groups, but there were
no group differences in sleep or depression symptom
scores at study end.

The study treatment was well tolerated. The
most common side effect was mild skin irritation
at the patch site (n = 14 on ET; n = 15 on pla-
cebo). Two women on ET and one on placebo had
breast tenderness. Unexpected vaginal bleeding
occurred in three estrogen-treated and two placebo-
treated women, but these women continued in the
study because their endometrial lining was mini-
mally thickened.

TABLE 1.Characteristics of study participants
by treatment group

Estrogen
(n = 26)

Placebo
(n = 24)

Age (y), mean T SD 50.8 T 3.4 51.3 T 4.2
Education (y), mean T SD 16.8 T 3.6 16.5 T 1.9
Nonwhitea 3 (11.5) 3 (12.5)
Full-time work 20 (76.9) 13 (54.2)
Part-time work 6 (23.1) 6 (25.0)
Homemaker 0 4 (16.7)
Otherb 0 1 (4.2)

Marital status
Married 14 (53.8) 11 (45.8)
Never married 2 (7.7) 4 (16.7)
Divorced/separated/widowed 10 (38.5) 9 (37.5)

At least one child 21 (80.8) 20 (83.3)
Menopause status
Early menopause transition 3 (11.5) 6 (25.0)
Late menopause transition 12 (46.2) 7 (29.2)
Early postmenopause 9 (34.6) 11 (45.8)
Hysterectomy without

oophorectomy
2 (7.7) 0

Frequency of hot flashesc

None 11 (42.3) 8 (33.3)
Mild 7 (26.9) 8 (33.3)
Moderate 4 (15.4) 3 (12.5)
Severe 4 (15.4) 5 (20.8)

Sleep qualityd 5.6 T 3.6 5.7 T 3.2
Depressive symptomse 5.7 T 3.6 5.1 T 4.1
Serum FSH level (IU/L) 79.0 (44.4j

99.9)
99.2 (27.9j

144.6)
Serum estradiol level (pg/mL)f 30 (19j87) 19 (19j42)
Previous hormone therapy use 4 (15.4) 5 (20.8)

There were no group differences in any characteristic. Data presented
are n (%) for proportions, mean T SD for normally distributed data,
and median (interquartile range) for nonnormally distributed data, with
Fisher_s exact test used for categorical comparisons, Student_s t tests
for normally distributed data, and the Wilcoxon rank-sum test for
nonparametric comparisons unless indicated.
a Includes African American (n = 3), Asian (n = 1), Hispanic (n = 1),
and Persian (n = 1).
b Disabled (n = 1), student (n = 1).
c Test of trend.
d Pittsburgh Sleep Quality Index (range 0 to 21, higher score worse).
e Beck Depression Inventory (range 0 to 63, higher score worse).
f For women with serum estradiol levels below the level of
detectability (G 20 pg/mL), a level of 19 pg/mL was used in the
calculations. This included 9 (35%) estrogen-treated and 12 (50%)
placebo-treated women.

Menopause, Vol. 13, No. 3, 2006 415

COGNITIVE AND fMRI EFFECTS OF ESTROGEN THERAPY



Copyright @ 2006 The North American Menopause Society. Unauthorized reproduction of this article is prohibited.

Cognitive effects of ET

Performance on the CVLT, WMS-R, and Rey-
Osterreith Complex Figure Test indicates that for the
group on the whole, there were few differences
between the ET- and placebo-treated women in
performance on cognitive tasks (Table 2). However,
estrogen-treated women had significantly fewer per-
severative errors during verbal recall than the placebo-
treated women (43% versus 9% reduction P = 0.03,
Fig. 1), suggesting that ET enhanced the efficiency of
verbal information processing by reducing the like-
lihood of forgetting that a response was already given
or improving inhibition of previously stated re-
sponses. There was also a trend toward reduction in
proactive interference during verbal recall with ET
(P = 0.07), suggesting that estrogen-treated women
had greater improvement in their ability to retain new
information without interference from previously
learned material.

Evidence of direct effect of estrogen on brain

using fMRI

Random effects t test comparisons were made on
group maps between the ET and placebo-treated
women. Regions of activation that differed signifi-
cantly (P G 0.001) between treatment conditions are

presented in Table 3 with the stereotaxic coordinates
for the local maxima within each cluster. During
performance on the verbal memory task, the regions
of greatest activation were the medial frontal gyrus,
the paracentral frontal gyrus, and the postcentral
gyrus of the parietal lobe. Therefore, a significant
increase in activity was detected in the inferior frontal
region for women receiving ET relative to those on
placebo (P G 0.001, Fig. 2). During the second presen-
tation of a verbal list, estrogen-treated women again
demonstrated increased inferior frontal and posterior
parietal activation relative to placebo-treated women
(P G 0.001, Fig. 2).
On the spatial working memory task, estrogen-

treated women exhibited significantly greater activa-
tion than placebo-treated women in bilateral frontal
regions during the performance of the three-dot task
and in the posterior cingulate/parietal region during
the performance of the five-dot task (P G 0.001). To
more carefully examine the specific regions associ-
ated with the demands of spatial working memory, a
contrast that subtracted the three-dot from the five-dot
task was also completed for both treatment groups.
Compared with placebo-treated women, estrogen-
treated women demonstrated significantly higher
activation within several prefrontal regions including
the superior frontal gyrus and the anterior and

TABLE 2. Effect of estrogen treatment on specific cognitive processes

Estrogen Mean (SD) Placebo Mean (SD) Estrogen effect

Cognitive process
Baseline
(n = 26)

12-week
(n = 26)

Baseline
(n = 26)

12-week
(n = 24)

Adjusted point estimate
(95% CI)

Verbal skills
CVLT trials 1j5 immediate verbal recall 59.2 (8.3) 59.8 (9.6) 58.0 (8.2) 60.6 (9.4) Y1.6 (Y6.3, 3.0)
CVLT perseverative errors during verbal recalla 6.5 (5.5) 3.7 (3.3) 6.2 (5.4) 5.6 (3.8) Y2.2 (Y4.0, Y0.3) b

CVLT proactive interference during verbal recalla Y1.1 (2.4) Y2.3 (2.2) Y1.0 (2.7) Y1.0 (2.7) Y1.3 (Y2.6, 0.1) c

CVLT verbal learning 5.5 (1.7) 6.1 (2.5) 5.6 (2.3) 6.3 (2.5) Y0.2 (Y1.7, 1.2)
CVLT retroactive memory Y1.4 (1.4) Y0.7 (1.5) Y1.2 (1.4) Y1.3 (1.7) 0.6 (Y0.3, 1.5)
WMS-R verbal memory 49.4 (6.5) 50.3 (6.2) 50.4 (6.7) 50.3 (6.6) 0.4 (Y2.9, 3.7)
WMS-R delayed memoryd 64.3 (12.5) 69.3 (13.9) 69.7 (10.9) 72.7 (9.3) 0.9 (Y7.4, 5.6)

Visual skills
WMS-R visuospatial memorye 55.8 (5.7) 57.7 (5.2) 57.6 (6.7) 58.6 (6.4) 0.6 (Y1.7, 3.0)
Rey-Osterreith short-term visuospatial memorya 0.56 (0.18) 0.36 (0.20) 0.45 (0.18) 0.33 (0.18) 0.01 (Y0.09, 0.10)
Rey-Osterreith long-term visuospatial memorya 0.55 (0.21) 0.38 (0.20) 0.48 (0.18) 0.38 (0.19) Y0.01 (Y0.10, 0.09)

General skills
WMS-R mental control 5.3 (0.9) 5.5 (1.0) 5.3 (1.0) 5.5 (0.7) Y0.02 (Y0.52, 0.48)
WMS-R digit span 16.0 (3.5) 15.5 (3.1) 15.7 (3.6) 15.9 (3.7) Y0.53 (Y2.0, 0.90)
WMS-R visual span 14.7 (3.1) 16.0 (3.1) 16.9 (3.0) 17.8 (2.9) Y0.76 (Y2.5, 0.95)
WMS-R general memoryf 105.0 (8.3) 108.0 (9.8) 108.0 (9.8) 108.9 (10.8) 1.3 (Y3.4, 6.1)

Comparison of estrogen-treated versus placebo-treated groups using linear regression model with change in performance (baseline to study-end) on
specified cognitive process after adjusting for baseline performance (2 degrees of freedom).
a Negatively scored items, with lower score indicating better performance.
b P = 0.03.
c P = 0.07.
d Sum of WMS-R logical memory delay total, visual delay, verbal delay, and visual reproduction delay scores.
e Sum of WMS-R figural memory, visual pair, and visual reproduction scores.
f Sum of WMS-R verbal memorytotal and visual memory total scores.
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posterior cingulate (P G 0.001). The maximum
activation and x, y, z coordinates for these regions
are presented in Table 3.
There was no significant effect of age, mood,

sleep, or hot flushes on activation for any of the
paradigms completed. There was also no significant
effect of ET on performance of verbal and spatial
memory tasks completed during these functional
imaging paradigms. Finally, compared with ET, there
was greater activation with placebo in the left
posterior parietal region during verbal recall and in
the left inferior frontal gyrus during the five-dot
visual memory task.

Relationship of hot flushes, sleep disruption, and

mood to cognitive performance

For women with hot flushes at baseline, there was
no association between improvement in perseverative
errors and reduction in hot flushes for the group as a
whole. However, when the two treatment groups were
analyzed separately, perseverative errors were more
likely to improve among those who had baseline hot
flushes and were treated with ET than in those with
baseline hot flushes who were treated with placebo
(Fig. 3, P G 0.05). Among women whose hot flushes
improved with ET or placebo, there was a trend
toward greater improvement in perseverative errors in

women who received ET than in those who were
treated with placebo (Fig. 3, P = 0.09). Within the
estrogen-treated group, there was no statistically
significant difference in cognitive performance
between those with and without hot flushes at base-
line or whose hot flushes improved with treatment
(Fig. 3), but this may be the result of limited small
subgroup sample sizes and statistical power.

Sleep quality at baseline did not correlate with
reduction in perseverative errors during verbal recall
for the entire group or when women were analyzed
separately by treatment group. When the analysis was
focused on change in sleep quality seen with treat-
ment, there was also no correlation with change in
perseverative errors for the group as a whole, and no
difference in cognitive performance between those
treated with ET and with placebo (10/17, 58.8%
versus 7/16, 43.8%).

There was no relationship between baseline mood
(BDI score) or improvement in BDI scores and change
in cognitive performance with treatment, and there
was no differential effect of ET on cognitive perfor-
mance on those with an elevated BDI score (> 10, n = 3).

Role of estradiol levels and menopause stage in

cognitive performance

Improvement in perseverative errors during verbal
recall did not correlate with baseline serum estradiol
levels or with changes in estradiol with treatment. There
was also no difference in performance on the test of
perseverative errors during verbal recall when women
in the early or late menopause transition (n = 28) were
compared with postmenopausal women (n = 20).

DISCUSSION

Our results indicate that ET selectively enhances
verbal perseveration, an important component of
executive function, in perimenopausal and recently
postmenopausal women. The total number of persev-
erative errors on the CVLT was reduced by 43% in
the ET group, which is significantly greater than the
9% reduction seen in the control group and that
reflects an enhancement in this cognitive domain
which would be perceived with the cognitive de-
mands of daily living. However, despite this specific
effect of ET, estrogen use did not result in significant
between-group differences on other measures of
cognitive function in perimenopausal and recently
postmenopausal women. Our data support ET_s
positive effects on cognitive function in younger
women transitioning through menopause. However,
our findings also suggest that, even in the population

FIG. 1. Effect of 17A-estradiol therapy on perseverative errors
during verbal recall on the California Verbal Learning Test. Shown
is mean (SD) performance on test of perseverative errors during
verbal recall for 26 women treated with estrogen and 24 treated with
placebo at baseline (solid bar) and study end (striped bar). Greater
improvement was seen with estrogen therapy than with placebo
treatment. Lower score represents better cognitive performance.
*P = 0.03 for comparison of estrogen-treated with placebo-treated
women using a linear regression model with change in performance
from baseline to study end on the test of perseverative errors during
verbal recall as the dependent variable and treatment group and
baseline performance as the explanatory factors.
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most likely to benefit from ET, the cognitive effects
of ET are highly specific for verbal perseveration.
Verbal perseveration, or the repetition of words

already recalled, reflects efficiency of information
processing, an important component of executive
functioning.26,31 Perseverative responses occur in
healthy individuals, but are pronounced in patients
with frontal lobe pathology.31,54 Perseveration
reflects either a woman_s inability to inhibit previ-
ously stated responses or a true Bforgetting[ that a
response was already given.41,55 Inability to inhibit
inappropriate responses is mediated by an interaction
between the frontal cortex and cingulate gyrus, and
forgetting is a working memory function mediated by

the frontal cortex. Therefore, the reduction in persev-
erative errors during verbal recall seen in the current
study may be associated with increased functional
capacity in the prefrontal cortex or a redistribution of
processing demands to different frontal regions,26,31

processes that may be mediated through serotonergic
effects of ET in frontal regions.56

Our results extend the findings of a small observa-
tional study of frontally mediated cognitive functions
in postmenopausal women receiving estrogen plus
progestogen therapy (EPT).26 Results of this cross-
sectional study also show that women taking estrogen
made significantly fewer perseverative errors than
untreated women during performance on the CVLT.26

TABLE 3. Statistically significant foci of maximally activated brain regions during spatial working memory three-item task, spatial
working memory five-item task, subtraction of spatial working memory three-item task from five-item task, and verbal recall task

after contrast of estrogen-treated women with placebo treated women (P G 0.001)

Coordinates

Region of activation Brodmann_s area Number of activated voxels x y z Max Z-score

Spatial working memory
Three-item task
Limbic lobe, anterior cingulate 667 j12 30 j6 4.79
Frontal lobe, paracentral lobule 20 0 j40 64 3.82

Five-item task
Limbic lobe, posterior cingulate 109 2 j54 8 4.09
Parietal lobe, right 141 2 j58 62 4.00

Three-item task from five-item task
Frontal lobe, cingulate gyrus 32 30 j2 20 36 3.28
Frontal lobe, superior frontal gyrus 9 34 18 58 28 3.08
Occipital lobe, cuneus 33 j6 j68 32 3.58
Limbic lobe, posterior cingulate 29 50 2 j56 10 3.27

Verbal recall task
Frontal lobe, medial
Frontal gyrus 11 519 4 50 j12 5.36
Frontal lobe, paracentral lobule 5 105 2 j42 60 4.96
Parietal lobe, postcentral gyrus 1 31 46 j30 60 4.81
Parietal, interhemispheric 24 0 j80 40 3.95
Caudate, right 45 6 14 2 3.86
Thalamus, right 31 18 j8 8 3.77

FIG. 2. Group statistical parametric maps of significantly activated regions from functional magnetic resonance imaging data acquired
during performance of a verbal recall task. A direct contrast between estrogen- and placebo-treated women yielded significant activation in
the inferior frontal cortex and parietal regions during completion of the verbal recall task (at T Q 3.4, P G 0.001).
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Consistent with our study findings, encoding pro-
cesses involved in other components of the CVLT
verbal learning task and other tests of executive
function were not influenced by EPT use despite the
reduced rate of perseverative errors with EPT.26 Like
our study population, participants in this obser-
vational study were highly educated and performed
above average on cognitive tests, which may intro-
duce a Bceiling[ effect in the ability to detect es-
trogen_s beneficial effects on some tests of cognitive
function. Our results are consistent with the findings
reported in this observational study despite the fact
that our population also included perimenopausal
women and we administered estrogen monotherapy
rather than EPT.
Like other studies,18,19 the current study did not find

group differences in overall verbal learning or memory.
Although most ET trials have not specifically evaluated
verbal perseveration, the types and patterns of improve-
ment seen in several randomized trials of ET also suggest
that ET has a selective effect on cognitive processes
involved in executive functioning.13,20Y23,57Y60 Further-
more, a selective effect of ET on frontal-mediated
processes involved in executive function is strongly
supported by functional neuroimaging studies, including
our own.27Y29 Using fMRI, we detected increased
activity in lateral frontal and parietal regions during
performance on verbal memory and spatial working
memory tasks in women who received ET relative to
placebo-treated women. These findings are consis-
tent with other reports that describe the important
role of the lateral prefrontal and frontal-parietal

network components in working memory and list-
learning tasks.

Unlike other studies,20,21 we did not find that ET is
beneficial for cognitive processes such as working
memory and attention, although these effects have not
been seen in all randomized trials.1Y4,8,9,12Y15,24,25

Discrepancies between the results of our and other
studies may in part be explained by the different
cognitive demands involved in the specific tests that
were administered, which vary between studies. For
example, using a visuospatial test that focuses more on
visuospatial construction, we did not find an effect of ET
on visuospatial memory whereas others report visuospa-
tial effects of ET using a different visuospatial task.29

Differences between studies in the neuropsycholog-
ical findings may also reflect differences in study
populations. Our study population was younger, pre-
dominantly symptomatic with hot flushes, and transi-
tioning through a natural menopause. Because our
women had recent exposure to endogenous estrogen,2

the effect of ET on cognitive processes may be more
substantial than that seen in studies in older post-
menopausal women.9,12Y15,29 However, in contrast
with studies conducted in women undergoing surgical
menopause,20,21 it is also possible that our inclusion of
perimenopausal women may have reduced the differ-
ences seen between the ET and placebo groups
because some of the placebo-treated women may have
continued to produce endogenous estradiol.

This study has several limitations. The functional
neuroimaging studies were performed in only a
proportion of women and, although consistent, the

FIG. 3. Proportion of women who had improvement in perseverative errors according to treatment assignment (estrogen therapy or
placebo) and (A) presence (+HF) or absence (jHF) of hot flushes at baseline or (B) improvement (,HF) or lack of improvement (~HF) in hot
flushes with treatment. *P G 0.05 compared with women treated with placebo who had baseline hot flushes (W2 test).
**P G 0.10 compared with women treated with placebo who had improvement in hot flushes (Fisher_s exact test).
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improvement in perseverative errors that we detected
with ET cannot be established to be directly related to
the fMRI findings because a test of perseveration was
not conducted during administration of the fMRI. In
addition, a Bceiling[ effect on some cognitive tests
may have been present because the women in our
study, on the whole, had a high educational level and
performed above average. Finally, no adjustment for
multiple comparisons was made because we were
testing hypotheses about the impact of ET on distinct
aspects of cognitive function.

Association of hot flushes, sleep disturbance, and

mood with improvement in cognitive performance

Unlike other ET trials that have specifically
excluded symptomatic women,12,14,15 the majority of
our study women had hot flushes at study entry. We
included symptomatic women in order to specifically
examine the purported mediating role of hot flushes
and associated sleep disruption in the cognitive
improvement seen with ET.18,19 In our study, persev-
erative errors were more likely to improve if women
had baseline hot flushes and were subsequently
treated with ET rather than placebo. In addition,
there was a statistical trend toward greater cognitive
benefit with ET for women whose hot flushes im-
proved than for women treated with placebo whose
hot flushes improved.
Despite the association between hot flushes and

cognitive improvement in the ET group, there was no
association between changes in sleep and cognitive
function. These findings suggest that hot flushes may
be a marker for those likely to experience benefit
from ET in frontal-mediated cognitive processes, but
that this benefit is not mediated specifically by
improvement in sleep with ET. Our results are
consistent with other ET trials that describe an
inverse correlation between performance on cognitive
tests and hot flushes,21 and no association between
cognitive effects of ET and sleep.21 Future studies
that measure sleep and hot flushes more rigorously
are needed to further test this interpretation.
Depression is another factor previously thought to

explain why cognitive function improves with ET.19

Cognitive difficulties are a core part of clinical
depression,61 a disorder that occurs in approximately
10% of perimenopausal women,62,63 and improves
with ET treatment.32,33 Only one other study20 has
systematically excluded women with depression and
other psychiatric disorders to eliminate the possibility
that mood may play a role in ET_s cognitive effects. In
the present study, after excluding women with clinical

depression, we found no association between improve-
ment in cognitive function and mild mood symptoms.

Evidence for a direct effect of estrogen therapy on

brain activity using fMRI studies

Our fMRI findings complement reports from
several other neuroimaging studies that examined
the effects of ET on brain activation during cognitive
tasks. Our results are similar to those of an fMRI
study28 that found that ET differentially activates the
inferior parietal lobe during storage of verbal infor-
mation and decreases activation in the inferior
parietal lobe during storage of nonverbal material
while activating the right superior frontal gyrus
during retrieval tasks. Studies using positron emission
tomography techniques describe differential regional
cerebral blood flow response patterns during verbal
and figural memory tasks in estrogen-treated versus
placebo-treated postmenopausal women29,30 and in
leuprolide-treated premenopausal women given ET.27

Differences have been seen in the right frontal, right
parahippocampal gyrus, right precuneus, and left
hypothalamus during the verbal memory task, and in
the right parahippocampal, right inferior frontal, left
visual association, and left anterior thalamic region
during the figural memory task.29,30

Consistent with some,27,28 but not all,29 neuroimag-
ing studies, effects of ET on brain activation patterns
were seen despite the absence of a statistically
significant difference in performance on cognitive
tests administered during the functional neuroimaging
study. Ceiling effects in tasks performed during the
fMRI study may limit the ability to detect a difference
in performance. Our study is also consistent with
others that report differences in performance of tasks
completed in and out of the neuroimaging environ-
ment.29 One explanation for this apparent discrepancy
is that the tasks do not measure the same processing
capacity. For example, the spatial working memory test
administered during our fMRI study was weighted
predominantly toward working memory processes. In
contrast, the visuospatial tasks that were administered
outside of the fMRI environment involved multiple
visuospatial processing demands, including visuospatial
organization, construction, encoding, and recall of
complex visual information.
Important differences between our and previous

neuroimaging studies limit our ability to compare our
findings with those of other studies. These differences
include our focus on a younger study population that
is transitioning through menopause and the use of
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different challenge paradigms and different neuro-
imaging methodologies. The different neuroimaging
modalities average signal over different time frames,
integrating brain activity over different periods of time.

CONCLUSIONS

In summary, our results suggest that ET selectively
improves frontally mediated executive function, as
measured by a reduction in errors of perseveration
during verbal recall, in perimenopausal and recently
postmenopausal women. Our clinical observations are
strongly supported by our fMRI findings of increased
activation in the inferior frontal, dorsolateral prefrontal,
and posterior parietal regions. The selective effect on
specific frontal-mediated cognitive processes correlates
with changes in hot flushes but not sleep. Taken
together, our results suggest that cognitive enhance-
ment with ET may be a consequence of direct central
nervous system effects of estrogen, rather than an
indirect result of ET_s therapeutic impact on sleep
problems that can result from nocturnal hot flushes.
Additional functional neuroimaging studies using neu-
roreceptor techniques are needed to further elucidate
the mechanisms by which ETmay selectively influence
frontal executive processes in younger perimenopausal
and postmenopausal women.
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