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Abstract
Evidence suggests that initiation of some forms of hormone therapy (HT) early in the
perimenopausal or postmenopausal stage might confer benefit to verbal memory and the neural
systems underlying memory, whereas late-life initiation confers no benefit or harm. This “critical
window hypothesis” remains a topic of debate. Using functional magnetic resonance imaging
(fMRI), we examined the long-term impact of perimenopausal HT use on brain function during
performance of verbal and figural memory tasks. Participants were 34 postmenopausal women
(mean age 60 years) from the Melbourne Women’s Midlife Health Project and included 17 early
(perimenopausal) and continuous users of HT and 17 never users matched on age, education, and
verbal knowledge. Continuous HT use from the perimenopausal stage versus no use was validated
with prospective daily diary records and study visit data. The primary outcome was patterns of
brain activation in an a priori region of interest in the medial temporal lobe during verbal
encoding and recognition of words. Results indicated that perimenopausal HT users performed
better than nonusers on the imaging verbal memory task (p < .05). During verbal recognition,
perimenopausal HT users showed increased activation in the left hippocampus and decreased
activation in the parahippocampal gyrus bilaterally compared with never users. Each of these
patterns of activation was associated with better memory performance on the imaging memory
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task. These results suggest that perimenopausal use of HT might confer long-term benefits to
verbal memory and the brain systems underlying verbal memory. More generally, the results
support the critical window hypothesis.
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1. Introduction
Before the publication of findings from the Women’s Health Initiative (WHI) in 2002
(Rossouw et al., 2002), 17% of women on hormone therapy (HT) in the United States began
HT before reaching the final menstrual period, and 65% of women began HT within two
years of the final menstrual period (Brett and Chong, 2001). The observational studies of HT
prior to the WHI results therefore primarily involved women who initiated treatment in the
perimenopausal or early postmenopausal stage. Some evidence suggests that certain forms
of HT may confer cognitive benefit when initiated in close temporal proximity to the
menopausal transition, whereas later initiation may be neutral or detrimental to cognitive
function (see (Henderson, 2009; Maki and Sundermann, 2009) for a review). This
hypothesis implies a “critical window” for beneficial action of HT (Resnick and Henderson,
2002).

Basic science studies provide support for this hypothesis, particularly as it applies to
memory performance and the structure and function of medial temporal lobe structures
subserving memory performance (Gibbs, 2000; Silva et al., 2003). Parallel human studies
investigating the effects of early HT use on verbal episodic memory and medial temporal
lobe function later in life are lacking. A recent neuroimaging study found that early HT use
was associated with enhanced medial temporal lobe function during a working memory task,
and that enhanced hippocampal and medial temporal activation predicted better working
memory (Berent-Spillson et al.). The critical period hypothesis remains a topic of debate, in
part because it is not feasible to conduct randomized clinical trials to test the effects of early
HT use on cognitive function many years later, when memory problems may appear.

The aim of the present study was to use fMRI to determine the effects of perimenopausal
initiation of HT (i.e., during the perimenopausal stage) on hippocampal activation during
performance of memory tasks. Participants were a subsample of women from the Melbourne
Women's Midlife Health Project, a prospective, population-based study of the natural history
of the menopausal transition (Dennerstein et al., 1993). Samples of women who initiated HT
before the final menstrual period and healthy controls who never received HT were selected
on the basis of prospective daily diaries and study visit data, providing a valid means of
verifying the timing of HT initiation in relation to the final menstrual period. Primary
outcomes focused on hippocampal activation during performance of a verbal memory test,
and secondary analyses focused on nonverbal (figural) memory. The verbal and figural
imaging memory tasks were structured to resemble standardized memory tests commonly
administered outside the scanner, and included an initial encoding phase followed by a 20-
minute delay and then a yes/no recognition test for the words and figures presented earlier in
the encoding phase. We hypothesized that women who initiated HT during the
perimenopausal stage and continued using HT would show enhanced verbal memory and
hippocampal/parahippocampal function in comparison to those who never initiated HT.
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2. Results
2.1 Behavioral outcomes

Table 1 shows the demographic and behavioral outcome variables for perimenopausal HT
users and never users and shows the results of t-tests comparing the two groups on these
variables. T-tests were conducted on the neuropsychological tests administered out of the
scanner for the full sample (n = 33) of early versus never users. T-tests were conducted on
the imaging memory task on the subsample (n = 25) with valid imaging date (see
Neuroimaging Outcomes below). Groups were well-matched on demographic variables and
were similar to the full sample of 257 women from which they were drawn. The full sample
mean age was 59.8 years, National Adult Reading Test (NART) scores were 34, and Center
for Epidemiologic Studies Depression Scale (CES-D) scores were 6.8. On the full test
battery, perimenopausal users tended to perform better than the never users on the
immediate and delayed trials of the East Boston Memory Test (EBMT) (p < .10), with
medium to large effect sizes (Cohen’s d = .62 and .59, respectively). No other differences on
the neuropsychological test battery approached statistical significance. On the imaging
memory task, perimenopausal HT users showed a higher percent correct on the in-scanner
verbal recognition task compared to never users (p < .05, Cohen’s d = .70). Perimenopausal
users also tended to also show higher percent correct on the verbal matching task (p < .06,
Cohen’s d = .70), reflecting a very small standard deviation. These differences were not
observed on the figural task.

2.2 Neuroimaging outcomes
Of the 34 participants, 25 (13 perimenopausal users and 12 never users) had valid fMRI
images. The other 8 participants had invalid imaging data because of excessive movement in
the scanner (n = 3), corrupted data (n = 2), missing data (n = 2), unusually large ventricles
that affected normalization (n = 1), and below-chance performance on the verbal recognition
test only (n = 1; a nonuser who was also > 3 sd below the mean on the verbal recognition
task). Table 2 shows regions in the medial temporal lobe where perimenopausal HT users
and never users showed significant differences in activation for the six individual conditions
(i.e., verbal encoding, verbal recognition, verbal match, figural encoding, figural
recognition, and figural match), as well as differences in the primary contrasts of interest
(i.e., encoding versus match; recognition versus match). Talairach coordinates in the sagittal
(x), coronal (y), and axial (z) planes, anatomical labels, and Brodmann areas (BA) are
presented for the voxels at the peak signal difference. The overall pattern of effects when
contrasting early versus never users indicated that there were significant group differences in
medial temporal activations during individual recognition and match conditions, but not
during the individual encoding condition, and that there were more differences during the
verbal task than the figural task. Therefore, differences between early and never users were
most pronounced during recognition and match conditions of the verbal memory task.

Figure 1 shows the patterns of activation both on “glass brain” images and on a structural
anatomical template for three of the regions where HT effects were significant. Compared
with never users, perimenopausal HT users showed less activation in right and left
parahippocampal gyrus in the perirhinal area (BA 35/36) (Rows 1 and 2, Figure 1) and
greater activation in the left hippocampus (Rows 3 and 4) during verbal recognition. The
same effect was observed during verbal match, the intended control condition, in the same
area (Rows 5 and 6). There was greater activation in never users compared with
perimenopausal users in the left hippocampus for the subtraction of verbal encoding minus
verbal match. This difference was attributable to differences in the match (control) condition
rather than the encoding condition, as no group differences were observed during encoding
and perimenopausal users showed greater activation in the match condition.
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Group differences in medial temporal areas were also observed during the figural task.
Perimenopausal users showed greater activation in the left parahippocampal gyrus (BA
27/35) compared to never users. This area was superior and slightly more medial to the
cluster in which they showed lower left parahippocampal activation during verbal
recognition. In a comparison of figural recognition versus match, perimenopausal users
showed significantly greater activation in the right parahippocampal gyrus (BA 35). Post-
hoc analyses at a lower significance level (p = .10) indicated that this difference was due to
increased activation in the right parahippocampal gyrus during figural recognition in the
perimenopausal users compared to the never users, rather than to decreased activation in
never users compared to perimenopausal users during figural match.

Table 3 shows group activation maps in medial temporal regions across the two groups
combined to characterize the typical pattern of activation on the cognitive tasks. The overall
pattern of results revealed significant activations but no significant deactivations. Figure 2
shows the typical patterns of activation in the overall sample at voxels where hormone
effects were highest (note comparison with Figure 1). Regions typically activated during
task performance overlapped with regions showing significant HT effects for: verbal
recognition in the left perirhinal parahippocampal gyrus BA 36 (−22, −36, −7), the right
perirhinal parahippocampal gyrus (20, −30, −12), and the left hippocampus (−26, −22, −7);
and during verbal match in the left hippocampus (−24, −27, −4), though the hormone
effects were lateral to this area. There was no overlap in activations between the overall
group and the HT group comparisons in any of the figural conditions or in any contrast
between conditions, though the left parahippocampus was significantly active during figural
recognition at a more liberal threshold of k = 20 and p < .01. Finally, in a regression
analysis, we examined the relationship between scores on the imaging verbal memory task
and patterns of brain activation in the medial temporal regions of interest during
performance of the verbal recognition task. This analysis addressed whether there was any
relationship between the performance and the brain regions showing HT effects. We
excluded one woman from the analysis who was an outlier on the verbal memory task to
ensure that she was not driving any findings. Higher activation in the left hippocampus
(−24, −18, −9) was positively associated with verbal memory performance while lower
activation in the left parahippocampal gyrus (−18, −28, −12) was associated with better
verbal memory performance (p < .05). These activations overlapped with regions showing
HT effects in a direction favoring perimenopausal HT users. There were no significant
correlations between activation in the left hippocampus and match performance, nor did the
magnitude of activation observed in the left hippocampus during match correlate with
memory performance.

3. Discussion
The aim of this study was to investigate the influence of continuous use of HT from the
perimenopausal stage on patterns of hippocampal activation during performance of a verbal
memory test. To achieve this aim, we studied healthy midlife women whose timing of
exposure to HT was prospectively validated. Seventeen women who initiated HT during the
perimenopausal stage were compared with 17 controls who were similar in age, education,
depressive symptoms, and estimated verbal intelligence, but who never used HT. Based on
our previous neuroimaging studies in older long-term HT users (Maki and Resnick, 2000;
Resnick et al., 1998), we hypothesized that HT would be associated with enhanced verbal
memory performance and with differences in activation in both the parahippocampal gyrus
and the hippocampus proper. Each of these hypotheses was supported.

Perimenopausal HT users compared to never users showed deactivation in the
parahippocampal region. This deactivation contrasted with the typical pattern of increased
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activation in the parahippocampal region observed across the combined sample of
perimenopausal and never users. Perimenopausal HT users also showed increased activation
in the left hippocampus. This activation was an exaggeration of a typical pattern of increased
activation observed in the hippocampus across the combined sample. Notably, lower
activation in the left parahippocampal gyrus and higher activation in the left hippocampus
were each associated with better performance on the verbal memory task, whereas activation
during the match task was unrelated to verbal recognition or match performance. The
association between the activation pattern during verbal recognition in perimenopausal
hormone initiators and better memory performance suggests that the alterations in brain
function associated with perimenopausal initiation of HT are favorable. Overall, these
results support the hypothesis that early and continued HT use confers a benefit to verbal
memory performance and modulates hippocampal-parahippocampal function underlying
verbal memory performance.

Significant performance differences on verbal memory tests in favor of the perimenopausal
users were evident on the imaging verbal recognition test (p < .05, two-tail). A trend (p < .
10) was observed on both the immediate and delayed trials of the EBMT, a story recall test
that was performed outside the scanner. Notably, the effect size for the immediate and
delayed trials of the EBMT were .59 and 0.62 standard deviations, respectively, which
according to standard classifications are substantive medium (0.50) to large (0.80) effect
sizes. The lack of statistical significance for these medium to large effects stemmed from a
small sample size. Our findings on the EBMT are consistent with previous placebo-
controlled trials in surgically menopausal women showing that estradiol valerate (with or
without testosterone enanthate) improves story recall (Sherwin, 1988); (Phillips and
Sherwin, 1992). The importance of menopausal stage and hormone use on story recall is
further supported by new findings from the Study of Women’s Health Across the Nation
(SWAN) based on 2362 women who completed the EBMT annually over a 6-year period as
they transitioned from premenopause to postmenopause (Greendale et al., 2009). As in the
present study, prior HT users in SWAN showed improved performance on the first
administration of the story recall test compared to never users. Furthermore, perimenopausal
women in SWAN did not show the same magnitude of improvement over time on the
EBMT that was observed in premenopausal women (p < .10), suggesting a decrease in story
recall during the perimenopausal stage. Our data indicate that intervening during the
perimenopausal stage with HT is associated with improvements in story recall later in life.
Some of the benefit of HT on story recall may be associated with improvement in hot
flashes. In a pilot study involving 29 early postmenopausal women with moderate to severe
hot flashes, we found that lower performance on story recall was associated with an increase
in physiological hot flashes, as measured by ambulatory skin conductance monitors, but not
with self-reported hot flashes (Maki et al., 2008).

In contrast to the effect of HT on story recall, the effect of HT on memory for word lists was
very small (i.e., range 0.5 to .20 standard deviations) in the present study. Results of a prior
study from the Melbourne Women’s Midlife Health Project (n = 326) (Henderson et al.,
2003a) suggest that larger samples may be needed to see an effect of perimenopausal HT use
on word list memory. In that prior study, there was no overall effect of HT on word list
memory (story recall was not assessed), but in post-hoc analyses women who initiated HT
before the final menstrual period (i.e., during the perimenopausal stage) performed better on
that memory test compared to women who initiated HT after the final menstrual period
(Henderson et al., 2003a). Furthermore, word list recall was positively associated with years
of HT. The Nurses Health Study found no effect of postmenopausal estrogen use within the
three years following the final menstrual period on 2-year change in performance on a
telephone version of the EBMT in a sample of older women (mean age = 74) (Kang et al.,
2004). Together, these findings raise the possibility that HT intervention during the
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perimenopausal stage rather than during the early postmenopausal stage may be key to
enhancement in story recall later in life.

Based on results from our prior PET studies in elderly long-term HT users (Maki and
Resnick, 2000; Resnick et al., 1998) and a wealth of basic science studies showing estrogen
effects on the hippocampus (Gibbs, 2000), the present fMRI analyses focused on medial
temporal lobe areas, specifically the parahippocampal gyrus and hippocampus proper. For
the verbal task, group comparisons revealed significant increases in activation in
perimenopausal HT users compared to controls in the left hippocampus. This increase was
evident during verbal recognition and match conditions but not during verbal encoding. The
left hippocampal regions subserving retrieval and matching of abstract words overlapped
substantially, suggesting an overlap in cognitive processes mediated by the left hippocampus
during the two conditions. The finding in HT users of increased hippocampal activation
during the match task suggests that early initiators may have engaged in memory processing
during the control task, particularly because the match task always followed recognition and
hippocampal activation is commonly observed in verbal memory tasks (Cabeza and Nyberg,
2000; Schacter and Wagner, 1999). Analyses across nonusers and users combined showed
that the left hippocampus is typically active during this verbal recognition memory task. In
light of the perimenopausal user’s significant advantage in the recognition condition and
near-significant advantage in the match condition (p < .10, effect size = .70 sd), these results
suggest that this augmentation of the typical patterns of left hippocampal activation is
advantageous for perimenopausal users. Regression analyses support this interpretation as
well, because higher activation in the left hippocampus was associated with better memory.
More generally, the pattern of results suggests that beneficial effects of estrogen on medial
temporal regions subserving verbal memory are observed in regions that subserve retrieval
of studied words rather than encoding of to-be-learned words. There were no group
differences in activation during verbal encoding alone, and a group difference observed
when verbal encoding was compared to match was due to differences in the match
condition.

Group differences in patterns of brain activation were also observed in the parahippocampal
gyrus during verbal tasks. Specifically, perimenopausal HT users showed less activation
compared to controls in the right and left parahippocampal gyri during verbal recognition.
That result replicates our previous PET findings of enhanced verbal memory and decreased
parahippocampal gyrus activation in HT users compared to nonusers during verbal
recognition (Resnick et al., 1998), albeit in a more anterior and medial parahippocampal
region corresponding to perirhinal cortex. The consistency of these findings across samples
and imaging methods suggests that decreased parahippocampal activation may be a critical
neural substrate underlying the association between use of HT and enhanced verbal memory.
The typical pattern of activation in the parahippocampal gyrus is one of activation, as
suggested by the analysis across the combined groups of perimenopausal users and nonusers
shown in Figure 2. Insights into the role of the parahippocampal gyrus during word
recognition tasks can be gained from a previous fMRI study which used a mixed blocked
and event-related experimental design in order to dissociate item components associated
with transient recovery of word-specific information from state components associated with
a sustained retrieval mode across trials to meet ongoing goals (Donaldson et al., 2001). That
study found sustained decreases in activation in bilateral regions of parahippocampal cortex,
suggesting that the parahippocampal gyrus might become deactivated when participants
entered into a sustained state of retrieval during recognition tasks. In the present study,
regression analyses suggested that deactivation in the left parahippocampal gyrus relates to
better verbal memory performance, and this effect was specific to the verbal recognition
condition. Together, the findings of enhanced hippocampal activation and decreased
parahippocampal activation in perimenopausal HT users suggest that perimenopausal HT
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enhances both state-dependent and recollective processes contributing to verbal recognition
performance.

In secondary analyses we examined the effects of perimenopausal HT on figural encoding
and retrieval. In an earlier study we found greater parahippocampal deactivation and better
figural memory among HT users compared to nonusers (Resnick et al., 1998). In contrast, in
this study perimenopausal HT users showed an increase in parahippocampal gyrus activation
and no advantage over nonusers in figural memory. It is possible that our earlier findings
reflected a enhanced state-dependent retrieval mode during figural tasks, though this
particular role of the parahippocampal gyrus has been demonstrated only during verbal
memory tasks (Donaldson et al., 2001). A modest figural memory benefit (p < .01) with
combined conjugated equine estrogen plus medroxyprogesterone acetate (CEE+MPA) but
not CEE alone was observed in WHISCA, a randomized clinical trial in women over age 65
(Resnick et al., 2004; Resnick et al., 2006). This suggests a possible influence of MPA on
figural memory in older women. Note, however, that no benefits of CEE+MPA on figural
memory were observed in a clinical trial of 180 younger postmenopausal women (mean age
= 52 years) (Maki et al., 2007). These studies suggest that figural memory benefits may be
most evident in samples of elderly women receiving combination HT rather than in midlife
women.

Lastly, it is worth noting that the evidence of a functional enhancement in the hippocampus
with perimenopausal hormone initiation contrasts with evidence of detrimental effects of HT
on hippocampal structure from the Women’s Health Initiative Memory Study (WHIMS)
MRI substudy (Resnick et al., 2009). WHIMS-MRI examined brain volumes in 1,403
women aged 71–89 years who underwent brain scans on average 3.0 years post-trial for the
CEE + MPA trial and 1.4 years post-trial for the CEE-alone trial. Total brain volumes,
hippocampal volumes, and frontal lobe volumes were significantly lower among women
randomized to receive HT compared to those randomized to receive placebo. Notably, the
clinical significance of these volumetric differences was evident in the demonstration of a
relationship between cognitive impairment (i.e., mild cognitive impairment or dementia) and
loss of hippocampal and total brain volume among older women randomized to receive
CEE-based therapies but not among older women randomized to receive placebo (Espeland
et al., 2009).

There were several limitations to our study. Although we were careful to take specific steps
to minimize biases associated with HT, we cannot rule them out entirely. Our fMRI study of
the effects of early and continued HT use on brain function later in life was observational by
design and was conducted almost 10 years after menopause, on average. To ensure validity
of timing and duration of HT exposure, we examined prospective daily diary and medical
records for women participating in the Melbourne Women’s Midlife Health Project. We
drew specifically from the pool of women who initiated HT before the final menstrual
period and continued HT so that we could test the extremes of the critical window
hypothesis, specifically to study whether early and continued use of HT confers benefits
later in life. The users and nonusers of HT were carefully matched with respect to age,
education, depression and estimated verbal intelligence. Valid ascertainment of HT exposure
is critical because recall bias is common in self reports of both medication use and age at
menopause (den Tonkelaar, 1997; West et al., 1995). In this observational study, the specific
form of HT was not controlled and therefore the results reflect the most commonly used
preparations, particularly estradiol (60%) and conjugated equine estrogens (35%). These
results then reflect common effects of these two estrogen preparations, rather than effects
particular to a certain preparation. Finally, our data do not address potential effects of
perimenopausal HT on prefrontal cortex, a region shown to be functionally enhanced during
an fMRI verbal memory task in randomized trials of HT (Joffe et al., 2006; Persad et al.,
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2009) and in our previous PET studies (Maki and Resnick, 2000). Our image acquisition
parameters were optimized to detect effects in medial temporal lobe structures so the
number of superior slices to address frontal lobe effects was minimal. On the other hand, our
functional data complement new structural neuroimaging data demonstrating larger
hippocampal volumes among women who used HT at the time of menopause compared with
women who had never used HT (Erickson et al.).

In summary, the present study examined the effects of continuous use of HT from the
perimenopausal stage to later in life (i.e., mean age = 60 years) on verbal memory and the
medial temporal structures subserving verbal memory. Our design was observational by
design, given the substantive logistical and financial challenges necessary to examine this
issue in a randomized controlled trial. One notable strength of our design is that exposure to
HT was validated through prospectively collected research records. Additionally, our two
comparison groups were well matched on potential confounding variables. Our behavioral
and neuroimaging findings support the critical window hypothesis and suggest that
perimenopausal HT is associated with enhanced verbal memory and enhanced hippocampal
and parahippocampal function. We did not find similar support for the critical window
hypothesis as applied to figural memory. The present finding raises the possibility that the
critical window may begin in the perimenopausal stage. Future studies should directly
contrast the effects of perimenopausal versus early postmenopausal HT use on verbal
memory and the functional circuitry underlying verbal memory, including the hippocampus
and prefrontal cortex.

4. Experimental Procedures
4.1 Participants

The sample was drawn from a cognitive follow-up study of women enrolled in the
Melbourne Women's Midlife Health Project, a longitudinal population-based study of
women’s health across the menopausal transition (Dennerstein et al., 1993). Original entry
criteria into the longitudinal study included menstruation during the prior 3 months, age 45
to 55, and no history of estrogen-containing HT. Recruitment began in 1991 and was based
on random telephone dialing in metropolitan Melbourne. Of 2001 women interviewed, 438
women who fulfilled the selection criteria agreed to participate in the longitudinal study.
Medical information was updated at annual study visits and included face-to-face interviews
regarding menopausal status, medications, and operations, including hysterectomy.
Prospective daily diaries provided information about menstrual cycle characteristics and
reproductive phase. The retention rate over 11 years was 85%. The cognitive study involved
372 women aged 56–67 (mean age 60) invited in 2002 to participate in a phase I cognitive
study (see (Clark et al., 2004) for details).

Of the 257 women in the phase I study, 65 women agreed to participate in an ancillary
neuroimaging study aimed at understanding how HT affects cognitive function. Participants
gave written consent in accordance with the University of Melbourne Human Ethics
Committee and received 50AUD compensation. Of these, 51 women met the entry criteria
for this study, based on prospective diaries and medical and medication records. Additional
inclusion criteria included postmenopausal status at the time of cognitive testing, and
exclusion criteria included current serious medical illness, surgically-induced menopause,
current use of drugs that affect central nervous system function (including non-HT hormonal
preparations), diabetes mellitus, history of head injury with loss of consciousness for greater
than 1 hour, current Axis I psychiatric disorder, and evidence of depression (shortened
version of the Center for Epidemiological Studies Depression Scale score >16)(Andresen et
al., 1994) and alcohol abuse (Michigan Alcohol Screening Test score > 5). Additional
exclusionary criteria for the imaging study included weight greater than 300 lb. (due to the
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dimensions of the MRI scanner) and prohibited implanted metallic device. Of the 51 eligible
women, 17 women had never used HT and 17 had initiated HT before the final menstrual
period and continued using HT at the time of this assessment. Enrollment fell short of the
goal of 20 women per group. Additional data collected from women with other histories of
HT use were not analyzed because of small sample sizes (4 current and 5 past users who
initiated HT at least one year after the final menstrual period, and 8 past users who initiated
before the final menstrual period). The present analysis therefore involved 34 women, 17
early, continuous users and 17 never users. Among the 17 HT users, 10 used estradiol
preparations, six used conjugated equine estrogen (CEE) preparations, one used tibolone; 13
of the 17 also received a form of progestogen (7 medroxyprogesterone acetate, 6
norethisterone). One never user did not complete the neuropsychological test battery, so
neuropsychological tests were compared on 16 early users and 17 never users.

4.2 Procedures
Each participant underwent a 1-hour session of structural and functional magnetic resonance
imaging (fMRI). Blood oxygen level-dependent (BOLD) imaging was performed on a 3 T
GE Horizon LX Echospeed scanner at the Brain Research Institute at the Austin Hospital in
Melbourne Australia. Twenty images were acquired through the cerebral hemispheres in an
oblique axial plane parallel to the AC-PC plane. T1-weighted images were acquired for
anatomic localization, and a gradient ECHO EPI sequence was employed for fMRI studies
(flip angle of 60°, echo time of 40 ms, 64 by 64 matrix, 24-cm FOV, TR = 1.5 s, 20 slices,
slice thickness = 3.5mm, skip= 0.5mm). An event-related design was used with a 10 s
interstimulus interval for activation tasks. The activation tasks were separate verbal and
figural recognition memory tests and were similar to the tasks used in previous PET studies
(Maki and Resnick, 2000; Resnick et al., 1998). Each of the memory tests consisted of three
separate tasks – encoding, yes/no recognition, and yes/no matching (control). Task order
was: verbal encoding, figural encoding, 20-minute delay concurrent with structural image
acquisition, verbal recognition, figural recognition, verbal matching and figural matching.
Test items were abstract words and figures. In each of the two encoding tasks, participants
viewed 20 targets individually and pressed the ‘yes’ button on a hand-held unit each time an
item appeared. In each of the two recognition tasks, 40 items were shown individually, and
participants were instructed to discriminate studied from unstudied items by responding
‘yes’ or ‘no’. In each of the two matching tasks, 40 pairs of items were shown, and
participants were instructed to discriminate identical from non-identical pairs.

4.3 Neuroimaging analysis
We preprocessed and analyzed the data using Statistical Parametric Mapping (SPM99;
Welcome Department of Cognitive Neurology, London, UK). Functional MR EPI images
were realigned to the first volume of each task to correct for interscan movement and co-
registered to the individual’s T1 structural image. The structural image was spatially
normalized to the SPM99 T1 MNI/ICBM (Montreal Neurologic Institute/International
Consortium for Brain Mapping) template, and those parameters were applied to the spatial
normalization of functional EPI images. A smoothing filter was applied at 12-mm (full
width half maximum) Gaussian kernel. Events of interest for each task were those occurring
from stimulus onset to just before the onset of the next stimulus. Individual analyses were
performed convolving for the standard SPM canonical hemodynamic response function
consisting of the sum of two gamma functions. Data were analyzed using a two-level mixed
effects model (random effect analysis). The WFU Pickatlas (Maldjian et al., 2003) and the
AAL template (Tzourio-Mazoyer et al., 2002) were used to define a priori regions of
interest (ROIs), including the hippocampus and the parahippocampal gyrus. Linear contrasts
of the parameter estimates for the effects of interest were obtained for each subject and then
entered into a between-subjects analysis that produced a statistical parametric map of the t
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statistic at every voxel within the ROIs. Results within these ROIs for the primary analysis
of HT effects are presented with a threshold at P < 0.01 (uncorrected) and a minimum
cluster size of 10 contiguous voxels. In addition to between-subjects contrasts of each of the
six conditions, two different subtractions were calculated for each memory task (i.e., verbal
and figural recognition): encoding versus match and recognition versus match. We also
carried out one-sample t-tests for each of the six conditions and each of the subtractions in
the ROIs order to characterize the typical pattern of activation and deactivation on the tasks
in medial temporal regions across the two groups combined. For this analysis, we used a
more conservative threshold of P < .001 and a minimum cluster size of 30 voxels.
Anatomical localization of significant activations of interest was determined by converting
MNI coordinates to standard Talairach coordinates using a non-linear transformation
(http://www.mrc-cbu.cam.ac.uk/Imaging/Common/downloads/MNI2tal/mni2tal.m) and
through use of standard atlases (Talairach and Tournoux, 1988) and the Talairach Daemon
(Lancaster et al., 2000).

4.4 Neuropsychological testing
Neuropsychological assessments were conducted by psychologists at the Office for Gender
and Health at the Royal Melbourne Hospital between the hours of 8:30 am and 11:15 am
and lasted for approximately 2 hours (see (Clark et al., 2004) for details on the cognitive
study). Three standardized tests of verbal memory and one test of spatial memory were
administered and examined in relation to HT including: 1) modified California Verbal
Learning Test -II (CVLT - II) (Delis et al., 2000), a measure of verbal learning and memory
involving 3 oral presentations of a 16-item word list comprised of 4 words from each of 4
semantic categories (max score = 48) and a 20- to 30-minute delayed recall trial (max = 16);
2) East Boston Memory Test (EBMT)(Scherr et al., 1988), a story recall test involving the
oral presentation of a 3-sentence story and immediate (max = 12) and 3-minute delayed
trials (max = 12); 3) Unrelated Word List, a 10-item test of memory for unrelated words that
was originally used as part of the Consortium to Establish a Registry for Alzheimer's
Disease (CERAD)(Welsh et al., 1994), was validated in an Australian sample (Collie et al.,
1999), and was administered three years before this investigation (Henderson et al., 2003b).
The task includes three learning trials, each varying in word order (max score = 30), and a 5-
minute delayed trial (max = 10); 4) Wechsler Memory Scale-III Faces subtest (Corporation,
1997) a nonverbal memory task involving the presentation of 24 to-be-remembered faces, an
immediate yes/no face recognition task involving the 24 studied faces and 24 distractors
(max = 48), and a 30-minute delayed recognition task (max = 48). Two tests of verbal
knowledge were also administered to evaluate baseline cognitive ability. One was the
modified Primary Mental Abilities (PMA) Vocabulary Test (Thurstone and Thurstone,
1962), a timed, multiple-choice test in which participants are given 3 minutes to complete up
to 50 items requiring them to choose the one word among four alternatives that is
synonymous with the target word (max = 50). The other was the New Adult Reading Test
(NART) (Nelson and O'Connell, 1978), a reading test requiring the pronunciation of a 61-
item list of irregularly spelled words that increases in difficulty (max = 61).
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Figure 1. Results of primary region of interest analysis in the medial temporal lobe: increased
hippocampal activation and decreased parahippocampal activation in perimenopausal initiators
of hormone therapy compared to never users
Sagittal, coronal, and axial projections of medial temporal regions showing significant (p < .
01) differences in activation between perimenopausal users of hormone therapy and
nonusers. Odd numbered rows show glass brain images of significant findings, and even
numbered rows show activations superimposed on a structural anatomical template, with
most significant voxel depicted in the cross-hairs. The scale to the right of each pair of
figures shows the color scale corresponding to the z-values for that particular analysis. Rows
1 and 2 show significantly decreased activation in perimenopausal estrogen users compared
to nonusers in bilateral parahippocampal gyrus. Rows 3 and 4 show significantly increased
activation in perimenopausal users compared to never users in the left hippocampus during
verbal recognition, and Rows 4 and 5 show a similar effect during verbal match.
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Figure 2. Characteristic activations in the medial temporal lobe during performance of verbal
tasks
Sagittal, coronal, and axial projections of medial temporal regions showing significant (p < .
01) increases in activation across the two groups combined. There were no significant
decreases in activation. Odd numbered rows show glass brain images of significant findings,
and even numbered rows show activations superimposed on a structural anatomical
template. For ease of presentation and reference to HT effects, the cross-hairs reference the
regions showing HT effects in the group comparisons, as depicted in Figure 2. The scale to
the right of each pair of figures shows the color scale corresponding to the z-values for that
particular analysis. Rows 1 and 2 show significantly increased activation in the bilateral
parahippocampal gyrus during verbal recognition across the two groups combined (in
contrast to the decreased activation seen in perimenopausal HT users in Figure 1). Rows 3
and 4 show significantly increased activation across the two groups combined in the left
hippocampus during verbal recognition (in comparison to the increased activation seen in
perimenopausal HT users in Figure 1). Rows 4 and 5 show a similar effect during verbal
match.

Maki et al. Page 14

Brain Res. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Maki et al. Page 15

Ta
bl

e 
1

D
em

og
ra

ph
ic

 c
ha

ra
ct

er
is

tic
s a

nd
 p

er
fo

rm
an

ce
 o

n 
fM

R
I a

nd
 n

eu
ro

ps
yc

ho
lo

gi
ca

l t
es

ts
 fo

r c
ur

re
nt

, e
ar

ly
 in

iti
at

or
s o

f h
or

m
on

e 
th

er
ap

y 
an

d 
ne

ve
r u

se
rs

.

E
ar

ly
 U

se
rs

(n
 =

 1
7)

N
ev

er
 U

se
rs

(n
 =

 1
7)

D
em

og
ra

ph
ic

s

A
ge

, y
60

.1
6 

(2
.8

8)
60

.0
4 

(2
.7

4)

Ed
uc

at
io

n,
 %

 >
 1

2 
y

   
 5

2.
9

65

V
er

ba
l I

Q

N
A

R
T

36
.8

8 
(4

.2
5)

38
.1

9 
(6

.3
2)

PM
A

38
.3

9 
(1

4.
07

)
39

.6
8 

(1
1.

18
)

M
oo

d

C
ES

-D
  6

.2
0 

(3
.6

8)
6.

35
 (3

.8
7)

G
ro

up
D

iff
er

en
ce

t-t
es

t
t(3

1)
Ef

fe
ct

Si
ze

V
er

ba
l M

em
or

y

C
V

LT
II

 -I
m

m
ed

ia
te

27
.7

6 
(5

.1
3)

26
.9

4 
(4

.8
4)

0.
82

 (4
.9

9)
0.

48
0.

16

C
V

LT
II

 -D
el

ay
  8

.9
4 

(1
.4

8)
9.

44
 (3

.5
8)

−
0.

50
 (
2.

53
)

−
0.

53
0.

20

C
ER

A
D

 -I
m

m
ed

ia
te

21
.6

5 
(3

.6
0)

21
.8

1 
(2

.7
6)

−
0.

16
 (
3.

18
)

−
0.

15
0.

05

C
ER

A
D

 -D
el

ay
  5

.6
5 

(2
.2

6)
6.

00
 (2

.3
7)

−
0.

35
 (
2.

32
)

0.
44

0.
15

EB
M

T-
Im

m
ed

ia
te

#
10

.7
6 

(1
.3

9)
9.

81
 (1

.6
8)

0.
95

 (1
.5

4)
1.

78
0.

62

EB
M

T 
-D

el
ay

#
10

.7
6 

(1
.6

4)
9.

75
 (1

.7
7)

1.
01

 (1
.7

1)
1.

71
0.

59

Fa
ce

 M
em

or
y

Im
m

ed
ia

te
34

.8
8 

(4
.4

8)
34

.5
6 

(4
.5

3)
0.

32
 (4

.5
1)

0.
20

0.
07

D
el

ay
ed

37
.3

5 
(3

.9
0)

36
.7

5 
(3

.9
2)

0.
60

 (3
.9

1)
0.

44
0.

15

G
ro

up
D

iff
er

en
ce

t-t
es

t
t(2

3)
Ef

fe
ct

Si
ze

fM
R

I T
as

k

V
er

ba
l R

ec
og

ni
tio

n*
a

76
.1

5 
(1

0.
97

)
67

.9
2 

(6
.9

7)
10

.1
9 

(4
.0

6)
2.

22
0.

91

Fi
gu

ra
l R

ec
og

ni
tio

n
75

.9
6 

(7
.4

0)
76

.4
6 

(6
.1

7)
−
0.

59
 (
6.

48
)

−
0.

28
0.

06

N
ot

es
: M

ea
ns

 a
nd

 st
an

da
rd

 d
ev

ia
tio

ns
 u

nl
es

s o
th

er
w

is
e 

in
di

ca
te

d;

* p 
< 

.0
5 

fo
r t

-te
st

 o
f g

ro
up

 d
iff

er
en

ce
s i

n 
ou

tc
om

e 
m

ea
su

re
s f

or
 fu

ll 
sa

m
pl

e 
of

 3
3;

# p 
< 

.1
0,

 fo
r f

ul
l s

am
pl

e 
of

 3
3,

 tw
o-

ta
il;

Brain Res. Author manuscript; available in PMC 2012 March 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Maki et al. Page 16
a p 

< 
.0

5 
fo

r p
er

ce
nt

 c
or

re
ct

 o
n 

im
ag

in
g 

m
em

or
y 

ta
sk

s i
n 

sa
m

pl
e 

of
 2

5 
w

ith
 c

om
pl

et
e 

ne
ur

oi
m

ag
in

g 
da

ta
, t

w
o-

ta
il;

 N
A

R
T 

= 
N

ew
 A

du
lt 

R
ea

di
ng

 T
es

t; 
PM

A
 =

 P
rim

ar
y 

M
en

ta
l A

bi
lit

ie
s V

oc
ab

ul
ar

y 
Te

st
;

C
ES

-D
 =

 C
en

te
r f

or
 E

pi
de

m
io

lo
gi

ca
l S

tu
di

es
 D

ep
re

ss
io

n 
Sc

al
e;

 C
V

LT
-I

I =
 C

al
ifo

rn
ia

 V
er

ba
l L

ea
rn

in
g 

Te
st

; E
B

M
T 

= 
Ea

st
 B

os
to

n 
M

em
or

y 
Te

st
; e

ff
ec

t s
iz

es
 c

al
cu

la
te

d 
w

ith
 C

oh
en

’s
 d

. O
ne

 n
ev

er
-u

se
r

co
m

pl
et

ed
 o

nl
y 

th
e 

in
-s

ca
nn

er
 m

em
or

y 
te

st
s, 

so
 th

e 
sa

m
pl

e 
si

ze
 fo

r t
he

 o
ut

 o
f s

ca
nn

er
 m

em
or

y 
te

st
s w

as
 3

3.

Brain Res. Author manuscript; available in PMC 2012 March 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Maki et al. Page 17

Ta
bl

e 
2

Si
gn

ifi
ca

nt
 D

iff
er

en
ce

s i
n 

M
ed

ia
l T

em
po

ra
l B

ra
in

 R
eg

io
ns

 B
et

w
ee

n 
Ea

rly
 U

se
rs

 o
f H

or
m

on
e 

Th
er

ap
y 

an
d 

N
ev

er
 U

se
rs

.

T
al

ai
ra

ch
C

oo
rd

in
at

e

C
on

di
tio

n,
 D

ir
ec

tio
n 

of
 E

ffe
ct

x
y

z
B

ra
in

 R
eg

io
n

Z

V
er

ba
l R

ec
og

ni
tio

n

N
ev

er
>E

ar
ly

−
22

−
35

−
10

Le
ft 

PH
G

, p
er

irh
in

al
, B

A
 3

6
3.

48

20
−
30

−
14

R
ig

ht
 P

H
G

, p
er

irh
in

al
, B

A
 3

5
3.

24

Ea
rly

>N
ev

er
−
26

−
22

−
7

Le
ft 

H
ip

po
ca

m
pu

s
3.

28

V
er

ba
l E

nc
od

in
g

N
ev

er
>E

ar
ly

no
ne

Ea
rly

>N
ev

er
no

ne

V
er

ba
l M

at
ch N

ev
er

>E
ar

ly
no

ne

Ea
rly

>N
ev

er
−
30

−
27

−
4

Le
ft 

H
ip

po
ca

m
pu

s
3.

67

V
er

ba
l E

nc
od

in
g 

- M
at

ch

N
ev

er
>E

ar
ly

−
26

−
24

−
6

Le
ft 

H
ip

po
ca

m
pu

s
3.

18

Ea
rly

>N
ev

er
no

ne

V
er

ba
l R

ec
og

ni
tio

n 
- M

at
ch

N
ev

er
>E

ar
ly

no
ne

Ea
rly

>N
ev

er
no

ne

Fi
gu

ra
l E

nc
od

in
g

N
ev

er
>E

ar
ly

no
ne

Ea
rly

>N
ev

er
no

ne

Fi
gu

ra
l R

ec
og

ni
tio

n

N
ev

er
>E

ar
ly

Ea
rly

>N
ev

er
−
16

−
31

−
3

Le
ft 

PH
G

, p
er

irh
in

al
, B

A
 2

7/
35

3.
14

Fi
gu

ra
l M

at
ch N
ev

er
>E

ar
ly

no
ne

Ea
rly

>N
ev

er
no

ne

Fi
gu

ra
l E

nc
od

in
g 

- M
at

ch

N
ev

er
>E

ar
ly

no
ne

Brain Res. Author manuscript; available in PMC 2012 March 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Maki et al. Page 18

T
al

ai
ra

ch
C

oo
rd

in
at

e

C
on

di
tio

n,
 D

ir
ec

tio
n 

of
 E

ffe
ct

x
y

z
B

ra
in

 R
eg

io
n

Z

Ea
rly

>N
ev

er
no

ne

Fi
gu

ra
l R

ec
og

ni
tio

n 
- M

at
ch

N
ev

er
>E

ar
ly

no
ne

Ea
rly

>N
ev

er
20

−
33

−
7

R
ig

ht
 P

H
G

, B
A

 3
5

3.
02

N
ot

es
: S

ig
ni

fic
an

t r
es

ul
ts

 p
re

se
nt

ed
 fo

r v
er

ba
l a

nd
 fi

gu
ra

l m
em

or
y 

ta
sk

s f
or

 e
ac

h 
co

nd
iti

on
 a

lo
ne

 a
nd

 e
ac

h 
co

nd
iti

on
 c

on
tra

st
ed

 w
ith

 th
e 

ot
he

r. 
D

ire
ct

io
n 

of
 e

ff
ec

ts
 in

di
ca

te
s w

he
th

er
 e

ar
ly

 H
T 

us
er

s s
ho

w
ed

gr
ea

te
r (

>)
 o

r l
es

s (
<)

 a
ct

iv
at

io
n 

co
m

pa
re

d 
to

 n
ev

er
 u

se
rs

. B
A

 =
 B

ro
dm

an
n 

A
re

a;
 P

H
G

 =
 p

ar
ah

ip
po

ca
m

pa
l g

yr
us

; n
on

e 
= 

no
t a

va
ila

bl
e 

(n
o 

si
gn

ifi
ca

nt
 d

iff
er

en
ce

s)
.

Brain Res. Author manuscript; available in PMC 2012 March 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Maki et al. Page 19

Ta
bl

e 
3

Si
gn

ifi
ca

nt
 A

ct
iv

at
io

ns
 in

 M
ed

ia
l T

em
po

ra
l B

ra
in

 R
eg

io
ns

 in
 th

e 
C

om
bi

ne
d 

Sa
m

pl
e 

of
 E

ar
ly

 U
se

rs
 a

nd
 N

ev
er

 U
se

rs
.

C
on

di
tio

n,
 D

ir
ec

tio
n 

of
 E

ffe
ct

x
y

z
B

ra
in

 R
eg

io
n

Z
 sc

or
e

V
er

ba
l E

nc
od

in
g

N
on

e

V
er

ba
l R

ec
og

ni
tio

n

−
14

−
28

−
7

L
ef

t P
H

G
, B

A
 2

8/
35

5.
29

−
24

−
24

−
11

Le
ft 

PH
G

, B
A

 2
8

4.
45

16
−
27

−
5

R
ig

ht
 P

H
G

, B
A

 2
8/

35
4.

47

26
−
30

−
10

R
ig

ht
 P

H
G

, B
A

 3
5/

36
3.

29

V
er

ba
l M

at
ch

−
16

−
26

−
5

L
ef

t P
H

G
, B

A
 2

8,
 L

 H
ip

p
5.

48

16
−
26

−
7

R
ig

ht
 P

H
G

, B
A

 2
8,

 R
 H

ip
p

4.
66

Fi
gu

ra
l E

nc
od

in
g

N
on

e

Fi
gu

ra
l R

ec
og

ni
tio

n

N
on

e

Fi
gu

ra
l M

at
ch

−
26

−
28

−
9

L
ef

t P
H

G
, B

A
 3

5,
 L

ef
t H

ip
p

4.
83

−
18

−
27

−
4

Le
ft 

PH
G

, B
A

 2
8,

 3
5

4.
45

24
−
26

−
5

L
ef

t P
H

G
, B

A
 2

8
4.

11

N
ot

es
: S

ig
ni

fic
an

t a
ct

iv
at

io
ns

 a
cr

os
s t

he
 tw

o 
gr

ou
ps

 c
om

bi
ne

d 
ar

e 
sh

ow
n 

fo
r v

er
ba

l a
nd

 fi
gu

ra
l m

em
or

y 
ta

sk
s f

or
 e

ac
h 

co
nd

iti
on

 a
lo

ne
 a

nd
 e

ac
h 

co
nd

iti
on

 c
on

tra
st

ed
 w

ith
 th

e 
ot

he
rs

. N
o 

si
gn

ifi
ca

nt
de

ac
tiv

at
io

ns
 w

er
e 

ob
se

rv
ed

. B
ol

de
d 

ac
tiv

at
io

ns
 re

fe
r t

o 
pr

im
ar

y 
cl

us
te

rs
 a

nd
 u

nb
ol

de
d 

te
xt

 re
fe

rs
 to

 su
bc

lu
st

er
s. 

B
A

 =
 B

ro
dm

an
n 

A
re

a;
 P

H
G

 =
 p

ar
ah

ip
po

ca
m

pa
l g

yr
us

; n
on

e 
= 

no
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s.

Brain Res. Author manuscript; available in PMC 2012 March 16.


