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Abstract
Despite considerable evidence for potential effects of estrogen on emotional processing, several
studies of postmenopausal women who began hormone therapy (HT) remote from menopause
report no effects of HT on emotional measures. As early HT initiation may preserve brain
mechanisms, we examined effects of HT on emotional processing in postmenopausal women who
started HT early after menopause. We performed a cross-sectional comparison of 52
postmenopausal women 66±5 years old, including 15 users of conjugated equine estrogen, 20
users of conjugated equine estrogen plus medroxyprogesterone acetate, and 17 who never used
hormones (NT). All hormone users started therapy within two years of menopause, and received at
least 10 years of continuous therapy. Outcomes were fMRI-detected brain activity and behavioral
measures during an emotional processing picture rating task. During processing of positive
pictures, NT women had greater activation than estrogen treated women in medial prefrontal
cortex extending to the anterior cingulate, and more activation than estrogen plus progestin treated
women in the insula. During processing of negative pictures, estrogen treated women had higher
activation than NT women in the entorhinal cortex. Current compared to past HT users showed
greater activation in the hippocampus and higher emotion recognition accuracy of neutral stimuli.
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Estrogen plus progestin treated women had slower response time than NT women when rating all
pictures. In conclusion, hormone use was associated with differences in brain functional responses
during emotional processing. These fMRI effects were more prominent than those observed for
behavioral measures and involved brain regions implicated in cognitive-emotional integration.
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1. INTRODUCTION
It has been proposed that gonadal hormones, especially estrogen, may affect mood and
affective regulation[1–5]. In fact, women’s vulnerability to mood disorders begins post
puberty and during reproductive age years women are twice as likely to experience major
depression compared to men[2]. More specifically, hormonal shifts and/or low gonadal
hormone levels have been primarily linked to negative affective states and depression
symptomatology[2, 4]. Activation of the stress response circuitry is dependent on the
gonadal hormone environment[6] and hypoactivation of the stress response circuitry in
women with Major Depressive Disorder in remission is associated with gonadal hormone
dysregulation[7]. Furthermore, estrogen therapy in women with depression may result in a
full or partial therapeutic response (see review in Ancelin 2007[5]) and may accelerate or
enhance the response to selective-serotonin reuptake inhibitors (SSRI)[1, 3]. Thus,
postmenopausal hormone therapy (HT) is likely to have effects on emotional processing.

Several mechanisms by which estrogen may affect brain emotional processing circuits have
been identified. These include effects on serotonin, dopamine, noradrenaline, and GABA
systems, and increases in dendritic spines and synapses in stress and emotion regulatory
regions, including the hippocampus and prefrontal cortex (PFC)[4, 8, 9]. Although evidence
suggests that postmenopausal estrogen therapy might contribute to the preservation of brain
emotional processing mechanisms and mood stabilization, progesterone is thought to have
opposite effects, increasing monoamine oxidase (MAO - the enzyme that catabolizes
serotonin, dopamine and norepinephrine)[10] and preventing estrogen induced dendritic
spine formation in cultured hippocampal neurons[11]. Detrimental effects of progestins have
also been corroborated in human studies[12–15].

Despite considerable evidence for the potential effects of estrogen and progestin on
emotional processing, several studies report no effects of postmenopausal HT on measures
such as emotional functioning, positive or negative affect, depressive symptoms, mood, and
quality of life [16–20]. These studies, which collected mainly behavioral data, involved
women who started HT several years after menopause. In contrast, studies of cognitive
function suggest that estrogen treatment may be most effective during perimenopause or
early postmenopause, prior to significant neuronal loss [9, 21–23]. This window may also be
applicable to emotional health, however this has not been directly explored. Although Pruis
et al[24] found only minor effects of HT on emotion-induced brain activation and no effects
on emotional recognition or valence ratings in a group of 16 HT users of whom 13 started
HT during menopause, the study was not designed or analyzed to examine this specific
question, nor did it differentiate between the effects of different types of HT.

As part of a comprehensive assessment of hormone effects on brain function in
menopause[25], our study examined the effects of long-term HT (estrogen therapy, ET; or
estrogen plus progestin therapy, EPT) on emotional processing, using blood-oxygen-level
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dependent functional Magnetic Resonance Imaging (BOLD fMRI) in postmenopausal
women who started HT within 2 years of menopause. We hypothesized that fMRI activation
patterns would reflect greater preservation of neural emotional processing mechanisms in
ET users compared to EPT or never users of HT.

2. METHODS
2.1 Participants

Fifty-two healthy, right-handed non-smoking postmenopausal women (mean age 66±5, age
range 60–81) were recruited. All women on HT used the same dose and preparation of
estrogen: conjugated equine estrogens 0.625 mg/day (Premarin®, Wyeth Pharmaceuticals,
Philadelphia, PA), with or without cyclic or continuous medroxyprogesterone acetate
(Provera, Pfizer, New York, NY or Prempro, Wyeth Pharmaceuticals, Philadelphia, PA). All
hormone users started therapy within two years of menopause (defined as the absence of
menses for one year, onset of severe symptoms after hysterectomy, or at the time of
hysterectomy with bilateral salpingo-oophorectomy), and received at least 10 years of
uninterrupted therapy. Participants included 15 ET users, 20 EPT users and 17 women who
had never used hormone therapy (NT). Five of 15 ET (33%) and 6 of 20 EPT participants
(30%) were still taking hormones at the time of the study. For the others, mean time since
hormone use ended was only 2±1 years, and it did not significantly differ between the two
HT groups.

Participants underwent an initial phone screen followed by a complete medical, psychiatric
and neurologic history and physical exam. Screening laboratory tests included electrolytes,
glucose, complete blood count, thyrotropin, and estradiol. Exclusion criteria included having
psychiatric illness, neurologic illness, history of head injury, substance abuse, cardiac
disease, pulmonary disease, renal disease, liver disease, diabetes, cancer or other acute or
uncorrected illness; using centrally acting medications, intermittent estrogen, or
phytoestrogen supplements; smoking within the last 5 years; being unable to tolerate the
scanning procedures and having contraindications to MRI. Women with hypertension or
hypercholesterolemia were included. A neuropsychological battery of tests was also
administered, including the Mini-Mental State Examination (MMSE)[26] to exclude the
presence of dementia, and the Geriatric Depression Rating Scale (GDS)[27] to assess
emotional state and exclude the presence of depression. All procedures were approved by
University of Michigan Institutional Review Board.

2.2 Experimental Task
To examine brain activation during emotional processing, subjects viewed emotional
pictures from the International Affective Picture System (IAPS)[28] and rated each picture
while in the MRI scanner as positive (pleasant), neutral, or negative (unpleasant) using a
button press[29]. Subjects viewed sixty-four pictures from each emotional category, chosen
from this set of pictures based on their affective rating by a normative female sample.
Examples of positive images included pictures of puppies, sunsets, and babies, whereas
negative images included pictures of guns, crying people, and cemeteries. Neutral pictures
included light switches, abstract art, and buildings. Using a commercial software package
(E-Prime, Psychology Software Tools Inc., Pittsburg, PA), each picture was presented for
3.5 seconds with a 1.5 seconds inter-stimulus interval. Pictures were presented in a block
design across 4 runs (4–5 minutes each), with 12 pictures/block and 4 blocks/run. Prior to
fMRI data collection, participants practiced the task on a computer outside the scanner until
comfortable with the procedures. Response times and accuracy scores were collected.
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2.3 fMRI acquisition and processing
Scans were acquired using a 3T scanner. Anatomical MRI scans were acquired axially with
a spoiled gradient recall (SPGR) three-dimensional volumetric acquisition (repetition time
(TR) 9.6 ms, echo time (TE) 3.3 ms, inversion recovery preparation (IR prep) 200 ms, flip
angle (FA) 17°, 24-cm field of view (FOV), 1.5-mm slice thickness, 106 – 110 slices, 256 ×
256 matrix, two excitations) for anatomical localization and coregistration to standardized
stereotactic coordinates. Functional MRI was acquired using a single-shot spiral pulse
sequence, with 32 oblique-axial slices approximately parallel to the anterior commissure-
posterior commissure line (spiral gradient echo (GRE), TE 25 ms, TR 2000 ms, FOV 60°, 4-
mm-thick contiguous slices, 24-cm FOV, 64 × 64 image matrix).

Image reconstruction included processing steps to remove distortions caused by magnetic
field inhomogeneity and other sources of misalignment to structural data[30]. Data were
sinc-interpolated in time, slice-by-slice, to correct for the staggered sequence of slice
acquisition[31]. The first four functional volumes of each run were discarded to remove
magnetic saturation effects. The remaining functional images were realigned to the first
volume to eliminate movement artifacts[32]. Anatomical and functional images were
coregistered and then spatially normalized into the MDT2 template, derived from T1-
weighted MR images of 25 normal elderly females[33]. Finally, a three-dimensional
Gaussian smoothing kernel set at 8 mm full-width at half-maximum was applied to
functional data, to improve signal-to-noise ratios.

2.4 Behavioral data analysis
Accuracy score was defined as the percentage of pictures labeled by a participant under the
same emotional category as originally rated by a normative sample. Response time (RT) was
defined as the time in milliseconds from picture presentation to rating of the picture. Mean
RT for each emotional category was calculated using RT for all the pictures which belonged
to that emotional category based on rating by the normative sample. Emotional positive bias
was calculated as the sum of the percentage of neutral pictures incorrectly rated as positive
and the percentage of negative pictures incorrectly rated as either neutral or positive.
Emotional negative bias was calculated as the sum of the percentage of neutral pictures
incorrectly rated as negative and the percentage of positive pictures incorrectly rated as
either neutral or negative. Group differences for demographic and behavioral measures were
analyzed using t-tests and ANOVA. Demographic and behavioral measures between past
and current hormone users were compared using two-sample t-test.

2.5 fMRI data analysis
All fMRI data were analyzed using SPM (Wellcome Department of Cognitive Neurology,
London, UK). For the first-level analyses, contrast images were generated for each subject
to assess differences in activation between viewing pictures with affective and pictures with
neutral content. At the second level analysis, we examined the brain regions involved in
emotional processing in the entire sample (task main effects) using one sample t-test.
Correlations between behavioral measures and regional activation were analyzed using
simple linear regression performed on a voxel by voxel base. Treatment (group) effects were
identified by pair-wise group comparisons using general linear models. When comparing ET
to EPT, education, HT duration and age at HT initiation were entered as covariates, because
they were significantly different between these two groups (see results). Since the HT
groups included both current and past hormone users, to differentiate between effects of
long-term and current usage of HT, we compared brain activation of past users (combined
from both HT groups) and current users (combined from both HT groups), using two-sample
t-tests.
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Task main effects and correlation results were considered significant at cluster-level p ≤0.05
corrected for multiple comparisons (familywise error rate (FWE) method), with 10 voxels
minimum cluster size. For the treatment/group effects and the difference between current
and past users, the same significance criteria were applied; we also included clusters located
in regions whose activation was significantly increased by the task main effects if, after
small volume correction, they were significant at p ≤0.05 FWE corrected for multiple
comparisons.

3. RESULTS
3.1 Demographic and behavioral data

Using ANOVA, the three groups did not differ significantly in age, years of education, GDS
or MMSE scores, rating accuracy for positive, negative or neutral pictures, or positive or
negative emotional bias (Table 1). Post hoc comparisons revealed that the ET and EPT
groups differed significantly in years of education (t=−2.32, p=0.03), HT duration (t=3.19,
p=0.004) and age at HT initiation (t=2.74, p=0.01). A significant effect of treatment on RT
during picture rating was observed using ANOVA for positive (F=3.53, p=0.04), negative
(F=4.0, p=0.02) and neutral (F=4.25, p=0.02) pictures. Post-hoc comparisons showed that
EPT users had longer RTs than never users for positive, negative and neutral pictures
(p=0.03, p=0.02, and p=0.02, respectively). There were no differences between past and
current hormone users except in accuracy of rating neutral pictures, where current users
were more accurate (t=−2.05, p=0.05).

3.2 Brain activation
3.2.1 Task effects and their correlations with behavioral measures—Task main
effects for the entire sample are summarized in Table 2 and the correlations with behavioral
measures are shown in Table 3. During the processing of positive stimuli, negative bias was
negatively correlated with posterior cingulate activation, while RT was positively correlated
with activation in frontal and occipito-temporal regions. During negative stimuli
presentation, RT was negatively correlated with activation in precentral and frontal areas.

3.2.2 Hormone treatment effects—No significant differences in brain activation were
found between the NT group and the entire HT sample during processing of positive or
negative pictures. To assess specific effects of ET and EPT, these groups were compared to
the NT group and to each other (Table 4). During processing of positive pictures, the NT
group showed greater activation than the ET group in the left medial frontal gyrus (BA 10)
and the left anterior cingulate (BA 32/24), and greater activation than the EPT group in the
right posterior insula. No regions showed significantly greater activity in either HT group
compared to the NT group. During negative pictures processing, no areas of greater
activation were detected within the NT when compared to the ET or EPT groups. However,
the ET sample showed greater activation than the NT participants in the right entorhinal
cortex. Comparing the ET and EPT groups revealed no significant differences in brain
activation during processing of positive or negative stimuli. All current compared to all past
hormone users had greater activation in the right hippocampal region during processing of
positive pictures (Table 4).

4. DISCUSSION
This study assessed the effects of long-term, early initiated HT on emotional processing in
healthy, non-depressed, postmenopausal women using behavioral and brain functional
measures. Brain activation patterns were significantly different between the three groups and
varied based on affective valence. During processing of positive pictures, the NT group had
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significantly greater activation than the ET group in the medial prefrontal cortex and anterior
cingulate, and significantly more activation than the EPT group in the right insula.
Conversely, during processing of negative stimuli, the ET women had significantly greater
activation than the NT women in the entorhinal cortex. In addition, current compared to past
users had higher activation in the right hippocampal region. Behaviorally, EPT users had
significantly slower RT when rating positive and negative pictures compared to never users,
and current users were more accurate than past users when rating neutral pictures.

When interpreting brain activation patterns, less BOLD response is sometimes interpreted as
more efficient task performance, while other times it is viewed as poor brain function. Aging
is accompanied by brain structural and functional changes that affect cognitive and
emotional processing, and previous animal and human studies suggest that estrogen
administration during menopause might defer some of those changes. Thus, to adequately
interpret our results we compare the differences that we found between the HT groups to the
behavioral and brain differences found between young and elderly during emotional
processing tasks. The interpretation of our results is based on the interpretation for these
differences as portrayed in the aging literature. During functional neuroimaging employing
emotional tasks, and when compared to young adults, elderly samples show increased
activation in the prefrontal cortex (PFC) [34–36], and diminished activation in the amygdala
and surrounding temporo-limbic regions[37, 38]. Such changes in brain activation
associated with emotional tasks are detected in women already in their menopausal
years[39]. Behaviorally, the elderly demonstrate a tendency towards an emotional positive
bias, expressed as higher attention to, and better recognition and memory of positive stimuli
[40–45], and higher frequency of positive bias during emotional stimuli ratings[34, 46].
With aging there is also a tendency for a decrease in the experience of negative affect and a
slight increase in the experience of positive affect[47], as well as increases in RT[34–36].
Except for effects on RT, no significant differences in emotional bias in picture
classification accuracy were observed in the present study among the different HT groups,
possibly secondary to the relatively small sample sizes and lower sensitivity of this
behavioral test compared to brain imaging measures.

Two models that integrate behavioral and brain changes in aging have been suggested. Some
researchers maintain that with aging, amygdala and hippocampal degeneration reduce the
physiological responses to negative stimuli and consequently reduce the perception and
emotional experience of those stimuli, which result in positive bias[35, 37, 48, 49]. The
reduction in limbic activation is suggested to cause, as a compensation mechanism, an
increased use of frontal cortex[36]. Others maintain that the emotional positive bias in
elderly derives from an intentional focus on positive affect and stimuli, as a result of
awareness of approaching end-of-life (the socioemotional selectivity theory[50]), and that
emotional regulation processes, originating in the PFC during processing of negative stimuli,
reduce activation in the amygdala, through top-down control mechanisms[38, 51, 52].

Based on the model of amygdala and hippocampus degeneration with age, the activation
differences between the ET and NT groups in the PFC and entorhinal cortex, as well as
current HT users’ increased activation in the hippocampus, appear consistent with estrogen
affecting age-related changes in emotional processing circuitry. The hippocampus is
traditionally involved in the typical neurodegenerative changes that take place during
senescence, and shows reduced activity in elderly compared to young adults[37]. The
increased activation we found in the right hippocampus in current compared to past HT
users indicates that HT might have contributed to the preservation of this region, as was also
suggested by Lord[53], who found increased right hippocampus volume in postmenopausal
women who used estrogen therapy compared to non-users. The behavioral finding of higher
accuracy while processing neutral stimuli (which are the most difficult to categorize) among
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the current compared to the past users, indicates better emotional processing functioning,
which further supports the idea that higher hippocampal activation may indicate structural
preservation. The entorhinal cortex, the main interface between the neocortex and
hippocampus[54, 55], is an area rich with estrogen receptors[56], and normally associated
with age-related decreases in activation[35]. Our finding of higher entorhinal cortex
activation during emotional processing of negative pictures in ET compared to NT
participants is also consistent with its structural and functional preservation.

In addition, in contrast to Lord’s findings which suggested that the neuroprotective effects of
ET on hippocampus volume are diminished once the women stop using hormones[53], we
identified lasting effects on limbic region function after treatment cessation. In our ET group
the majority of women (67%) were past users. Yet, the ET and NT groups showed regional
brain activation differences. The notion of ET contributing to preservation of limbic regions
is further supported by our finding of greater activation in the NT compared to the ET group
in the medial PFC and anterior cingulate during processing of positive pictures, similar to
the greater activation in these regions observed in elderly adults[34]. This difference in
activation was not observed between the NT and EPT groups, supporting the hypothesis that
addition of progestin might reduce the protective effects of estrogen treatment in areas
involved in emotional processing.

Preservation of emotional processing regions by ET would predict increased activation in
the amygdala in the ET compared to the NT group, and greater activation in PFC and
enhanced positive bias in the NT compared to the ET group during processing of negative
stimuli. We did not observe such results possibly because of emotional regulation by the ET
group, as suggested by the socioemotional selectivity theory[50]. Emotional regulation
could reduce the perceived negativity of the stimuli by reducing amygdala activation
through a top down control mechanism originating in the PFC, and consequently reduce
differences between the ET and NT groups in affective rating and brain activation within
these regions. Alternatively, the neuroprotective effects of ET may be region specific for the
hippocampus and its surroundings. Absence of ET effects on amygdala preservation was
also noted by Pruis[24] as well as Lord[53], who in contrast to increased hippocampal
volume, did not find ET effects on amygdala volume, and suggested that this difference may
derived from differences in estrogen receptors in the two regions, and/or from the effects of
estrogen on other growth factors which promote neurogenesis in the hippocampus.

The lower activation level in the right posterior insula during emotional processing of
positive stimuli by the EPT compared to the NT group is more difficult to interpret in this
context. The insula was differentially activated in a study examining differences in
emotional processing between the follicular and luteal phases of the menstrual cycle,
indicating that the relative levels of estrogen and progesterone may affect brain activation in
this region[57]. The insula has a role in interoception[58], integrating internal somatic
feelings with external cues, and guiding behavioral decisions based on the emotional
significance of the stimulus[59, 60]. Thus, the reduced insula activation in the EPT users
might have contributed to their longer RT due to the reduced efficiency of perceiving and
rating emotion.

Limitations of this study include the cross-sectional design, which allows for biases in
subject study entry. However, randomization to long-term hormone use was unfeasible, and
this weakness was addressed by keeping demographic and hormone-use characteristics
similar among groups, and controlling in the analyses for factors that differ among the
groups. Another limitation was a relatively small sample size which did not provide enough
power to demonstrate significant differences in most behavioral measures. The sample size,
however, was adequate for fMRI analysis which was the main objective of this study. As a
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comparison group of women who started HT well after menopause was not included in the
design, this study can not separate the effects of early HT initiation from the effects of long-
term use of hormones. Lastly, each HT group included both past and current users,
preventing a more accurate evaluation of the effect of current hormone use of each type of
HT. The study was performed at a time when due to new HT guidelines many long-term
hormone users stopped taking hormones, making recruitment of current users more
challenging. We minimized this limitation by comparing current users combined from both
HT groups to past users combined from both groups.

5. CONCLUSIONS
The results acquired in this cross-sectional study support the notion that early-initiated
postmenopausal HT has influences on emotion processing circuitry that may underlie the
potential for estrogens to modulate emotion and mood regulatory systems, as has been
suggested in clinical trials[61]. Differences in brain activation patterns between groups
during picture rating may indicate preservation of some emotional processing mechanisms
in estrogen users. These differences, however, had no measurable behavioral consequences
for the estrogen users, possibly as a consequence of greater variability in behavioral
measures, compared to the biologically more proximal neuroimaging data. In contrast,
combination therapy was associated with reduced emotional processing speed, but no
difference in accuracy or mood. Future randomized studies are needed to examine the effect
of selective estrogen receptor agonists on these mechanisms.
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Research Highlights

• Long-term early-initiated hormone therapy effects an emotional task in
postmenopause.

• Estrogen therapy seemed to preserve brain emotional processing mechanisms.

• Brain differences had no measurable behavioral consequences for the estrogen
users.

• Estrogen plus progestin therapy appeared less neuroprotective than estrogen
therapy.

• Current compared to past hormone users showed greater activation in the
hippocampus.
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