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Variations in the hormonal milieu after menopause may influence
neural processes concerned with cognition, cognitive aging, and
mood, but findings are inconsistent. In particular, cognitive effects
of estradiol may vary with time since menopause, but this pre-
diction has not been assessed directly using serum hormone
concentrations. We studied 643 healthy postmenopausal women
not using hormone therapy who were recruited into early (<6 y
after menopause) and late (10+ y after menopause) groups.
Women were administered a comprehensive neuropsychological
battery and assessed with the Center for Epidemiologic Studies
Depression Scale. They provided serum for free estradiol, estrone,
progesterone, free testosterone, and sex hormone binding globu-
lin measurements. Cognitive outcomes were standardized com-
posite measures of verbal episodic memory, executive functions,
and global cognition. Covariate-adjusted linear regression analy-
ses were conducted for each hormone separately and after adjust-
ment for other hormone levels. Endogenous sex steroid levels
were unassociated with cognitive composites, but sex hormone
binding globulin was positively associated with verbal memory.
Results for early and late groups did not differ significantly, al-
though progesterone concentrations were significantly positively
associated with verbal memory and global cognition in early
group women. Hormone concentrations were not significantly re-
lated to mood. Results fail to support the hypothesis that temporal
proximity to menopause modifies the relation between endoge-
nous serum levels of estradiol and verbal memory, executive func-
tions, or global cognition. Physiological variations in endogenous
postmenopausal levels of sex steroid hormones are not substan-
tially related to these aspects of cognition or mood; positive asso-
ciations for progesterone and sex hormone binding globulin merit
additional study.

Nuclear and nonnuclear receptors for estrogens, androgens,
and progesterone are widely distributed in the brain and

expressed within discrete neural populations (1–5), and sex ste-
roids may influence brain function through other mechanisms.
Variations in the hormonal milieu after menopause have the
potential to affect cognitive function and mood as well as phys-
iological processes linked to cognitive aging and late-life dis-
orders, such as Alzheimer’s disease (6, 7). A number of studies
have examined associations between serum concentrations of sex
steroids and cognition after menopause. Most have focused on
17β-estradiol (E2) (8), which is produced cyclically by the ovaries
in women of reproductive age. After menopause, the depletion
of ovarian follicles leads to permanent reductions in circulating
levels of E2 as well as estrone (E1) and progesterone (P4).
Findings related to cognition are inconsistent because of, in part,
limited measures of cognitive abilities, measurement of only
a single sex steroid, and restricted age range. Age is potentially
quite important, because some hormonal effects on cognitive
outcomes are proposed to vary by age or timing in relation to the
final menstrual period (9–12). The timing, or critical window,
hypothesis is best developed with regard to exogenous E2; no

research has examined this hypothesis in relation to endogenous
hormone concentrations.
The ongoing Early versus Late Intervention Trial with Estra-

diol (ELITE) targets two groups of women: women in early
postmenopause and women in late postmenopause (Protocol
Plan). The randomized interventions are oral E2 or placebo, and
the goal is to assess whether time since menopause (as repre-
sented by postmenopause group) modifies the effect of E2
therapy on specified health outcomes, including cognitive change
(ELITE-Cog). This large trial provides the additional opportu-
nity to test in a well-characterized cohort of postmenopausal
women the hypothesis that the relation of endogenous E2 levels
to cognitive skills differs by temporal proximity to menopause
and assess other hormone associations with cognition and mood.
In younger women, verbal episodic memory is reported to be

sensitive to estrogen effects (13, 14), and verbal memory im-
pairment is potentially important, given its association with Alz-
heimer’s disease risk (15). Episodic memory depends on integrity
of the hippocampus and adjacent medial temporal lobe structures
(16), and studies in rodents document robust effects of E2 on
hippocampal synaptic plasticity, hippocampal long-term potenti-
ation, and hippocampal-mediated cognitive behaviors (17, 18).
Here, we report—for early and late postmenopausal women

not using hormone therapy—prerandomization associations be-
tween verbal memory and other cognitive measures and serum
concentrations of E2, E1, P4, and testosterone (T) as well as sex
hormone binding globulin (SHBG). At the same time, we also
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examined the relation between serum hormone concentrations
and mood or possible depression. Our primary hypothesis was
that the association of E2 levels with verbal episodic memory
would differ between postmenopause strata, with higher con-
centrations associated with better memory performance in the
early group but not the late group.

Results
ELITE participants ranged in age from 41 to 84 y; 1 of 643
participants did not have cognitive testing at baseline but was
included in analyses of mood and possible depression. Other
women underwent cognitive assessment and contributed serum
for sex hormone and SHBG analyses (Table 1). Two-thirds of

Table 1. Characteristics of ELITE-Cog participants at baseline

Characteristic Early postmenopause (n = 271) Late postmenopause (n = 372) P

Mean age, y* 55.4 (4.1) 65.4 (6.0) <0.001
Race or ethnicity
White, non-Hispanic 174 (64.2%) 266 (71.5%)
Black 24 (8.9%) 35 (9.4%)
Hispanic 41 (15.1%) 49 (13.2%)
Asian 32 (11.8%) 21 (5.7%)
Other 0 1 (0.3%)

Education 0.05
Less than high school 1 (0.4%) 2 (0.5%)
High school or some college 75 (27.7%) 137 (36.8%)
College graduate 195 (72.0%) 233 (62.6%)

Age at menopause, y (269, 344) 51.9 (3.7) 47.9 (5.8) <0.001
Years since menopause, median, IQR (269, 344) 3.5 (1.9, 5.0) 14.3 (11.5, 18.7) <0.001
Type of menopause
Natural 262 (96.7%) 312 (83.9%) <0.001
Surgical 9 (3.3%) 60 (16.1%)

Hot flashes, any within previous month (243, 324) 173 (71.2%) 157 (48.5%) <0.001
Mean number per day for women with any hot flashes
Mild 1.1 (1.7) 1.0 (1.4) 0.33
Moderate 1.1 (2.0) 1.2 (2.0) 0.83
Severe 0.62 (2.4) 0.55 (1.6) 0.74

Past use of hormone therapy, yes 138 (50.9%) 321 (86.3%) <0.001
Current lipid-lowering medication, yes 40 (14.8%) 88 (23.7%) 0.005
Current use of antihypertensives, yes 50 (18.5%) 107 (28.8%) 0.003
Smoking history 0.19
Current 11 (4.1%) 11 (3.0%)
Former 89 (32.8%) 147 (39.5%)
Never 171 (63.1%) 214 (57.5%)

Moderate or vigorous physical activity, hours during past week† 7.0 (8.4) 5.5 (6.2) 0.01
Alcohol consumption, weekly estimate 0.62
None 135 (49.8%) 194 (52.2%)
>0–1 unit (15 g)/d 105 (38.8%) 127 (34.1%)
>1–2 units/d 23 (8.5%) 39 (10.5%)
>2 units/d 8 (3.0%) 12 (3.2%)

Body mass index, kg/m2 27.2 (5.4) 27.4 (5.4) 0.65
Systolic blood pressure, mmHg 117 (13) 119 (12) 0.06
Diastolic blood pressure, mmHg 76 (7) 74 (7) 0.001
Hemoglobin A1c, % (269, 369) 5.5 (0.5) 5.7 (0.4) 0.002
Intelligence quotient estimate‡ 108 (12) 108 (11) 0.97
Mood (CES-D), median, IQR 6 (2, 12) 5 (2, 11) 0.074
Possible depression§ 52 (19.2%) 61 (16.4%) 0.36
ApoE e4 carrier status{ (257, 354) 74 (28.8%) 111 (31.4%) 0.50
Serum concentrations, median, IQR
Total E2, pg/mL 8.0 (5.8, 11.4) 7.7 (5.8, 10.5) 0.17
Free E2, pg/mL (268, 370) 0.20 (0.14, 0.31) 0.18 (0.13, 0.26) 0.04
E1, pg/mL (269, 372) 29.1 (22.7, 38.1) 27.7 (20.2, 37.1) 0.08
P4, ng/mL (271, 370) 0.2 (<0.2, 0.3) 0.2 (<0.2, 0.3) 0.12
Total T, ng/dL (269, 372) 20.5 (15.5, 27.9) 21.6 (14.1, 30.6) 0.44
Free T, pg/dL (268, 370) 3.8 (2.9, 5.5) 3.9 (2.8, 5.7) 0.86
SHBG, nmol/L (268, 370) 46.1 (32.5, 61.1) 51.1 (37.7, 66.9) 0.01

Mean (SD) or number (%) except where indicated. When data were missing, numbers of participants in each postmenopause group contributing data are
given in parentheses. ApoE, Apolipoprotein E; CES-D, Center for Epidemiological Studies Depression scale; IQR, interquartile range.
*Ranges were 42–72 y in the early group and 41–84 y in the late group.
†Hours of moderate or vigorous physical activity (three or more standard metabolic equivalents) during the past 7 d.
‡Estimated from Wechsler Test of Adult Reading scores.
§Possible depression is suggested by CES-D scores of at least 16.
{At least one e4 allele.
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participants were college graduates, and about one-third were
members of a racial or ethnic minority. Women in the late
postmenopause group were, on average, 10 y older and some-
what less well-educated than women in the early group. They
were also less likely to have recorded hot flashes within the
preceding 1 mo and more likely to have undergone surgical
menopause and used hormone therapy.
Sex steroid levels were positively correlated (Table S1). SHBG

concentrations increased slightly with age (r = 0.14) and were
inversely related to body mass index (r = −0.46). In the late
group, the median serum concentration of SHBG was higher,
and the free E2 (but not total E2) concentration was lower.
Concentrations of E1, total E2, P4, and T (free and total) were
similar in both groups. Because of very high correlations between
free and total E2 and between free and total T, subsequent
analyses considered only free, unbound levels of these hormones,
presumed to represent the biologically active fractions.
Women in the two postmenopause strata did not differ in es-

timated intelligence or mood (Table 1). Most neuropsychological
tests showed expected age effects, with early postmenopausal
women performing better than women in late postmenopause
(Table S2). For cognitive composites, these differences represented
standardized differences of 0.25 for verbal episodic memory, 0.46
for executive functions, and 0.23 for global cognitive function.

Estrogen Levels and Cognition. In both postmenopause groups,
there was not a significant relation between serum concen-
trations of free E2 and verbal episodic memory or between free
E2 and executive functions or global cognition (Table 2). Find-
ings for E1 were similar. Adjusting for levels of P4, free T, and
SHBG did not alter these results. As previously reported (19),
free E2 was significantly positively associated with semantic mem-
ory (naming scores) among women in the early postmenopause
group, with differences between the first and fourth quartiles of
free E2 corresponding to about 0.4 SDs in naming performance
(SI Materials and Methods, Other Analyses and Table S3).

Other Cognitive Outcomes. Concentrations of P4 and free T were
not significantly associated with cognitive composite scores
(Table 2). For P4, there was a trend for a difference between
postmenopause groups, and in the early group, the P4 level was
significantly positively associated with both verbal memory and

global cognition. In addition, the concentration of SHBG was
significantly positively associated with verbal memory perfor-
mance, with similar effects in both postmenopause groups (Table
2). Time since menopause adjusted for age was unrelated to
cognitive function (Table 3). Free T has been negatively linked
to verbal fluency (20); we were unable to confirm this association
(SI Materials and Methods, Other Analyses).

Mood and Possible Depression. For both early and late postmen-
opause groups, mood and possible depression were generally
unrelated to hormone measures (Table 4). However, effects of
free E2 on mood differed significantly between the two post-
menopause groups, and the association between higher E2 con-
centrations and better mood in the early group showed a trend
to significance.

Sensitivity Analyses. Excluding 28 women who reported pre-
mature or late menopause did not alter the significance of
findings reported in Tables 2, 3, and 4 except in three instances,
where previously nonsignificant trends (P < 0.1) were significant
at P < 0.05. Interaction P values were significant for P4 associ-
ations with verbal episodic memory and global cognition (Table
S4). Years since menopause adjusted for age were negatively
related to executive functions (β = −0.03, SE = 0.01, P = 0.03,
interaction P = 0.71).

Discussion
Principal Findings. As inferred from our results on semantic
memory, variations in serum concentrations of free E2 within
the low but normal physiological range characteristic of post-
menopause may affect cognition. However, among 643 healthy
community-dwelling postmenopausal women not using hormone
therapy, we failed to confirm our primary hypothesis that the
relation between free E2 and verbal episodic memory is modified
by postmenopause group. Consistent with this finding, years
since menopause adjusted for age were unrelated to verbal
memory. We also failed to confirm significant relations between
serum concentrations of free E2, E1, P4 or free T and cognitive
outcomes in the combined group of early and late post-
menopausal women. SHBG was an exception, and SHBG levels
were positively associated with verbal memory. Sex steroid and

Table 2. Associations between serum hormone concentrations and cognitive composite scores

Verbal episodic memory Executive functions Global cognition

Hormone measure β SE P Interaction P β SE P Interaction P β SE P Interaction P

Free E2 −0.06 0.09 0.52 0.34 −0.02 0.08 0.84 0.41 0.03 0.10 0.80 0.80
E1 0.02 0.12 0.86 0.46 −0.01 0.11 0.95 0.60 0.01 0.15 0.95 0.97
P4 0.08 0.09 0.42 0.06* −0.10 0.10 0.30 0.21 0.20 0.12 0.11 0.07*
Early group 0.31 0.15 0.03†‡ 0.49 0.19 0.01†‡

Late group −0.09 0.14 0.48 −0.01 0.16 0.96
Free T −0.11 0.10 0.28 0.39 −0.03 0.09 0.75 0.99 0.02 0.12 0.88 0.57
SHBG 0.27 0.12 0.02†§ 0.42 0.04 0.11 0.74 0.13 0.16 0.14 0.25 0.88

Values for steroid hormone and SHBG concentrations were log-transformed before analyses. Sample sizes for hormone measures ranged from 627 to 637.
All analyses were adjusted for age. Other adjustments were as follows: free E2 (race/ethnicity, antihypertensive use, smoking history, systolic blood pressure,
and hemoglobin A1c level); E1 (race/ethnicity, education, statin use, smoking history, physical activity, alcohol use, systolic blood pressure, hemoglobin A1c
level, mood, and apolipoprotein E genotype); P4 (smoking history, systolic blood pressure, and apolipoprotein E genotype); free T (race/ethnicity,
antihypertensive use, education, alcohol use, systolic blood pressure, hemoglobin A1c level, mood, and apolipoprotein E genotype); and SHBG (race/ethnicity,
education, and systolic blood pressure). Additional adjustment for the presence of other hormone concentrations (except E2 when E1 was the predictor
variable and E1 when E2 was the predictor variable) had no substantial effect.
*0.05 ≤ interaction P < 0.1 (interaction P < 0.05 in analyses that excluded women with premature or late menopause; in the text).
†Probability P < 0.05.
‡Among women in the early postmenopause group, the mean standardized difference between the fourth (highest) and first (lowest) quartiles of P4 for the
verbal memory composite score was 0.30 (P = 0.08); for global cognition, the mean standardized difference was 0.41 (P = 0.01).
§Among women in both postmenopause groups combined, the mean standardized difference between the fourth and first quartiles of SHBG for verbal
memory was 0.24 (P = 0.03).
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SHBG concentrations were not significantly related to mood or
possible depression.

Cognitive outcomes. Associations between serum estrogen levels
(either E1 or E2 measured as total E2, bioavailable E2, free E2,
or the free E2 index) and cognition have been considered in
several relatively large studies (n > 100) of postmenopausal
women (8), where cognitive end points have sometimes been
limited. Among these studies, most focus on predominately
younger postmenopausal women or predominately older post-
menopausal women. None have distinguished between younger
and older groups when both were included and thus, do not
address the question of whether cognitive effects might differ
based on age or time from menopause. None of these larger
studies of E1 or E2 have examined both P4 and T, and when
effects of one hormone are analyzed, potential confounding
effects of other hormones are rarely considered.
Although beneficial (19, 21, 22) and deleterious (23, 24)

associations are described for E1 or E2 and specific cognitive
measures, findings in most human studies (19, 21–31) are largely
consistent with our null results for an association between en-
dogenous estrogens and cognitive composite scores. These gen-
erally nonsignificant findings in younger and older postmenopausal
women contrast with results of studies in rodents and nonhuman
primates. Here, E2 affects cognitive performance, synaptic plas-
ticity, and neurophysiological properties in a manner that can vary
with age or the interval between ovariectomy and hormone re-
placement (10, 32–35). Effects are tissue-specific and may reflect,
in part, the increased degradation of estrogen receptor-α that
occurs with aging or after ovariectomy (36, 37). Even in the animal
literature, however, estrogen effects on cognition depend on the
experimental paradigm. E2 may modulate different neural

systems differently (38), and cognitive enhancement can be ob-
scured by environmental factors that modify hormonal effects in
naturalistic settings (39, 40).
The relation between endogenous P4 and cognition has been

examined infrequently after menopause, and to our knowledge,
it has only been examined in older postmenopausal women. In
the Leisure World cohort, the serum P4 concentration was
negatively associated with performance on a clock drawing task
(25); in a smaller study, serum P4 was unrelated to several cog-
nitive end points (41). The interaction between postmenopause
groups showed a trend to significant difference; we found that
serum P4 was positively related to verbal memory and global
cognition in postmenopausal women closer to menopause.
Findings from human research on serum T and cognition are

variable. T levels (measured as total, bioavailable, or free T)
have been linked to better global cognition (Mini Mental State
examination) in older women (26) and poorer verbal fluency
in premenopausal and postmenopausal women (20). The ab-
sence of other cognitive associations is also reported (22). We
identified no associations between free T and composite cog-
nitive outcomes.
SHBG is a carrier protein that binds E2 and T. In addition to

its transport function in the blood, SHBG may play a role in
hormone uptake into neurons (42). Some studies in postmen-
opausal women report no relation to cognitive abilities (19, 25).
However, SHBG levels are linked to increased risk of Alz-
heimer’s disease in men and women (43) and cognitive decline in
older men (44). We found that serum concentrations of SHBG
were associated with better verbal memory, and adjustments for
sex steroid levels did not alter this relation.

Mood and Possible Depression. Lower serum levels of E1 and E2
(29) and higher levels of free T (45) have been associated with
depressive symptoms in older postmenopausal women. Other
investigators, however, identified no relation between levels of
estrogen (46–49) or T (46, 48) and mood or depression. We
found that the association between E2 and mood differed be-
tween postmenopause groups, but the trend for better mood in
the early group was not significant. Our results for mood or
possible depression, thus, support the absence of an important
relation with levels of these endogenous hormones. Reasons for
discrepant findings are unclear, although for midlife women,
fluctuations in estrogen levels over time may be more closely

Table 3. Years since menopause adjusted for age in relation to
cognitive composite scores

Cognitive composite β SE P Interaction P

Verbal episodic memory −0.01 0.01 0.24 0.50
Executive functions −0.02 0.01 0.08* 0.79
Global cognition −0.01 0.01 0.42 0.85

Analyses of 612 women were adjusted for age, education, and mood.
*P = 0.03 in analyses that excluded women with premature or late meno-
pause (in the text).

Table 4. Associations between hormone measures and mood or possible depression

Mood (CES-D score) Possible depression (CES-D ≥16)

Hormone measure β SE P Interaction P Odds ratio 95% CI P Interaction P

Free E2 −0.07 0.10 0.48 0.046* 1.12 0.80–1.57 0.52 0.17
Early group −0.23 0.13 0.07
Late group 0.20 0.15 0.19

E1 0.07 0.14 0.63 0.22 1.44 0.88–2.35 0.15 0.42
P4 0.10 0.11 0.38 0.60 1.23 0.84–1.82 0.29 0.45
Free T 0.05 0.12 0.69 0.79 1.04 0.68–1.59 0.86 0.62
SHBG 0.05 0.14 0.73 0.052† 1.18 0.73–1.91 0.50 0.52
Early group 0.27 0.19 0.17
Late group −0.17 0.19 0.38

Values for steroid hormone and SHBG concentrations were log-transformed before analyses. Mood was analyzed after square root transformation of CES-
D scores. Sample sizes for hormone measures ranged from 633 to 641. All analyses were adjusted for age. Other adjustments were as follows: free E2 (race/
ethnicity and smoking history); E1 (no other adjustments); P4 (smoking history); SHBG (race/ethnicity, antihypertensive use, smoking history, and alcohol use);
and free T (race/ethnicity, smoking history, alcohol use, and apolipoprotein E genotype). Additional adjustment for the presence of other hormone measures
(except E2 when E1 was the predictor variable and E1 when E2 was the predictor variable) had no substantial effect. CES-D, Center for Epidemiologic Studies
Depression scale; CI, confidence interval.
*P < 0.05.
†0.05 ≤ interaction P < 0.1.
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linked to depressed mood and depression than absolute levels per
se (47, 48).
We also identified no relation between serum concentrations

of P4 or SHBG and mood or possible depression. In one study,
SHBG levels were not associated with mood (46), but neither
SHBG nor P4 has been well-studied in this regard.

Conclusions
For postmenopausal women close to or remote from the time of
menopause, our results fail to support the view that endogenous
estrogen exposures as measured by serum concentrations are
directly related to verbal episodic memory. Findings were similar
for executive functions and global cognition, suggesting the ab-
sence of a critical window, during which time serum levels of E2
(or E1) are substantially related to these areas of cognitive
function within the range of physiological levels that characterize
postmenopause. In the early postmenopause group, we were
able to replicate the reported association in midlife women
between levels of free E2 and naming performance (19), but
smaller effects, if present for other domains, might not have
been detected.
In the early postmenopause group, P4 concentrations were

significantly associated with both better verbal memory and global
cognition, although early and late groups showed only a trend to
difference in primary analyses. In rodents, P4 is neuroprotective
and can enhance cognition, but P4 can also antagonize neural
effects of E2 (50–52). These cognitive findings in the early group
merit replication and additional study. Other suggestive, but
unpredicted results pertain to SHBG in both younger and older
postmenopausal women. The positive association with verbal
memory, which implies that SHBGmay influence brain processes
involved in learning and memory, requires confirmation.
There are limitations to these findings. Because sex steroid

hormones (53, 54) and possibly SHBG (55, 56) can be synthe-
sized within the CNS, blood levels may imprecisely reflect con-
centrations within the brain. Environmental and lifestyle factors
that promote cognitive skills could otherwise obscure cognitive
effects mediated by E2 (39, 40). Our results do not apply to men,
women of reproductive age, or women with dementia, because
these groups are not represented in the ELITE cohort. Cognitive
and mood associations for free E2, E1, and P4 pertain to the
physiological range of endogenous exposures normally encoun-
tered by postmenopausal women and not higher exposures
resulting from hormone therapy or higher physiological levels in
normally cycling women. Cross-sectional hormone associations
may better reflect short-term activational effects on cognition
mediated by changes in electrical properties and synaptic plas-
ticity than possible long-term processes mediated by organiza-
tional changes within the brain.
Our study of healthy postmenopausal women has important

strengths. Foremost was the ability to examine within a large,
well-characterized voluntary cohort whether time from meno-
pause modified associations between concentrations of endoge-
nous free E2 and verbal episodic memory, executive functions, or
global cognition. We found that it did not. Results from the
ongoing ELITE clinical trial should clarify whether cognitive
effects of exogenous E2 exposures are modified by time from

menopause. Our measure of global cognition was derived from
a comprehensive neuropsychological battery rather than a short
screening instrument. Use of verbal memory and executive
function composites rather than single psychometric test scores
enhances the validity of these measures. Multiple hormones were
analyzed for each participant. Because we were able to examine
other sex steroids in relation to cognition and mood, we had the
opportunity to explore whether the apparent effect of a particu-
lar hormone differed when other hormone measures were con-
sidered in the same analysis. Here, findings suggest that relations
of sex hormones and SHBG to cognitive function and mood were
independent of influences of other levels.

Materials and Methods
A detailed description of the methods is available in SI Materials and
Methods.

Design Overview and Participants. ELITE was designed as a randomized,
double-blind trial of oral E2 or matched placebo (Protocol Plan); 643 women
were recruited into early and late postmenopause groups. Women in the
early group were within 6 y of their final menstrual period (natural meno-
pause) or bilateral oophorectomy (surgical menopause). Women in the late
postmenopause group were at least 10 y beyond their final menstrual pe-
riod or bilateral oophorectomy.

Cognitive Assessment. Cognitive skills were assessed at baseline with a com-
prehensive neuropsychological battery that emphasized standardized tests
sensitive to age-associated change in middle-aged and older adults (57, 58)
(Table S2). To guard against the type I error in modified intention-to-treat
analyses, end points in the ELITE-Cog trial focus on cognitive composites for
verbal episodic memory, executive functions, and overall cognitive perfor-
mance (global cognition), which were calculated as the average of compo-
nent standardized scores weighted by the inverse intertest correlation
matrix (58).

Mood and Possible Depression.Moodwas assessed with the 20-item Center for
Epidemiological Studies depression scale analyzed continuously and di-
chotomously using a standard cut point (59) to indicate possible depression.

Sex Steroid and SHBG Concentrations. E2, E1, T, P4, and SHBG levels were
measured in serum as described (SI Materials and Methods).

Statistical Analyses. The associations between individual serum hormone
levels and cognitive measures and mood—and the relation between years
since menopause and cognitive function—were modeled separately using
multivariable linear regression analysis. The relation between hormone
levels and possible depression was similarly examined by logistic regression.
Associations between individual hormones or SHBG and cognitive end points
were modeled first without and then adjusting for other hormone mea-
sures. Our primary hypothesis was based on differences in association for
free E2 and verbal episodic memory, where we predicted an interaction
based on postmenopause group for free E2. Results for all hormones are
shown separately within each postmenopause stratum if postmenopause
group modified the relation significantly (P < 0.05) or showed a trend to-
ward significant modification (0.05 ≤ P < 0.1). Results are otherwise given
for early and late groups combined.

ACKNOWLEDGMENTS. We acknowledge and thank our study participants.
This work was supported by National Institute of Health Grants R01
AG024154 and P01 AG026572 and the Robert E. and May R. Wright
Foundation.

1. González M, et al. (2007) Distribution patterns of estrogen receptor alpha and beta in

the human cortex and hippocampus during development and adulthood. J Comp

Neurol 503(6):790–802.
2. Guerriero G (2009) Vertebrate sex steroid receptors: Evolution, ligands, and neuro-

distribution. Ann N Y Acad Sci 1163:154–168.
3. Brinton RD, et al. (2008) Progesterone receptors: Form and function in brain. Front

Neuroendocrinol 29(2):313–339.
4. Levin ER (2011) Minireview: Extranuclear steroid receptors: Roles in modulation of cell

functions. Mol Endocrinol 25(3):377–384.
5. Dumitriu D, Rapp PR, McEwen BS, Morrison JH (2010) Estrogen and the aging brain:

An elixir for the weary cortical network. Ann N Y Acad Sci 1204:104–112.

6. Yao J, Brinton RD (2012) Estrogen regulation of mitochondrial bioener-

getics: Implications for prevention of Alzheimer’s disease. Adv Pharmacol 64:

327–371.
7. Vest RS, Pike CJ (2013) Gender, sex steroid hormones, and Alzheimer’s disease. Horm

Behav 63(2):301–307.
8. Henderson VW, Popat RA (2011) Effects of endogenous and exogenous estrogen

exposures in midlife and late-life women on episodic memory and executive func-

tions. Neuroscience 191:129–138.
9. Henderson VW (2006) Estrogen-containing hormone therapy and Alzheimer’s disease

risk: Understanding discrepant inferences from observational and experimental re-

search. Neuroscience 138(3):1031–1039.

20294 | www.pnas.org/cgi/doi/10.1073/pnas.1312353110 Henderson et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312353110/-/DCSupplemental/pnas.201312353SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312353110/-/DCSupplemental/pnas.201312353SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312353110/-/DCSupplemental/pnas.201312353SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312353110/-/DCSupplemental/pnas.201312353SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312353110/-/DCSupplemental/pnas.201312353SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1312353110


www.manaraa.com

10. Daniel JM (2013) Estrogens, estrogen receptors, and female cognitive aging: The
impact of timing. Horm Behav 63(2):231–237.

11. Sherwin BB (2009) Estrogen therapy: Is time of initiation critical for neuroprotection?
Nat Rev Endocrinol 5(11):620–627.

12. Hao J, et al. (2007) Interactive effects of age and estrogen on cognition and pyramidal
neurons in monkey prefrontal cortex. Proc Natl Acad Sci USA 104(27):11465–11470.

13. Shaywitz SE, et al. (2003) Better oral reading and short-term memory in midlife,
postmenopausal women taking estrogen. Menopause 10(5):420–426.

14. Sherwin BB, Tulandi T (1996) “Add-back” estrogen reverses cognitive deficits induced
by a gonadotropin-releasing hormone agonist in women with leiomyomata uteri.
J Clin Endocrinol Metab 81(7):2545–2549.

15. Bateman RJ, et al. (2012) Clinical and biomarker changes in dominantly inherited
Alzheimer’s disease. N Engl J Med 367(9):795–804.

16. Squire LR (2009) Memory and brain systems: 1969–2009. J Neurosci 29(41):12711–12716.
17. Spencer JL, et al. (2008) Uncovering the mechanisms of estrogen effects on hippo-

campal function. Front Neuroendocrinol 29(2):219–237.
18. Foy MR, Baudry M, Akopian GK, Thompson RF (2010) Regulation of hippocampal

synaptic plasticity by estrogen and progesterone. Vitam Horm 82:219–239.
19. Ryan J, et al. (2012) Hormone levels and cognitive function in postmenopausal midlife

women. Neurobiol Aging 33(7):1138–1147.
20. Thilers PP, Macdonald SW, Herlitz A (2006) The association between endogenous free

testosterone and cognitive performance: A population-based study in 35 to 90 year-
old men and women. Psychoneuroendocrinology 31(5):565–576.

21. Lebrun CE, et al. (2005) Endogenous oestrogens are related to cognition in healthy
elderly women. Clin Endocrinol (Oxf) 63(1):50–55.

22. Yaffe K, et al. (2007) Endogenous sex hormone levels and risk of cognitive decline in
an older biracial cohort. Neurobiol Aging 28(2):171–178.

23. Yaffe K, Grady D, Pressman A, Cummings S (1998) Serum estrogen levels, cognitive
performance, and risk of cognitive decline in older community women. J Am Geriatr
Soc 46(7):816–821.

24. Laughlin GA, Kritz-Silverstein D, Barrett-Connor E (2010) Endogenous oestrogens
predict 4-year decline in verbal fluency in postmenopausal women: The Rancho
Bernardo Study. Clin Endocrinol (Oxf) 72(1):99–106.

25. Paganini-Hill A, Henderson VW (1996) The effects of hormone replacement therapy,
lipoprotein cholesterol levels, and other factors on a clock drawing task in older
women. J Am Geriatr Soc 44(7):818–822.

26. Barrett-Connor E, Goodman-Gruen D (1999) Cognitive function and endogenous sex
hormones in older women. J Am Geriatr Soc 47(11):1289–1293.

27. Henderson VW, Guthrie JR, Dudley EC, Burger HG, Dennerstein L (2003) Estrogen
exposures and memory at midlife: A population-based study of women. Neurology
60(8):1369–1371.

28. den Heijer T, et al. (2003) Higher estrogen levels are not associated with larger hip-
pocampi and better memory performance. Arch Neurol 60(2):213–220.

29. Almeida OP, Lautenschlager N, Vasikaram S, Leedman P, Flicker L (2005) Association
between physiological serum concentration of estrogen and the mental health of
community-dwelling postmenopausal women age 70 years and over. Am J Geriatr
Psychiatry 13(2):142–149.

30. Herlitz A, Thilers P, Habib R (2007) Endogenous estrogen is not associated with
cognitive performance before, during, or after menopause. Menopause 14(3 Pt 1):
425–431.

31. Luetters C, et al. (2007) Menopause transition stage and endogenous estradiol and
follicle-stimulating hormone levels are not related to cognitive performance: Cross-
sectional results from the study of women’s health across the nation (SWAN).
J Womens Health (Larchmt) 16(3):331–344.

32. Smith CC, Vedder LC, Nelson AR, Bredemann TM, McMahon LL (2010) Duration of
estrogen deprivation, not chronological age, prevents estrogen’s ability to enhance
hippocampal synaptic physiology. Proc Natl Acad Sci USA 107(45):19543–19548.

33. Bailey ME, et al. (2011) Interactive effects of age and estrogen on cortical neurons:
Implications for cognitive aging. Neuroscience 191:148–158.

34. Rodgers SP, Bohacek J, Daniel JM (2010) Transient estradiol exposure during middle
age in ovariectomized rats exerts lasting effects on cognitive function and the hip-
pocampus. Endocrinology 151(3):1194–1203.

35. Wu WW, Adelman JP, Maylie J (2011) Ovarian hormone deficiency reduces intrinsic
excitability and abolishes acute estrogen sensitivity in hippocampal CA1 pyramidal
neurons. J Neurosci 31(7):2638–2648.

36. Foster TC (2012) Role of estrogen receptor alpha and beta expression and signaling
on cognitive function during aging. Hippocampus 22(4):656–669.

37. Zhang QG, et al. (2011) C terminus of Hsc70-interacting protein (CHIP)-mediated
degradation of hippocampal estrogen receptor-alpha and the critical period hy-
pothesis of estrogen neuroprotection. Proc Natl Acad Sci USA 108(35):E617–E624.

38. Korol DL (2004) Role of estrogen in balancing contributions from multiple memory
systems. Neurobiol Learn Mem 82(3):309–323.

39. Gresack JE, Frick KM (2004) Environmental enrichment reduces the mnemonic and
neural benefits of estrogen. Neuroscience 128(3):459–471.

40. Bohacek J, Daniel JM (2007) Increased daily handling of ovariectomized rats enhances
performance on a radial-maze task and obscures effects of estradiol replacement.
Horm Behav 52(2):237–243.

41. Drake EB, et al. (2000) Associations between circulating sex steroid hormones and
cognition in normal elderly women. Neurology 54(3):599–603.

42. Caldwell JD, Jirikowski GF (2009) Sex hormone binding globulin and aging. Horm
Metab Res 41(3):173–182.

43. Muller M, Schupf N, Manly JJ, Mayeux R, Luchsinger JA (2010) Sex hormone binding
globulin and incident Alzheimer’s disease in elderly men and women. Neurobiol
Aging 31(10):1758–1765.

44. LeBlanc ES, et al. (2010) Association between sex steroids and cognition in elderly
men. Clin Endocrinol (Oxf) 72(3):393–403.

45. Morsink LF, et al. (2007) Associations between sex steroid hormone levels and de-
pressive symptoms in elderly men and women: Results from the Health ABC study.
Psychoneuroendocrinology 32(8-10):874–883.

46. Barrett-Connor E, von Mühlen D, Laughlin GA, Kripke A (1999) Endogenous levels of
dehydroepiandrosterone sulfate, but not other sex hormones, are associated with
depressed mood in older women: The Rancho Bernardo Study. J Am Geriatr Soc 47(6):
685–691.

47. Freeman EW, Sammel MD, Lin H, Nelson DB (2006) Associations of hormones and
menopausal status with depressed mood in women with no history of depression.
Arch Gen Psychiatry 63(4):375–382.

48. Ryan J, et al. (2009) A prospective study of the association between endogenous
hormones and depressive symptoms in postmenopausal women. Menopause 16(3):
509–517.

49. Bromberger JT, et al. (2007) Depressive symptoms during the menopausal transition:
The Study of Women’s Health Across the Nation (SWAN). J Affect Disord 103(1–3):
267–272.

50. Frye CA (2009) Progestogens influence cognitive processes in aging. Future Med
Chem 1(7):1215–1231.

51. Deutsch ER, et al. (2013) Progesterone’s role in neuroprotection, a review of the
evidence. Brain Res 1530:82–105.

52. Baudry M, Bi X, Aguirre C (2013) Progesterone-estrogen interactions in synaptic
plasticity and neuroprotection. Neuroscience 239:280–294.

53. Hojo Y, et al. (2008) Estrogen synthesis in the brain—role in synaptic plasticity and
memory. Mol Cell Endocrinol 290(1–2):31–43.

54. Schumacher M, et al. (2007) Novel perspectives for progesterone in hormone re-
placement therapy, with special reference to the nervous system. Endocr Rev 28(4):
387–439.

55. Wang YM, Bayliss DA, Millhorn DE, Petrusz P, Joseph DR (1990) The androgen-binding
protein gene is expressed in male and female rat brain. Endocrinology 127(6):
3124–3130.

56. Herbert Z, et al. (2005) Identification of sex hormone-binding globulin in the human
hypothalamus. Neuroendocrinology 81(5):287–293.

57. Gatto NM, et al. (2009) Subclinical atherosclerosis is weakly associated with lower
cognitive function in healthy hyperhomocysteinemic adults without clinical cardio-
vascular disease. Int J Geriatr Psychiatry 24(4):390–399.

58. Henderson VW, et al. (2012) Long-term soy isoflavone supplementation and cogni-
tion in women: A randomized, controlled trial. Neurology 78(23):1841–1848.

59. Andresen EM, Malmgren JA, Carter WB, Patrick DL (1994) Screening for depression in
well older adults: Evaluation of a short form of the CES-D (Center for Epidemiologic
Studies Depression Scale). Am J Prev Med 10(2):77–84.

Henderson et al. PNAS | December 10, 2013 | vol. 110 | no. 50 | 20295

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 


