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Evidence for Executive Dysfunction

Domonick J. WEGESIN AND Y AAKOV STERN
G.H. Sergievsky Center, Columbia University, New Y ork, New Y ork

ABSTRACT

The present study was designed to explore whether the frontal |obe hypothesis of cog-
nitive aging may be extended to describe the cognitive effects associated with estrogen
use in postmenopausal women. Postmenopausal estrogen-only users, estrogen +
progesterone users, and non-users (60-80 years old), as well as young, regularly
cycling women (18-30 years old) completed an item and source memory task. Since
source memory is thought to rely more on executive processes than item memory, we
hypothesized that aging and estrogen effects would be greater for source memory than
for item memory. Neuropsychological tests explored whether the effects of aging and
estrogen use were revealed on other tests of frontal lobe function. Results from the
experimental task revealed greater aging and estrogen effects for source memory than
for item memory, and neuropsychological results revealed aging and estrogen effects
on asubset of tests of executive function. Women on estrogen + progesterone therapy
did not outperform non-users, suggesting that the addition of progesterone to hormone
therapy may mitigate the benefitsinduced by estrogen use alone. Overall, findings sup-
port the hypothesis that estrogen use may temper age-related cognitive decline by help-
ing to maintain functions subserved by the frontal |obes.

The frontal lobe hypothesis of cognitive aging suggests that age-related cog-
nitive decline reflects changes in executive processes subserved by the fron-
tal lobes (Albert & Kaplan, 1980; Dempster, 1992; West, 1996; Craik &
Jennings, 1992; Moscovitch & Winocur, 1992; Stuss et a., 1996). The
present study was designed to explore whether the frontal 1obe hypothesis of
cognitive aging may be extended to describe the cognitive effects associated
with estrogen use.
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Animal studies have established the biologica plausibility for an asso-
ciation between estrogen use and frontal lobe function. Estrogen treatment
administered to gonadectomized adult female rats resulted in a 40% increase
in Choline acetyltransferase (ChAT) activity in the frontal cortex (Luine,
1985). In the dorsolateral prefrontal cortex (DLPFC) of monkeys, ovariec-
tomy decreases the density of choline acetyltransferase fibers, which is
restored with estrogen replacement (Kritzer and Kohama, 1999). High affin-
ity choline uptake has been found to drop significantly in the rat frontal cor-
tex following ovariectomy but is moderated by estrogen replacement (Singh
et al., 1994). Estrogen has aso been linked to an increase in serotonin bind-
ing within the frontal cortex (Summer & Fink, 1995). Furthermore, dopam-
inergic innervation to frontal cortex, which is reduced by ovariectomy, is
restored with estrogen replacement (Kritzer & Kohama, 1998).

In humans, postmortem studies of the brain show high concentrations
of estradiol in the prefrontal cortex (Bixo et al., 1995), and brain imaging
studies have revealed effects of estrogen within the frontal cortex on cogni-
tive activation tasks (Berman et al., 1997; Resnick et a., 1998). Neuropsy-
chological studies examining the effects of estrogen on cognition have
yielded mixed results (for reviews, see Birge, 1997; LeBlanc et a., 2001;
Rice et a., 1997; Yaffe et a., 1998). Postmenopausal estrogen has been
associated with enhanced performance on executive tests thought to tap
frontal lobe function, e.g., working memory (Keenan et al., 2001; Duff &
Hampson, 2000) and reasoning ability (Fedor-Freybergh, 1977; Sherwin,
1988; Schmidt et al., 1996; Jacabs et al., 1998). However, the most consis-
tent finding in the estrogen literature has shown estrogen-related enhance-
ments in recall of verbal materia (Caldwell & Watson, 1952; Sherwin,
1988; Kampen & Sherwin, 1994; Phillips & Sherwin, 1992; Robinson et al.,
1994; Hackman and Galbraith, 1977; Jacobs et a., 1998). Verba memory
processes reflect activity in many different brain regions, e.g., left-lateral-
ized language centers (Ullman, 2001), the hippocampal memory system
within the media temporal lobe (Smith & Halgren, 1989), and bilateral fron-
tal lobe regions (Stuss et a., 1995). The frontal lobes are thought to be
involved in “working with memory” retrieved from the hippocampal system
(Moscovitch & Winocur, 1992). Frontal lobe processes may include the
implementation of complex mnemonic strategies to aid encoding and
retrieval, the evaluation of how retrieved material relates to the task at hand,
or the placement of retrieved material into spatial and temporal contexts
(Wheeler et al., 1995; Stusset al., 1996).

Recent functional brain imaging studies have provided evidence that
age-related memory impairment may be related to changes in frontal lobe
function. In healthy young adults, the |eft prefrontal cortex is more involved
than the right prefrontal cortex in the encoding of episodic information,
whereas the right prefrontal cortex is more involved than the left prefrontal
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cortex in the retrieval of episodic information (Moscovitch, 1994; Nyberg
et a., 1996). This asymmetry is reduced in older adults, who show dimin-
ished prefrontal activity during encoding (Cabeza et a., 1997) and more
extensive (bilateral) prefrontal activity during retrieval (Cabezaet al., 1997,
Madden et al., 1999; also see Backman et al., 1997). One recent study has
reported that postmenopausal women show a sharpening of this frontal
asymmetry associated with encoding and retrieval during the estrogen phase
of a crossover trial compared to during the placebo phase (Shaywitz et al.,
1999). Thus, while taking estrogen, their frontal activity resembled more
closely the pattern reported in healthy young women.

If changes in executive processing underlie age- and estrogen-related
memory impairment, then the effects of aging and estrogen on memory should
be greatest on memory tasks that tax executive processes the most. Among the
memory tests in the current study, tests of recognition can occur relatively
automatically (Jacoby, 1991), and are thought to involve fewer executive pro-
cesses than free recall (Whedler et al., 1995). Identifying the source of
retrieved information is an effortful (as opposed to automatic) mnemonic pro-
cess (Kauder et al., 1988) and may involve more executive processes sub-
served by the frontal lobes than does item recognition and free recall (Squire,
1987). To identify amemory’ s source, item and contextual cuesretrieved from
memory are submitted to various reflective processes such as planning, moni-
toring of irrelevant or interfering information, strategic retrieval of additional
supporting information, and reasoning (Johnson et a., 1993). For example,
one might know that a news item they recalled was seen on a television pro-
gram that aired last Friday. The recollection of this additional tempord infor-
mation allows the inference, “I learned this on Friday. 20/20 is on Fridays;
thus, | must have learned about this on 20/20.” Similarly, retrieval cue specifi-
cation involvesthe use of general knowledge retrieved from semantic memory
to guide source judgments. For instance, in attempting to recall who among a
group of partygoers gave you news about the upcoming election, you may rea-
son that, “it was Steve, because he was the only person at the party who is
redly interested in politics.” These self-initiated monitoring and reasoning
processes reflect executive control processes that are thought to depend on
frontal lobe function. Given the heavy executive demands inherent in retriev-
ing amemory’s source, it is not surprising that impairments in source memory
are commonly reported among patients with frontal lobe lesions (Janowsky
et a., 1989b; Shimamura, 1996; Johnson et al., 1997).

Of the memory deficits associated with aging, decline is greatest on
tests of source memory (Spencer & Raz, 1995). Older adults are impaired at
retrieving the temporal context (Fabiani & Friedman, 1997; Trott et al.,
1999; Wegesin et al., 2000), spatial context (Parkin et al., 1995; Zelinski &
Light, 1988), and perceptual context (Mclntyre & Craik, 1987) of previously
experienced events. Source deficits are more conspicuous in older adults with
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poor executive functioning (Glisky et a., 1995) and are thought to reflect diffi-
culty with initiating executive processes for integrating item information with
contextual information during encoding (Glisky et al., 2001).

We hypothesize that if age and estrogen use affect the management of
mnemonic information via executive functions mediated by the frontal lobes,
then aging effects should be revealed on memory tests that place the greatest
demands on executive processes with negligible differences revealed on mem-
ory tests that do not tax executive function. Specificaly, we anticipate the
smallest effects on tests of simple item recognition, moderate effects on tests
of freerecall, and the largest effects on the test of source memory.

Another question remaining in the hormone replacement literature
relates to how the addition of progestagens to estrogen therapy impacts cogni-
tive performance. Currently, progestagens are added to most hormone replace-
ment regimens to eliminate the risk of endometrium hyperplasia due to
unopposed estrogen. However, animal studies have shown that progesterone
mitigates the beneficial effects of estrogens in the brain, such as neurite out-
growth (Woolley & McEwen, 1993) and arteria circulation (Sarrel, 1990).
The few human studies available are mixed, with the majority of studies dem-
onstrating that progesterone counters the cognitive benefits associated with
estrogen use alone (Sherwin, 1991; Janowsky et d., 1999; Ohkuraet a., 1995;
Riceet a., 2000), though at least two studies have failed to show this negative
effect (Hogervorst et al., 1999; Maki et a., 2001). The current experiment con-
tributes to resolving this question by comparing women treated with the com-
bination of estrogen + progesterone to women taking estrogen aone. If
progesterone attenuates the beneficial effects of estrogen, then we hypothesize
that estrogen users will outperform estrogen + progesterone users on cognitive
tests that are shown to be sensitive to estrogen use.

MATERIAL AND METHODS
Participants

Sixteen young (18-28) and 48 postmenopausa women (60-80) recruited
by community flyers, newspaper advertisements, and word of mouth partici-
pated in the study. Postmenopausal participants were divided into three groups.
“Edtrogen users’ were current users of estrogen only. “Est + Prog users’ were
current users of a combination of estrogen and progesterone. “Non-users’ were
women who were not currently taking and had never taken estrogen or progest-
erone. All participants were paid for their time. The ingtitutional review boards
of Columbia University and the New Y ork State Psychiatric Institute approved
the project, and al participants provided written informed consent.

Demographic profiles of the four groups are included in Table 1.
Y oung women reported being of alower socio-economic status (SES) than the
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TaeLE 1. Means and Standard Deviations of Demographic and Screening Measures

Y oung Estrogen Est + Prog Non-Users

N =16 N =15 N =16 N =16

M D M D M D M D

Age (years) 21.50 271 68.69 6.05 67.63 510 70.94 5.04
Education (years) 15.56 163 17.56 182 1681 240 1559 218
SES 5856 1591 3163 1665 4031 2132 4363 16.65
Modified MMSE 55.31 162 5494 191 5456 190 5431 2.09
Depression (short-care) - - 213 1.45 247 164 2.56 2.03
Dementia (short-care) - - 0.69 0.70 033 062 0.75 1.00
ADL (short-care) - - 1.19 138 107 162 175 274
SES = socio-economic status; MM SE = Mini-Mental State Exam; ADL = activities of daily living

older women [F (3, 62) = 6.8, p < .01] on a two-factor measure (occupation
and education) of SES (Hollingshead & Redlich, 1958). Thisis attributable to
their occupational status as “student” and may not accurately reflect their true
SES. Y oung women were also more ethnically diverse than the older groups
[x? (9) = 31.2, p < .001]. Estrogen users completed more years of education
[F (3, 62) = 3.8, p < .05] than young women (p < .05) and non-users (p < .05).

Study Procedures

Participants completed an initial telephone screening, followed by a
more detailed screening in thelab. A semi-structured interview (Gurland et & .,
1984) was administered to older participantsto ensure that they were free from
depression and dementia, and that they were not limited in the activities of
daily living (see Table 1). Neuropsychol ogical testing directly followed the lab
screening for the young participants, but was scheduled for a subsequent visit
for the old participants, due to the length of the semi-structured interview.
Experimental testing and blood work took place on a separate visit for both
young and old participants, such that the study involved two visits for young
participants and three visits for old participants. For young women, the experi-
mental testing (visit 2) was scheduled to correspond with the pre ovulatory
phase of the menstrual cycle, when estrogen levels should be high and proges-
terone levelsrelatively low. Due to scheduling limitations, the menstrual cycle
phase was not controlled for the first day of study participation when screening
and neuropsychological tests were administered.

Screening

Inaninitial telephone screening, participants reported themselves to be
native English speakers, in good physical health, and free from medications
known to affect the central nervous system. The young women completed a
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menstrual cycle questionnaire (Schechter et al., 1989). Women included in
the study reported a history of regular menstrual cycles without any skipped
cycles or intra-cycle bleeding and reported no use of any hormone medica-
tions (e.g., birth control pills) in the last 12 months. There were no differ-
ences between the groups on a test of general cognitive status, the Modified
Mini-Mental Status Exam (Mayeux et a., 1981).

Blood Assays

To confirm compliance to hormone therapy in the hormone users, blood
samples were collected and Estradiol, E-1 Sulfate, and Follicle Stimulating
Hormone (FSH) were measured in serum by acommercia solid-phase, chemi-
luminescent immunoassay (Diagnostic Systems Labs, Inc., Webster, TX). The
polyclona antibodies used are highly specific with low cross-reactivity to
other steroids or hormones. To help confirm menstrual phase, progesterone
was measured in the young women. An assay for the type of the synthetic
progesterone used in the Est + Prog group was not available.

Serum assays were not available for five participants (one Estrogen-
user, three Est + Prog users, one young woman) due to either the inability to
draw blood at testing (two participants) or technical difficulties in the lab
(three blood samples). Assay results shown in Table 2 confirmed that estro-
gen-users and Est + Prog users had higher circulating levels of estradiol [F
(2, 41) =10.2, p < .001] and E1-Sulfate [F (2, 41) = 7.7, p < .01] than non-
users and that the two hormone-using groups did not differ in their estrogen
levels. As anticipated, non-users showed higher levels of follicle-stimulating
hormone than the two hormone-using groups [F (2, 41) = 8.9, p < .001]. The
results suggest coherence to the self-reported hormone therapies. Young
women had higher levels of estradiol than all three groups of older women.

TaBLE 2. Means and Standard Deviations for Hormonal Assays, Hormone Replacement
Histories, and Menopausal Data

Y oung Estrogen Est + Prog Non-Users

N =15 N =14 N =13 N =16

M D M D M D M D

Estradiol (pg/ml) 712 556 454 318 450 292 161 33.2
Estrone (ng/ml) 7.9 14 10.6 118 8.0 5.7 20 17
Progesterone(ng/ml) 20 38 - - - - - -
FSH (miu/ml) 48 35 495 240 3B6 2715 742 16.8
Age at menopause - - 47.9 36 496 39 491 39
Y ears of hormone therapy - - 115 10.9 80 50 - -
Number of pregnancies 0.3 0.6 19 17 23 14 26 21
Number never pregnant 15.0 7.0 70 4.0
FSH = follicle stimulating hormone
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In addition, progesterone levels in the young women were consistent with
levelstypical of the preovulatory phase of the cycle, suggesting that the tim-
ing of the experimental task based on the menstrual cycle questionnaire was
accurate. Table 2 includes data on age at menopause and length of hormone
treatment. No group effects were revealed on these variables.

Experimental Testing
I tem/Sour ce Recognition Memory Test

The design of the study was based on the paradigm originally pub-
lished by McKoon and Ratcliff (1979), modified by Howard et a. (1986)
and revised for Event-related potentia (ERP) recording by Trott et al.
(1999). A subset of the behavioral results for the young women and non-
users has been published in astudy dealing with the ERP data resulting from
this task (Wegesin et al., 2002). The item/source recognition memory test
included atotal of 16 study-test blocks. During the study phase, participants
studied two separate lists of sentences of the following type—Noun 1 - Verb-
Noun 2 (e.g., “ The chef created a spread”). Each list contained four sentences,
for atotal of eight nouns per list. Participants were instructed to memorize the
two nouns, aswell asthelist in which they occurred, for a subsequent memory
test. To enhance elaborative encoding, participants were asked to make subjec-
tive judgments of the study sentences, indicating whether or not they liked the
sentence. No group differences were reveaed for these subjective judgments.
All groups reported “liking” approximately 68% of the sentences. To enhance
encoding, they were given unlimited time to study the sentences, and their
“like it/don’'t like it" judgments prompted the display of the next sentence.
Anayses of study timing failed to revea any group differences; participants
studied each sentence for approximately 6.3 second on average. In order to aid
encoding of the study nouns, each sentence appeared twice within the list in
randomized order. At the end of List 1, aline drawing depicting a nonverbal
cartoon appeared, which was used to demarcate the two lists.

Immediately following the final “likeit/don’t likeit” judgment of the sec-
ond study list, a prompt reading “Test” was presented for 5000 ms to prepare
participants for the onset of the test phase. During the test phase, nouns were pre-
sented sequentidly in pairs, each with a 300 ms duration separated by a 2000 ms
ISI. A total of 256 sentences was divided into two sets, balanced for word fre-
quency and length, and served as either study or foil sentences (counterbalanced
across participants). Participants made speeded and accurate old/new recogni-
tion judgments to each of the two nouns (responding hands counterbalanced
across participants). If either noun was judged old, that noun was represented
and a nonspeeded source (i.e., list) judgment was made. Source judgments were
cued by prompts that read “List 1" and “List 2" presented on the left and right
lower corners of the computer screen (counterbal anced across participants).
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Dependent variables from the experimental task included the number
of correctly identified old words (hits), the number of false alarms, and a
measure of item discrimination that incorporates both hits and false alarms.
Response bias indexes an individua’ s tendencies to respond “old” or “new”
to test items. A conservative bias has been reported previously in older
adults, reflecting less likelihood to respond “old” (Poon & Fozard, 1980).
Measures of item discrimination (d, ) and response bias (c, ) were based on
logistic distributions in a signal detection model (Snodgrass & Corwin,
1988). Reaction times to old and new items were also compared. Source
memory scores reflect the percent of correctly identified old words that were
subsequently attributed to the correct list.

Neur opsychological Testing

Neuropsychological tests provided measures of executive processes,
including problem-solving, reasoning, set shifting, attention, and working
memory. Tests of memory included measures of verbal and visual immedi-
ate and delayed recall, as well as measures of verbal recognition.

Executive Function

The complete version of the Wisconsin Card Sort Test (WCST;
Heaton, 1981) assesses problem-solving or reasoning, attention, and the
ability to shift cognitive strategies, processes that are thought to rely heavily
upon the frontal lobes (Milner, 1963; Nagahama et al., 1997). Dependent
measures from the task include failure to maintain set, number of errors, and
number of perseverative errors. Two tests of working memory and attention
were included. First, the Letter-Number Sequencing Subtest of the WAIS-I11
reguires participants to sort amixed series of |etters and numbers maintained
in memory and repeat them back in sorted order, giving the numbers first in
ascending order and then the letters in alphabetical order. Second, the digit
span backwards portion of the digit span test requires participants to hold
arrays of numbersin mind, while repeating them back in the reverse order to
which they were originally heard. Scores reflect the total number of cor-
rectly repeated items. Both tasks require manipulation of information held in
short-term memory, and are assumed to recruit processes dependent upon
the prefrontal cortex (Canavan et al., 1989; Tsukiura et al., 2001). Two tests
of verbal fluency were administered. Verbal fluency involves several mental
operations including attention, word retrieval, strategy implementation, set-
shifting, and abstract reasoning, and has been shown to activate left dorso-
lateral and ventrolateral prefrontal cortex (Schloesser et al., 1998). The
Controlled Oral Word Association Test or CFL test (Benton & Hamsher,
1978), atest of phonemic fluency, requires participants to say, as quickly as
they can, all of the words that they can think of (excluding proper names)
beginning with the letters“C,” “F,” and “L,” each administered for 1 minute.
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Category fluency requires participants to say, as quickly as they can, all of
the words they can think of that belong to a named category (animals, foods,
clothing) each administered for one minute.

| mmediate Verbal Recall

In part 1 of the Logical Memory Subtest of the Wechsler Memory
Scales-1Il (WMS-1T; Wechdler, 1997), participants attempt to recall as many
details of a short story immediately after it is read to them. Five of the
women completed the WMS-R (Wechder, 1981) version of the Logical
Memory Subtest participating in a related study. To avoid practice effects
from repeated administration of the Logical Memory subtest, data from the
WMS-R test was used for these five participants. As such, story A was used
to calculate story immediate recall, since this story isidentical in the WM S-
R and WMS-I11 versions of the test. Scores for immediate paragraph mem-
ory represent the number of items recalled from story A.

In the Selective Reminding Test (SRT; Bushke & Fuld, 1974) partici-
pants are given six trials to learn a list of 12 unrelated words. After each
recall attempt, a selective reminding procedure is used wherein participants
are reminded only of those words that they had not successfully recalled.
They are then asked to recall the entire list of 12 words. Measures of SRT
sensitive to aging (Larrabee et al., 1988) and estrogen-use (Jacobs et al.,
1998) were selected and include long-term storage, which reflects the num-
ber of words recalled on two or more consecutive trials without intervening
reminding, and consistent long-term retrieval, which reflects words consis-
tently recalled without error for the remainder of the test trials.

Delayed Verbal Recall

For part 2 of the Logica Memory Subtest of the WMS-III (Wechder,
1997) (or for five participants WMS-R (Wechder, 1981)), participants are
asked to recall the stories they heard in Logica Memory | after a 30-minute
delay. Aswith immediate recall, only the first story, which isidentical in both
version of the Logical Memory test, was used. Although the story and the reten-
tion delay are identical in both versions of the test, it should be noted that the
WMSHII verson includes more verbal interference compared to the WMS-R
version, since the second story of the test (not used here for analysis) is read
twicein the WM S 11, as opposed to being read only once in the WMS-R. The
scores of the five participants who completed the WM S-R version of the Logi-
cal Memory Subtest did not differ from those who completed the WM SH | ver-
sion. For the Selective Reminding Test, free delayed recdl of the 12-item listis
assessed after a 15-minute delay. Since both of these delay measures are biased,
based on the amount of information originally encoded, savings measures were
calculated. Total savings reflects the percentage of originally encoded informa-
tion that isretained and recalled after the imposed delay.
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Verbal Recognition

Following the delayed story recall of the Logical Memory test, participants
are asked a series of 30 yes/no questions about the story. Scores reflect the total
number of correct responses. Recognition was also assessed in the Selective
Reminding Test. For any of the 12 items not spontaneoudly recalled on delayed
recall, participants are given a four-choice recognition test in which the target
item is presented with three foil items. Tota recognition score reflects items
fredly recalled, plus those correctly recognized from the four-choice arrays.

Immediate and Delayed Visual Recall

In part 1 of the Visual Reproduction Subtest of the Wechsler Memory
Scaesll, WMS-II (Wechder, 1997), participants study and then attempt
to draw a series of figures, including as many details as possible. For part 2
of the Visual Reproduction Subtest, women attempt to draw the figures
again after a 30-minute delay. Scores for the immediate test reflect the num-
ber of details accurately included in the participants drawing. Scores for the
delayed test reflect the percentage of originally encoded information that is
retained and recalled after the imposed delay.

Data Analysis

Two sets of analyses were conducted. The first set examined the effects
of aging and estrogen use by comparing the data from estrogen users, non-
users, and young women in an analysis of covariance (ANCOVA). Education
was covaried in these analyses, since estrogen users completed more years of
education than the young women and non-users. Bonferroni-corrected, post-
hoc tests were conducted on the education-adjusted means. One estrogen user,
who scored out of range on severa neuropsychologica measures and per-
formed below chance level on the experimental paradigm, was dropped from
the analyses. Aging effects were examined in two ways. First, the young
women were compared to postmenopausal non-users in order to evaluate our
data against the extant aging literature, the vast mgjority of which did not con-
trol for hormone use. Second, the young women were compared to the post-
menopausal estrogen usersin an attempt to examine the effects of aging while
providing some control over the effects of estrogen status, since the estrogen
users most resembled the young women in circulating estrogen levels. Estro-
genic effects were noted by significant differences revealed between the estro-
gen users and the non-users from the Bonferroni-corrected, post-hoc tests.

The second set of analyses was designed to assess the effect of oppos-
ing estrogen with progesterone on the neuropsychological and experimental
measures. For these analyses, estrogen users and est + prog users were com-
pared. No covariate was applied to these analyses, as the groups did not dif-
fer on any demographic variables.
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Effect sizes were calculated for aging effects (young vs. non-users and
young Vs. estrogen users), estrogen effects (estrogen users vs. non-users),
and progesterone effects (estrogen users vs. est + prog users). Cohen (1988)
defined effect sizes as small (0.20), medium (0.50), and large (0.80).

RESULTS

Analysis 1: Effects of Estrogen Use and Aging
Experimental Results

Item and Source Recognition

Behaviora resultsfor all four groups are shown in Table 3. Comparisons
for Analysis 1 of the estrogen users, non-users, and young women are reported
in Table 4, and effect size data are available in Table 5. The item discrimina-
tion index revealed an aging effect whereby young women discriminated old
and new words more accurately than both non-users (p < .001) and estrogen
users (p < .01). Estrogen users showed amodest trend towards discriminating
old and new words better than the non-users (p < .10). The components of the
discrimination index revealed an aging effect for the false alarm rate and hit
rate. For false alarms, young women committed fewer false alarms than both
non-users (p < .001) and estrogen users (p < .05). For the hit rate, young
women correctly identified more old words than non-users (p < .01) but not
more than the estrogen users. The false alarm rate did not differ between estro-
gen users and non-users, though estrogen users tended to identify old words
more accurately than non-users (p < .10). Reaction time measures for the item
recognition task (shown in Table 3) revealed effects of aging; young women
were significantly faster than both non-users (p < .01) and estrogen users (p <
.05) in identifying old words, as well as new words (non-users, p < .01; estro-
gen users, p < .01). Reaction time measures for estrogen users and non-users
did not differ significantly. The measure of response bias reveded that all
groups were similarly conservative in their judgments. Scores for source rec-
ognition revealed both aging and estrogen effects. Y oung women correctly
identified the list of old items better than both the non-users (p < .001) and the
estrogen users (p < .01). Source recognition scores of the estrogen users were
higher than scores of the non-users (p < .01).

Neuropsychological Results
Executive function

As shown in table 3, performance on the WCST revealed both aging
and estrogen effects. Non-users committed more errors on the WCST than
did the estrogen users (p < .01) and young women (p < .01). In addition,
non-users committed more perseverative errors than did estrogen users
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TaeLE 4. F and p Valuesfor Analysis 1 (Comparing Y oung, Estrogen Users, and Non-Users) and
Analysis 2 (Comparing Estrogen Users and Estrogen + Prog users)

Young vs. Estrogen Estrogen vs.

vs. Non-Users Estrogen + Prog

Neuropsychological Measures F p F p
Executive Function
WCST errors 7.15 0.00 5.63 0.03
WCST perseverative errors 5.42 0.00 6.28 0.02
WCST fail to maintain set 0.52 0.67 0.19 0.67
L etter-number sequence 18.73 0.00 0.00 0.95
Digit span backward 152 0.22 1.28 0.27
Phonemic fluency (CFL) 4.27 0.01 254 0.12
Category fluency 121 0.32 3.55 0.07
Visua Memory
Visual reproduction | 18.67 0.00 1.67 0.21
Visual reproduction savings 4.86 0.00 0.27 0.61
Immediate Verbal Recall
Logical memory | 3.19 0.05 0.22 0.64
SRT long-term storage 5.74 0.00 2.10 0.16
SRT consistent long-term retrieval 6.24 0.00 0.10 0.78
Delayed Verbal Recall
Logica memory savings (Part A) 2.98 0.04 0.44 0.51
SRT savings 3.59 0.02 143 0.24
Verbal Recognition
Logica memory recognition 207 0.12 0.07 0.80
SRT delayed recognition 110 0.36 0.36 0.56
Experimental Measures
Proportion of hits 5.66 0.00 175 0.20
Proportion of false alarms 8.83 0.00 0.10 0.33
Item discrimination (d,) 15.93 0.00 4.68 0.04
Response bias (C,) 1.82 0.16 0.00 0.95
Source recognition (1) 23.72 0.00 6.51 0.02
Hit RTs 553 0.00 4.26 0.05
Correct rejection RTs 5.95 0.00 253 0.12
WCST = Wisconsin Card Sorting Test; SRT = Selective Reminding Test.
Significant valuesin bold.

(p < .05) and young women (p < .05). No differences were observed for
either error measure between estrogen users and young women, and no dif-
ferences were revealed on the WCST measure of maintaining a cognitive
set among any of the three groups. The Letter-Number Sequence test
showed highly significant effects of aging, whereby young women out-
scored non-users (p < .001) and estrogen users (p < .001). No effects of
estrogen use were observed. Scores on the Digit Span Backward subtest
and Category Fluency Test did not differ significantly among the three
groups. Scores on the Phonemic Fluency Test did produce a main group
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TasLE 5. Effect Sizesfor Comparisons of Interest for Neuropsychological and Experimental
Measures
Youngvs. Youngvs. Estrogenvs. Estrogenvs.
Estrogen Non-Users Non-Users Est + Prog
d d d d
Effect Size
Executive Function
WSCT errors 0.15 147 1.28 0.84
WCST perseverative errors 0.06 1.19 1.09 0.81
WCST failure to maintain set 0.03 0.40 0.36 0.15
Letter-number sequence 2.23 231 0.00 0.30
Digit span backward 0.46 0.64 0.15 0.23
Phonemic fluency (CFL) 0.49 0.52 0.02 0.18
Category fluency 0.46 0.59 0.11 0.56
Visua Memory
Visual reproduction | 1.60 270 1.02 0.51
Visual reproduction savings 0.95 1.37 0.37 0.23
Immediate Verbal Recall
Logical memory | 0.64 0.84 0.17 0.09
SRT long-term storage 1.35 1.07 0.31 0.60
SRT consistent long-term retrieval 1.30 1.26 0.08 0.10
Delayed Verbal Recall
Logical memory savings (Part A) 0.63 1.03 0.36 0.29
SRT savings 0.51 111 0.56 0.24
Verbal Recognition
Logical memory recognition 0.57 0.57 0.02 0.39
SRT delayed recognition 0.29 0.61 0.29 0.23
Experimental Measures
Proportion of hits 0.48 1.40 0.88 041
Proportion of false alarms 0.98 1.66 0.62 0.21
Item discrimination (d,) 1.45 2.37 0.84 0.55
Response bias (C,) 0.73 0.70 0.06 0.04
Source recognition (1) 1.48 291 1.33 0.81
Hit RTs 0.94 1.19 0.21 0.80
Correct rgjection RTs 1.30 1.18 0.16 0.54
WCST = Wisconsin Card Sorting Test; SRT = Selective Reminding Test.

effect, though Bonferroni-corrected, post-hoc tests failed to reveal signifi-
cant group differences.

Immediate Verbal Recall

Measures of immediate verbal recall revealed significant group effects.
Post-hoc tests for paragraph recall (Logical Memory ) revealed that young
women tended to remember more material than non-users (p = .05). Para-
graph recall scores for estrogen users were intermediate to those of the
young women and non-users and did not differ significantly from the scores
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of either group. Post-hoc tests for list recall revealed significant aging
effects. Y oung women had higher SRT Long Term Storage scores than both
non-users (p < .05) and estrogen users (p < .01), aswell as higher SRT Con-
sistent Long Term Retrieval scores than both non-users (p < .01) and estro-
gen users (p < .01). The SRT list recall measures did not differ between
estrogen users and non-users.

Delayed Verbal Recall

Aging effects on measures of delayed verbal recall showed that the
percentage of saved material from the paragraph in the Logical Memory sub-
test was higher in young women than in non-users (p < .05). Similarly, the
percentage of saved material from thelist of wordsin the SRT was greater in
young women than in the non-users (p < .01). Savings scores for estrogen
users were intermediate to those of the young women and non-users and did
not differ significantly from the scores of either group.

Verbal Recognition

No differences were revea ed between any of the groups on recognition
measures from the Logical Memory subtest or from the SRT.

Visual Immediate and Delayed Recall

The Visual Reproduction | subtest revealed both effects of aging and
estrogen use. At the immediate delay, young women reproduced more fig-
ural information than the non-users (p < .001) and estrogen users (p < .01).
In addition, estrogen users reproduced more figural information than the
non-users (p < .05). However, recall for the materia after a 30-minute delay
revealed only aging effects, as the percentage of saved material was higher
in young women compared to both non-users (p < .01) and estrogen users
(p < .05). Estrogen users and non-users recalled an equivalent percentage of
theinitially encoded information at the 30-minute delay.

Analysis 2: Effects of Progesterone
Experimental Results
Item and Source Recognition

Estrogen users discriminated old and new words better than est + prog
users and were faster than est + prog users on the task (see Tables 3, 4, and
5). Estrogen users also showed better source recognition performance than
the est + prog users.

Neuropsychological Results

Generally, neuropsychological scores of the est + prog users did not
differ significantly from the estrogen users (see Tables 3, 4, and 5).
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Measures from the WCST were the exception; est + prog users committed
more total errors and more perseverative errors on the WCST than did estro-
gen users.

DISCUSSION

The present study tested the hypothesis that the frontal |obes mediate aspects
of age-related cognitive decline and that estrogen use may help temper age-
related cognitive decline by helping to maintain executive functions sub-
served by the frontal lobes. Two sets of evidence supported this hypothesis.
First, aging and estrogen effects were greatest for tests of source memory,
the memory measure that presumably relies most on executive processes and
frontal lobe function. Second, aging and estrogen effects were revealed on
neuropsychological tests of executive function, e.g., measures from the
WCST. However, null findings on other tests of executive function failed to
support the frontal 1obe hypothesis of cognitive aging.

To our knowledge, thisis the first study to examine source memory in
postmenopausal estrogen users. Results revealed a robust estrogenic effect
on source memory compared to a nonsignificant estrogenic effect on item
memory. The disproportionate deficit in source memory compared to item
memory is consistent with the pattern revealed in our aging results and in the
aging literature (for a review, see Spencer & Raz, 1995). Note that the size
of the age effects reported in the current study was elevated duein part to the
consistently high performance and reduced variability of the young subjects.
Patients with frontal lobe damage are impaired in making source memory
judgments (Butters et al., 1994; Mangels, 1997; Milner et a., 1991; Shima-
mura, 1996), as are nonhuman primates with discrete mid-dorsal frontal
lesions (Petrides, 1991). Brain imaging studies in healthy controls have aso
demonstrated frontal lobe involvement in source memory tasks (Rugg et al.,
1999; Nolde et al., 1998; Henson et a., 2000; Cabeza et al., 1997). There-
fore, large aging and estrogenic effects for source memory provide the stron-
gest support for the hypothesis that aging and estrogenic effects are mediated
by frontal lobe processes. However, this finding is not meant to imply that
source memory is subserved exclusively by the frontal |obes.

An aging effect (and a trend towards an estrogen effect) was also
revealed on the experimental measure of item discrimination. By contrast,
measures of item recognition from the neuropsychological battery showed
no group effects. Since simple item recognition can be performed relatively
automatically (Jacoby, 1991), aging and estrogen effects were unanticipated.
The discrepancy between experimental and neuropsychological measures
may be due to the task demands involved in the experimental test. Specifi-
cally, participants were required to make speeded item judgments and, for
items judged old, nonspeeded source judgments. Older participants reported
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difficulty in rapidly switching back and forth between these two judgment
types. Task switching is a metacognitive regulatory process that declines
with aging and is thought to rely upon frontal lobe function (McDowd et al.,
2000; West, 1996; Fernandez-Duque et al., 2000). Further, making speeded
item judgments in the experimental task is more demanding than making
nonspeeded judgments in the neuropsychological tests. Speeded item recog-
nition tests have been shown to activate a fronto-parietal network (Zysset
et a., 2001). Thus, a portion of the variation in performance on the experi-
mental item recognition test likely involved variation in executive capacity
and frontal lobe function. In contrast, the “yes/no” recognition and multiple-
choice recognition tests from the neuropsychological battery did not require
such regulatory processes. Intact simple item recognition in the neuropsy-
chological measures supports the hypothesis that the hippocampal memory
system remains relatively intact in normal aging (West, 1996).

The most consistent finding in the estrogen literature reflects a benefit
of estrogen use on the recal of verbal information (Caldwell & Watson,
1952; Sherwin, 1988; Kampen & Sherwin, 1994; Phillips & Sherwin, 1992;
Raobinson et al., 1994; Hackman & Galbraith, 1977; Jacobs et al., 1998). The
current study provided little support for such an association. Specifically,
estrogen users did not outperform the non-users on any measure of immedi-
ate or delayed verbal recall from the neuropsychological battery. Instead,
scores for estrogen users were intermediate to those of young women and
non-users. Other studies have also failed to find effects of estrogen on verbal
recall (Barret-Conner & Kritz-Silverstein, 1993; Duff & Hampson, 2000;
Kampen & Sherwin, 1994; Rice et a., 2000; Robinson et al., 1994). Most
reports yielding significant effects are conducted with recently menopausal
women, who are thus likely experiencing menopausal symptoms. Studies of
asymptomatic women typically yield null results (for areview, see LeBlanc
et a., 2001). Given that the women in the current study have been meno-
pausal for an average of 22 years, and likely not experiencing significant
menopausal symptoms, these data are congruent with the extant literature.
Unfortunately, data on menopausal symptoms were not collected in this
study, therefore precluding an examination of the relationship between
menopausal symptoms and cognitive performance.

Aging effects were revealed on both immediate and delayed recall
measures of paragraph and list memory. The frontal lobe hypothesis predicts
greater aging effects on tests that place more demands on executive pro-
cesses. For instance, tests of free recall require more self-initiated retrieval
processes than do tests of recognition (Craik & Lockhart, 1986). Accord-
ingly, the aging effect size for recall was predicted to be greater than the
aging effect size for recognition. Table 5 shows this prediction was sup-
ported in the current data. Further, executive demands are greater for encod-
ing an unassociated list compared to encoding information that is somehow
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related, e.g., related semantically or related in the context of a meaningful
sentence (Baddeley et al., 1987). Thus, aging effects should be greater for
list recall compared to paragraph recall. Corresponding to this prediction,
results revealed greater aging effects for SRT measures compared to logical
memory measures. In fact, the difference between young women and non-
users for paragraph recall was only marginally significant (p = .05). Alto-
gether, the aging effects for recall and recognition support the hypothesis
that memory deficits in older adults reflect executive deficits.

For visual memory, effects of estrogen use were not anticipated, as pre-
vious studies have generally failed to revea differences between estrogen
users and non-users (Barret-Conner & Kritz-Silverstein, 1993; Carlson &
Sherwin, 1998; Polo-Kantola et al., 1998; Phillips & Sherwin, 1992). Of
note is the pattern whereby estrogenic effects are revealed on tests of imme-
diate memory, but not on those of delayed memory. Baddeley has suggested
that preserved immediate recall reflects the absence of impairment in the
functioning of the central executive system (Baddeley, 2000). For example,
some amnesic patients who show impaired memory after a delay show
immediate memory scores in the normal range (Wilson & Baddeley, 1988).
Further, short-term visuospatial memory in hedthy controls has been
recently shown to be strongly related to executive function (Miyake et al.,
2001), and brain imaging studies have revealed activation of frontal struc-
tures during visual memory encoding and retrieval (Angioi-Duprez et a.,
2000). Accordingly, differences between estrogen users and non-users in
immediate visual memory may be related to differences reported in execu-
tive processes that help supervise the memory process.

Frontal lobe involvement in age-related memory decline is based on
the premise that elders mismanage retrieved memories due to impaired exec-
utive functions (Jacoby, 1994; Salthouse, 1990b). In support of this hypothe-
sis, our data showed the largest age and estrogen effects on performance of
the WCST. Specifically, non-users committed more errors overall, aswell as
more perseverative errors, than the young women and estrogen users.
Results replicate previous studies showing effects of aging (Spreen &
Strauss, 1998) and estrogen use (Schmidt et a., 1996) on WCST measures.
Further, given that the WCST relies on reasoning ability, the result sup-
ported findings indicating enhanced reasoning ability among estrogen users
(Fedor-Freybergh, 1977; Sherwin, 1988; Schmidt et al., 1996; Jacobs et al.,
1998).

Perseverative errors on the WCST are particularly indicative of dys-
function in the prefrontal cortex (Grafman et al., 1990; Janowsky et al.,
19894), specifically DLPFC (Taylor, 1979). Structural imaging has revealed
that age-related reductions in the volume of DLPFC are associated with an
increase in perseverative errors on the WCST (Raz et a., 1998). The magni-
tude of PET activation in DLPFC is reduced in older adults compared to
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younger adults during performance of a modified version of the WCST
(Nagahama et al., 1997). The administration of Lupron, used to suppress
gonadal steroids including estrogen, leads to an attenuation of PET activa-
tion within the DLPFC during the WCST. This activation is restored with
the administration of exogenous estrogen (Berman et a., 1997). Together,
these findings provide strong evidence associating age and estrogen use with
changes in executive functions associated with DLPFC.

Aging effects were also revealed on a test of working memory, Letter-
Number Sequencing. Decreases in working memory capacity are claimed to
result in a broad range of age-related cognitive deficits (for a review, see
Salthouse, 1990a). The prefrontal cortex has clearly been shown to underlie
aspects of working memory in lesion studies in monkeys (Funahashi et al.,
1993), in studies of humans with prefrontal damage (Verin et a., 1993;
Ferreira et al., 1998; Gron, 1998), and in studies of human brain imaging
(for areview, see D’Esposito et al., 2000). Given the clear involvement of
prefrontal cortex in working memory, we anticipated that estrogen users
would outperform non-users on the working memory test. However, results
failed to reveal effects of estrogen, which is consistent with the mgjority of
reports in the literature (Carlson & Sherwin, 1998; Phillips & Sherwin,
1992; Ditkoff et al., 1991; Shaywitz et a., 1999; Polo-Kantola et al., 1998;
Barret-Conner & Kritz-Silverstein, 1993; aso see Sherwin, 1988; Carlson &
Sherwin, 1998; Duff & Hampson, 2000). Most studies have used backward
digit span to assess working memory. Null aging and estrogen effects on
digit span may reflect the fact that span tests may not provide information on
executive control (Stuss & Levine, 2002) and may not depend on intact fron-
tal lobe function (D’Esposito & Postle, 1999). On a more complex digit-
reordering span test, Duff and Hampson (2000) reported estrogen effects.
Therefore, tests that require more manipulation of the data held in working
memory may be more sensitive to estrogen use. However, this possibility is
not supported in the current data, as the most demanding working memory
task (Letter-Number Sequencing Test), showed equivalent performance in
estrogen users and non-users.

Overall, aging effects were greatest for tests that taxed specific execu-
tive functions, i.e., those involving metacognitive monitoring, reasoning,
working memory, and extra-dimensional set-shifting. These same executive
functions, except for working memory, appear to be preserved in older
women using estrogen. We next examined whether asimilar pattern of bene-
fits on executive function was seen in women taking a combination of est +
prog.

Opposing estrogen with progesterone appears to reverse some of the
beneficial effects of taking estrogen alone. Est + prog users committed more
overdl errors, as well as more perseverative errors, on the WCST compared
to estrogen users, reflecting impaired executive function. Est + prog users
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also performed worse on the item/source memory task. These same tasks
showed the strongest effects of estrogen use; thus, the deleterious effects of
progesterone on cognitive function were specific to tests that benefited from
estrogen use. This finding supports other studies that reported detrimental
effects of progesterone on cognitive abilities (Sherwin, 1991; Ohkura et al.,
1995; Rice et al., 2000), though at least two studies have failed to find such
negative effects (Hogervorst et al., 1999; Maki et a., 2001). Additional data
consistent with the present findings show that progestagens can dampen
mood (Sherwin, 1991) and are suspected to decrease activity of excitatory
neurotransmitters (Backstrom et al., 1985). Certain metabolites of progester-
one, such as alopregnanolone, are known to bind to GABA” receptors and
produce sedative-like effects (Purdy et a., 1990). Basic neurobiological
studies have also shown that most of the beneficial effects of estrogen on the
brain, e.g., affecting neurotransmitter synthesis (McEwen et al., 1977), alter-
ing neuronal morphology (Woolley & McEwen, 1993), and enhancing cere-
bral perfusion (Funk et al., 1991) are opposed by progesterone (Sarrel,
1990). Human studies including treatments of progesterone alone are needed
to provide further insightsinto the impact of progesterone on cognitive func-
tion in postmenopausal women.

The present study is limited by its observational nature. Since women
were not randomly assigned to a treatment group, the effects of hormone use
are confounded with subject variables that may differentiate women who
choose to use hormones after menopause from those who do not. Previous
research has shown that hormone userstend to be hedlthier and better educated
than nonhormone users (Egeland et ., 1991; Matthews et al., 1996). A critical
control comparison in the present study is between the estrogen only and the
est + prog groups. Since both groups had chosen to use hormones, differences
between them on tests of executive function and source memory could not be
atributed to subject factors related to self-selection for hormone use. Clinical
trials represent the strongest design for assessing estrogen’s impact on cogni-
tive function. Unfortunately, trials currently available typically have relatively
small numbers of participants, which may prohibit the detection of small
effects of estrogen, or they are short in duration, which may prohibit the detec-
tion of estrogenic effects that develop over time. For example, Jacobs et a.
(1998) reported cognitive differences between women taking estrogen for less
than 1 year and women taking estrogen for morethan 1 year. Largeclinical tri-
asthat continue treatment over the course of at least 1 year are needed to help
resolve the conflicting findings available to date.

Finaly, it has been argued that the cognitive benefits associated with
estrogen use are a by-product of changesin mood associated with estrogen use.
Since direct measures of mood were not collected, we cannot discount this pos-
sibility. However, the three postmenopausal groups did not differ on measures
of depression or activities of daily living, as assessed by the CARE. This
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suggests that the cognitive differences reported between estrogen users and
non-users are not likely attributable to differences in mood or generd health,
consistent with what has been reported previoudy (e.g., Dukaet a., 2000).

In conclusion, the pattern of behavioral and neuropsychologica findings
converge to provide evidence that impairment in executive functions in older
adults may account for cognitive deficits associated with aging and that estro-
gen may attenuate these deficits by helping to preserve specific executive func-
tions subserved by the frontal lobes. Results a so suggest that opposing estrogen
with progesterone may mitigate the cognitive benefits of taking estrogen alone.
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