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Abstract

Current evidence suggests that estrogen may have beneficial, neutral, or detrimental effects on the
brain depending on age, type of menopause (natural versus induced), or stage of menopause (early
versus late), consistent with the timing hypothesis. Three studies have now compared women who
underwent bilateral oophorectomy before menopause with referent women and consistently
showed an increased risk of cognitive decline and dementia. These studies suggest a sizeable
neuroprotective effect of estrogen naturally produced by the ovaries before age 50 years. In this
article, we focus on neuroprotection as related to cognitive decline and dementia. Several case-
control studies and cohort studies also showed neuroprotective effects in women who received
estrogen treatment (ET) in the early postmenopausal stage (most commonly at ages 50-60 years).
The majority of women in those observational studies had undergone natural menopause and were
treated for the relief of menopausal symptoms. However, the clinical trials by the Women’s Health
Initiative showed that women who initiated ET alone or in combination with a progestin in the late
postmenopausal stage (ages 6579 years) experienced an increased risk of dementia and cognitive
decline regardless of the type of menopause. Three observational studies have now formally tested
the timing hypothesis, and showed that the neuroprotective or harmful effects of estrogen depend
on age at the time of initiation of treatment and on stage of menopause. Therefore, women who
undergo bilateral oophorectomy before the onset of menopause or women who experience
premature or early natural menopause should be considered for hormonal treatment until the
average age of natural menopause (around age 50 years). Recommendations for the use of ET by
women who experience natural menopause at typical ages remain less certain, and more research
is needed.
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1. Introduction

Controversy about the long-term neurological consequences of bilateral oophorectomy in
younger women and about the harm or benefit of postmenopausal estrogen treatment (ET)
continues (Henderson and Sherwin, 2007; Henderson and Rocca, 2012; Rocca and
Henderson, 2014). The study of women who undergo bilateral oophorectomy to treat an
existing ovarian condition or to prevent ovarian cancer offer a unique window to explore the
effects of estrogen on brain aging in women. Bilateral oophorectomy before the onset of
natural menopause causes an abrupt cessation of estrogen production with a consequent drop
in circulating levels of estrogen (primarily estradiol).

In this article, we trace the history of the studies that have explored the relationship between
bilateral oophorectomy and cognitive decline. The intention is to provide a narrative review
based on interpretation and historical development as experienced by the authors from the
clinical (LTS) and the research (WAR, BRG) perspectives. We have not applied
conventional meta-analysis techniques, and we selected the studies based on scientific
quality and judgment. In the second part of the paper, we present the data on oophorectomy
in a broader context, discussing evidence for the effects of postmenopausal ET on cognition
in general. The studies of ET after menopause are divided into studies of early menopause
and late menopause. Finally, we provide an update on the timing hypothesis, which suggests
that the neuroprotective effects of estrogen depend on a woman’s age, type of menopause,
and stage in menopause. (Rocca et al., 2011) In this article, we focus on neuroprotection as
related to cognitive decline and dementia.

2. Clarification of terminology

We have observed some confusion in the literature concerning the use of the term surgical
menopause. To reduce this confusion, we suggest to first distinguish women who
experienced natural menopause from women who underwent medically induced menopause
primarily via surgery. Natural menopause is defined as cessation of menses for 12
continuous months or more in the absence of a medical or surgical cause (Utian, 2001), and
the mean age at natural menopause in the United States is approximately 51 years
(Armstrong et al., 2004; Shuster et al., 2010). The age at natural menopause varies across
countries. For women who undergo natural menopause, the cessation of menses occurs
approximately at the same time as the cessation of ovarian function because the ovaries
control the cyclic changes in the endometrium. However, natural menopause is not an abrupt
event, and the variability of age at natural menopause is quite broad. Some women
experience premature natural menopause (before age 40 years) or early natural menopause
(between ages 40 and 45 years) (Rocca et al., 2011; Shuster et al., 2010).

Women who undergo surgically induced menopause (i.e., surgical menopause) may be
divided into those who had the uterus removed with one or both ovaries conserved and those
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who had bilateral oophorectomy with or without hysterectomy. For women who had the
uterus or the uterus plus one ovary removed, there may be a long gap between cessation of
menses and cessation of ovarian function. In these women, the time of cessation of ovarian
function is difficult to determine in the absence of menstruation. By contrast, the time and
age at menopause due to bilateral oophorectomy is easily determined because cessation of
menses and cessation of ovarian function coincide. Therefore, the term “surgical
menopause” is ambiguous from an endocrinological perspective and should ideally be
avoided (Rocca et al., 2011).

The hormonal changes occurring after bilateral oophorectomy in premenopausal women are
different from those occurring during natural menopause or after bilateral oophorectomy in
women who already experienced natural menopause. In particular, bilateral oophorectomy
before menopause causes an abrupt decline of estrogen as well as progesterone and
testosterone, and a disruption of the hypothalamic-pituitary-ovarian axis (Morrison et al.,
2006; Rocca et al., 2011). Therefore, important observations on the effects of estrogen in
younger women can be derived from studies of women who underwent bilateral
oophorectomy before reaching natural menopause. In this review, we will not address the
issue of the possible modifying effects of hysterectomy alone or of hysterectomy plus
unilateral oophorectomy on the remaining ovarian function (one or two conserved ovaries)
(Farquhar et al., 2005; Phung et al., 2010; Rocca et al., 2007; Zhou et al., 2011).

3. Early studies of bilateral oophorectomy (before 2007)

The idea of a possible harmful effect of oophorectomy on cognition was introduced in
Canada by Sherwin and colleagues as early as 1988. They conducted a series of small
clinical trials which involved short-term treatment with estrogen after bilateral
oophorectomy, and short-term follow-up (2—3 months). These trials consistently suggested a
neuroprotective effect of estrogen given to women after bilateral oophorectomy (Phillips and
Sherwin, 1992; Sherwin, 1988; Sherwin and Phillips, 1990).

The idea was further developed in Italy by Nappi and colleagues who reported that short-
term verbal memory was reduced in women who underwent oophorectomy, and in Egypt by
Farrag and colleagues who reported cognitive decline at 3 and 6 months after bilateral
oophorectomy (Farrag et al., 2002; Nappi et al., 1999). These two studies focused on short-
term consequences of oophorectomy and included only a small number of women. By
contrast, some other studies did not find harmful effects of bilateral oophorectomy. A US
cross-sectional study showed a lower performance on some cognitive tests in a small sample
of women who underwent hysterectomy with bilateral oophorectomy compared with women
whose ovaries were conserved (both groups were taking estrogen at the time of the study).
However, these differences were considered not clinically significant (Kritz-Silverstein and
Barrett-Connor, 2002). A UK cohort study of women aged 53 years at the time of cognitive
testing did not reveal any effects of hormone therapy use or hysterectomy status.
Unfortunately, women with hysterectomy were not stratified into women with or without
concurrent bilateral oophorectomy, and the women were too young to study the long-term
effects of bilateral oophorectomy (Kok et al., 2006).
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4. The Mayo Clinic Study of Oophorectomy and Aging (2007)

The first study to formally test the association between bilateral oophorectomy and
neurological outcomes in a large-scale study with long-term follow-up was the Mayo Clinic
Cohort Study of Oophorectomy and Aging, which was conducted in the United States and
published in 2007. The study showed an almost doubled long-term risk of cognitive
impairment or dementia in women who underwent oophorectomy before menopause (Rocca
et al., 2007). The study also showed a trend of increasing risk of cognitive impairment and
dementia with younger age at the time of oophorectomy or younger age at the time of
estrogen deficiency. Time of estrogen deficiency was defined as the time of oophorectomy if
the woman was not given ET, or the end of ET if the woman was initially treated with
estrogen but stopped (Rocca et al., 2007). The risk did not vary by indication for the
oophorectomy (for a benign ovarian condition or for prophylaxis), but was eliminated if
estrogen therapy was initiated after the surgery and continued up to age 50 years or longer.
In most of the women, oophorectomy was performed along with hysterectomy (Rocca et al.,
2007).

5. The Danish nationwide historical cohort study (2010)

Because the design of a historical cohort study of women who underwent bilateral
oophorectomy and were able to be followed up long-term is extremely complex, the results
of the Mayo Clinic study remained unconfirmed through 2010. A first replication came from
a nationwide historical cohort study conducted in Denmark using several national disease
registries (Phung et al., 2010). Despite limitations related to the detection and classification
of dementia using unconfirmed routine diagnoses in the population, the study showed that
women who underwent bilateral oophorectomy had an increased risk of dementia with onset
before age 50 years. This study also confirmed the timing effect observed in the Mayo
Clinic study. The risk increased with younger age at the time of bilateral oophorectomy
(Phung et al., 2010).

6. The Religious Orders Study and the Memory and Aging Study (2014)

A second replication and extension of the Mayo Clinic study was published in 2014. Bove et
al. reported the results of a cohort study on the association between surgical menopause and
cognitive decline along with Alzheimer’s disease (AD) pathology in two US populations
(Bove et al., 2014). They found that earlier age at self-reported surgical menopause was
associated with faster decline in global cognition, specifically in the domains of episodic
memory and semantic memory. Among women who underwent autopsy after death, earlier
age at surgical menopause was also associated with increased burden of AD neuropathology,
in particular neuritic plaques. Estrogen therapy initiated within 5 years of the surgery and
continued for at least 10 years was associated with a lesser decline in global cognition,
supporting the view that the effect of surgical menopause on cognitive decline was mediated
by early loss of ovarian hormones. These associations were not observed for women who
reported experiencing natural menopause.

The study was based on two large, well-characterized cohorts in the United States, the
Religious Order Study and the Memory and Aging Project (Bove et al., 2014). Strengths of
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the study include the long duration of follow-up, the detailed assessment of cognitive
function, and the large number of autopsies. Weaknesses include the lack of information
needed to distinguish the type of surgical menopause (with or without removal of the
ovaries), the lag time between surgery and enrollment in the study, and the reliance on self-
reported information about gynecological surgeries and about age of menopause (Rocca and
Henderson, 2014)

7. Interpretation of the oophorectomy studies

There is some disagreement on the interpretation of the association between bilateral
oophorectomy and cognitive decline (Hogervorst and Bandelow, 2007; Rocca et al., 2009;
Rocca and Henderson, 2014). Bilateral oophorectomy may be a true risk factor for the
subsequent increased risk of cognitive impairment or dementia, or the association may be
spurious and caused by confounding. For example, there may be confounding by genetic
factors (e.g., genetic variants), confounding by non-genetic factors (e.g., smoking or
obesity), and confounding by accelerated aging, as discussed in detail elsewhere (Rocca et
al., 2011).

If the association is causal, the detrimental effects of bilateral oophorectomy may be
mediated primarily by estrogen deficiency or also by other hormonal mechanisms (Morrison
et al., 2006; Rocca et al., 2009). In support of a causal association mediated by estrogen,
women in the Mayo Clinic study who underwent bilateral oophorectomy before age 49 years
but received ET through age 50 years or longer did not experience an increased risk of
cognitive impairment or dementia (Rocca et al., 2007). These analyses suggest that estrogen
deprivation plays a key role in the detrimental effect of oophorectomy. A causal association
mediated by estrogen is also supported by the study of Bove and colleagues in which
hormone replacement therapy initiated within 5 years of the surgery and continued for at
least 10 years was associated with a lesser decline in global cognition (Bove et al., 2014).
Figure 1 shows our etiologic model involving a chain of causality linking bilateral
oophorectomy to increased risk of dementia. The figure also illustrates how estrogen
treatment initiated early after cophorectomy may interrupt the chain of causality and restore
the risk of cognitive impairment or dementia to baseline.

Also against a confounding effect is the similar risk of cognitive impairment or dementia
among women who underwent bilateral oophorectomy for benign conditions or for
prophylaxis of ovarian cancer in the Mayo Clinic study. These findings suggest that the risk
was independent of the indication for the oophorectomy (Rocca et al., 2009). Although the
possibility that confounding is an explanation of the observed associations cannot be
completely ruled out at this time, the evidence for a confounding mechanism is limited.

We suggest that genetic variants and non-genetic factors are involved in the association of
bilateral oophorectomy with cognitive decline or dementia as effect modifiers (or interaction
variables) rather than as confounders (Fig. 1) (Porta and International Epidemiological
Association, 2008; Szklo and Nieto, 2007). Bilateral oophorectomy may be the key initial
step in a chain of causality leading to accelerated brain aging, and variants of the
apolipoprotein E (APOE) gene, the estrogen receptor 1 (ESR1) gene, the estrogen receptor 2
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(ESR2) gene, or of other genes, and smoking, alcohol consumption, obesity, education,
diabetes mellitus, or other non-genetic factors may reduce or accelerate the causal process
(Rocca et al., 2009). Under this causal model, ovarian conservation at the time of
hysterectomy could reduce the risk of cognitive impairment or dementia in the general
population (Rocca et al., 2009), even though the consequences of bilateral oophorectomy
may vary in severity among women (Parker et al., 2009). Consideration of inter-individual
variations in the response to estrogen deprivation is important but should not distract our
attention from the primary public health objective of reducing the risk of cognitive decline.
We propose that changing medical decision-making and surgical practices in favor of
ovarian conservation in younger women is the most important step toward prevention of
harmful sequelae (Parker et al., 2009). Unfortunately, none of the ongoing clinical trials of
postmenopausal ET is focusing specifically on women who underwent bilateral
oophorectomy before natural menopause or who experienced premature or early natural
menopause (Lethaby et al., 2008).

8. Combining oophorectomy studies with estrogen treatment studies

The results of studies of bilateral oophorectomy contribute to the overall debate about the
effects of estrogen deprivation or estrogen treatment on brain aging. Therefore, we
combined in Figure 2 the data available from studies of bilateral oophorectomy with data
from studies of estrogen treatment initiated after the onset of menopause. Case-control and
cohort studies have consistently shown a beneficial effect of estrogen on cognition when ET
is started in early postmenopause (most commonly at ages 50-60 years) as shown by three
meta-analyses (Hogervorst et al., 2000; LeBlanc et al., 2001; Yaffe et al., 1998). The
majority of women in these observational studies had undergone natural menopause and
were treated for the relief of menopausal symptoms. However, some studies did not confirm
the beneficial effect of ET (Petitti et al., 2008; Roberts et al., 2006).

Observational studies showing beneficial effects of estrogen for reducing the risk of
dementia have been criticized because their findings could be due to confounding. It has
been argued that other factors such as higher socioeconomic status, higher education, or
better general health may be the real causes of neuroprotection, and that ET is only a
surrogate marker. By contrast, we suggest that the observational findings are likely not due
to confounding, and that the apparent contradiction between the results of observational
studies and experimental studies is more likely due to the timing of initiation of ET (timing
hypothesis).

The Women’s Health Initiative Memory Study (WHIMS) clinical trials showed an increased
risk of dementia or mild cognitive impairment (MCI) among women who initiated treatment
with estrogen alone or in combination with progestin at ages 65-79 years (Fig. 2) (Espeland
et al., 2004; Rapp et al., 2003; Shumaker et al., 2003; Shumaker et al., 2004). These trials
focused on the effects of ET initiated many years after the onset of natural or surgical
menopause, and the discrepancy between WHIMS results and observational data may be
explained by the timing of initiation of estrogen (Brinton, 2008; Henderson and Brinton,
2010; Henderson and Rocca, 2012; Manson et al., 2006; Rocca et al., 2008; Rocca et al.,
2010; Siegfried, 2007).
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There is a fundamental problem with applying results of the WHIMS clinical trials to
clinical decision-making for most women considering estrogen therapy. The WHIMS trials
considered only women of ages 65-79 years at randomization because of statistical rather
than biological considerations. The trials were designed to have sufficient power to detect a
difference in dementia risk between women randomized to hormonal treatment versus
placebo. Because the risk of dementia is relatively low before age 65 years, this design was
justified from a statistical perspective but was not justified from a clinical perspective. The
findings of the WHIMS trials for dementia are statistically correct but have no relevance to
decision-making about estrogen therapy for the majority of women considering hormone
therapy for menopausal symptom relief, typically before age 65 years, or as replacement
therapy following bilateral oophorectomy before age 50 years (Rocca et al., 2011).

Indeed, the effects of estrogen on the brain are probably beneficial when initiated early after
menopause, but when vascular or degenerative lesions have occurred estrogen cannot
reverse the lesions or halt progression (Brinton, 2008; Rocca et al., 2009; Zhang et al.,
2011). Detrimental effects of estrogen may predominate in older women and may increase
the risk of cognitive impairment or dementia through thrombotic effects or other vascular
effects (Mendelsohn and Karas, 1999; Mendelsohn and Karas, 2005; Mendelsohn and
Karas, 2007; Shumaker et al., 2003; Shumaker et al., 2004).

9. The timing hypothesis

As a result of the heated debate that followed publication of the WHIMS studies, three
observational studies have formally tested the timing hypothesis by comparing the incidence
of dementia in women who took estrogen early after the onset of menopause with women
who started estrogen later in life. The three studies are shown in Fig. 2 with two separate
lines for the two age strata. In 2005, the Multi-Institutional Research on Alzheimer Genetic
Epidemiology study (MIRAGE) showed that the risk of dementia was reduced in women
who initiated hormonal therapy at age 50-63 years, but was not reduced in women who
started hormonal treatment at ages 64—71 or 72-99 years (Henderson et al., 2005). In 2011, a
Kaiser Permanente study showed that women who received estrogen treatment only in
midlife (median age of 49 years) had a reduced risk of dementia, whereas women who took
estrogen treatment only in late life (median age of 76 years) had an increased risk of
dementia. The risk went down to 1.0 in women who took estrogen both early and late in life,
suggesting that the two opposite effects cancelled each other (Whitmer et al., 2011).

Finally, in 2012, a study from Cache County, UT further substantiated the timing
hypothesis. Compared with women who reported no use of hormone therapy, women who
initiated therapy within five years of menopause had a 30% lower incidence of AD. Risk
was unaltered among hormone users who began treatment more than five years after
menopause. However, the risk was increased among women who started combined therapy
(estrogen plus progestogen) when they were at least 65 years of age. This risk estimate was
similar to that observed in women recruited in WHIMS who were allocated to a combined
estrogen-progestin therapy (Shao et al., 2012).
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10. Conclusions

A combination of current scientific evidence from animal studies and from observational
studies suggests that estrogen is neuroprotective against cognitive decline and dementia;
however, the neuroprotective effects are dependent on age at the time of initiation, type of
menopause, and stage in menopause. The apparent contradiction of results between
observational studies and clinical trials may be explained by the timing hypothesis (Fig. 2)
(Rocca et al., 2011).

The results from the Women’s Health Initiative (WHI) clinical trials have been
inappropriately extrapolated from women in the late postmenopausal stage to younger
women in the early postmenopause, and even further to women who underwent bilateral
oophorectomy before the onset of natural menopause or experienced premature or early
natural menopause. Thus, after the publication of the WHI results, many women
discontinued ET or avoided starting ET at all ages, including before age 50 years (Buist et
al., 2004; Haas et al., 2004; Hersh et al., 2004). In agreement with the 2010 guidelines of the
European Menopause and Andropause Society (EMAS), we suggest that women who
undergo bilateral oophorectomy before the onset of natural menopause or experience
premature or early natural menopause should be considered for hormonal treatment until the
average age of natural menopause, and that the results from the WHI trials should not be
applied to them (Shuster et al., 2010; Vujovic et al., 2010).

At this point, we cannot make general recommendations for the use of ET in the women
who experience natural menopause in the typical age range. Although there is moderate
evidence for a neuroprotective effect when ET is initiated early, this effect has not yet been
confirmed in randomized clinical trials, and the beneficial effect observed may be due to
confounding variables. More research is underway to address this question.
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MIRAGE Multi-Institutional Research on Alzheimer Genetic Epidemiology study
WHI Women’s Health Initiative

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 May 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rocca et al.

Page 9

WHIMS Women’s Health Initiative Memory study

References

Armstrong K, Schwartz JS, Randall T, Rubin SC, Weber B. Hormone replacement therapy and life
expectancy after prophylactic oophorectomy in women with BRCA1/2 mutations: a decision
analysis. J Clin Oncol. 2004; 22:1045-1054. [PubMed: 14981106]

Bove R, Secor E, Chibnik LB, Barnes LL, Schneider JA, Bennett DA, De Jager PL. Age at surgical
menopause influences cognitive decline and Alzheimer pathology in older women. Neurology.
2014; 82:222-229. [PubMed: 24336141]

Brinton RD. The healthy cell bias of estrogen action: mitochondrial bioenergetics and neurological
implications. Trends Neurosci. 2008; 31:529-537. [PubMed: 18774188]

Buist DS, Newton KM, Miglioretti DL, Beverly K, Connelly MT, Andrade S, Hartsfield CL, Wei F,
Chan KA, Kessler L. Hormone therapy prescribing patterns in the United States. Obstet Gynecol.
2004; 104:1042-1050. [PubMed: 15516400]

Espeland MA, Rapp SR, Shumaker SA, Brunner R, Manson JE, Sherwin BB, Hsia J, Margolis KL,
Hogan PE, Wallace R, Dailey M, Freeman R, Hays J. Conjugated equine estrogens and global
cognitive function in postmenopausal women: Women's Health Initiative Memory Study. JAMA.
2004; 291:2959-2968. [PubMed: 15213207]

Farquhar CM, Sadler L, Harvey SA, Stewart AW. The association of hysterectomy and menopause: a
prospective cohort study. International Journal of Obstetrics and Gynaecology. 2005; 112:956-962.

Farrag AK, Khedr EM, Abdel-Aleem H, Rageh TA. Effect of surgical menopause on cognitive
functions. Dement Geriatr Cogn Disord. 2002; 13:193-198. [PubMed: 11893842]

Haas JS, Kaplan CP, Gerstenberger EP, Kerlikowske K. Changes in the use of postmenopausal
hormone therapy after the publication of clinical trial results. Ann Intern Med. 2004; 140:184-188.
[PubMed: 14757616]

Henderson VW, Benke KS, Green RC, Cupples LA, Farrer LA. Postmenopausal hormone therapy and
Alzheimer's disease risk: interaction with age. J Neurol Neurosurg Psychiatry. 2005; 76:103-105.
[PubMed: 15608005]

Henderson VW, Sherwin BB. Surgical versus natural menopause: cognitive issues. Menopause. 2007;

14:572-579. [PubMed: 17476147]

Henderson VW, Brinton RD. Menopause and mitochondria: windows into estrogen effects on
Alzheimer's disease risk and therapy. Prog Brain Res. 2010; 182:77-96. [PubMed: 20541661]
Henderson VW, Rocca WA. Estrogens and Alzheimer disease risk: Is there a window of opportunity?

Neurology. 2012; 79:1840-1841. [PubMed: 23100400]

Hersh AL, Stefanick ML, Stafford RS. National use of postmenopausal hormone therapy: annual
trends and response to recent evidence. JAMA. 2004; 291:47-53. [PubMed: 14709575]

Hogervorst E, Williams J, Budge M, Riedel W, Jolles J. The nature of the effect of female gonadal
hormone replacement therapy on cognitive function in post-menopausal women: a meta-analysis.
Neuroscience. 2000; 101:485-512. [PubMed: 11113299]

Hogervorst E, Bandelow S. Should surgical menopausal women be treated with estrogens to decrease
the risk of dementia? Neurology. 2007; 69:1070-1071. [PubMed: 17846406]

Kok HS, Kuh D, Cooper R, van der Schouw YT, Grobbee DE, Wadsworth ME, Richards M.
Cognitive function across the life course and the menopausal transition in a British birth cohort.
Menopause. 2006; 13:19-27. [PubMed: 16607095]

Kritz-Silverstein D, Barrett-Connor E. Hysterectomy, oophorectomy, and cognitive function in older
women. J Am Geriatr Soc. 2002; 50:55-61. [PubMed: 12028247]

LeBlanc ES, Janowsky J, Chan BK, Nelson HD. Hormone replacement therapy and cognition:
systematic review and meta-analysis. JAMA. 2001; 285:1489-1499. [PubMed: 11255426]

Lethaby A, Hogervorst E, Richards M, Yesufu A, Yaffe K. Hormone replacement therapy for
cognitive function in postmenopausal women. Cochrane Database Syst Rev. 2008 CD003122.

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 May 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rocca et al.

Page 10

Manson JE, Bassuk SS, Harman SM, Brinton EA, Cedars M, Lobo R, Merriam GR, Miller VM,
Naftolin F, Santoro N. Postmenopausal hormone therapy: new questions and the case for new
clinical trials. Menopause. 2006; 13:139-147. [PubMed: 16607110]

Mendelsohn ME, Karas RH. The protective effects of estrogen on the cardiovascular system. N Engl J
Med. 1999; 340:1801-1811. [PubMed: 10362825]

Mendelsohn ME, Karas RH. Molecular and cellular basis of cardiovascular gender differences.
Science. 2005; 308:1583-1587. [PubMed: 15947175]

Mendelsohn ME, Karas RH. HRT and the young at heart. N Engl J Med. 2007; 356:2639-2641.
[PubMed: 17582075]

Morrison JH, Brinton RD, Schmidt PJ, Gore AC. Estrogen, menopause, and the aging brain: how basic
neuroscience can inform hormone therapy in women. J Neurosci. 2006; 26:10332-10348.
[PubMed: 17035515]

Nappi RE, Sinforiani E, Mauri M, Bono G, Polatti F, Nappi G. Memory functioning at menopause:
impact of age in ovariectomized women. Gynecol Obstet Invest. 1999; 47:29-36. [PubMed:
9852389]

Parker WH, Jacoby V, Shoupe D, Rocca W. Effect of bilateral oophorectomy on women's long-term
health. Womens Health (Lond Engl). 2009; 5:565-576. [PubMed: 19702455]

Petitti DB, Crooks VC, Chiu V, Buckwalter JG, Chui HC. Incidence of dementia in long-term
hormone users. American Journal of Epidemiology. 2008; 167:692-700. [PubMed: 18218608]

Phillips SM, Sherwin BB. Effects of estrogen on memory function in surgically menopausal women.
Psychoneuroendocrinology. 1992; 17:485-495. [PubMed: 1484915]

Phung TK, Waltoft BL, Laursen TM, Settnes A, Kessing LV, Mortensen PB, Waldemar G.
Hysterectomy, oophorectomy and risk of dementia: a nationwide historical cohort study. Dement
Geriatr Cogn Disord. 2010; 30:43-50. [PubMed: 20689282]

Porta, MS. International Epidemiological Association. A Dictionary of Epidemiology. Vol. Vol.
Oxford; New York: Oxford University Press; 2008.

Rapp SR, Espeland MA, Shumaker SA, Henderson VW, Brunner RL, Manson JE, Gass ML, Stefanick
ML, Lane DS, Hays J, Johnson KC, Coker LH, Dailey M, Bowen D. Effect of estrogen plus
progestin on global cognitive function in postmenopausal women: the Women's Health Initiative
Memory Study: a randomized controlled trial. JAMA. 2003; 289:2663-2672. [PubMed:
12771113]

Roberts RO, Cha RH, Knopman DS, Petersen RC, Rocca WA. Postmenopausal estrogen therapy and
Alzheimer disease: overall negative findings. Alzheimer Dis Assoc Disord. 2006; 20:141-146.
[PubMed: 16917183]

Rocca WA, Bower JH, Maraganore DM, Ahlskog JE, Grossardt BR, de Andrade M, Melton LJ 3rd.
Increased risk of cognitive impairment or dementia in women who underwent oophorectomy
before menopause. Neurology. 2007; 69:1074-1083. [PubMed: 17761551]

Rocca WA, Grossardt BR, Maraganore DM. The long-term effects of oophorectomy on cognitive and
motor aging are age dependent. Neurodegener Dis. 2008; 5:257-260. [PubMed: 18322406]

Rocca WA, Shuster LT, Grossardt BR, Maraganore DM, Gostout BS, Geda YE, Melton LJ 3rd. Long-
term effects of bilateral oophorectomy on brain aging: unanswered questions from the Mayo
Clinic Cohort Study of Oophorectomy and Aging. Womens Health (Lond Engl). 2009; 5:39-48.
[PubMed: 19102639]

Rocca WA, Grossardt BR, Shuster LT. Oophorectomy, menopause, estrogen, and cognitive aging: the
timing hypothesis. Neurodegener Dis. 2010; 7:163-166. [PubMed: 20197698]

Rocca WA, Grossardt BR, Shuster LT. Oophorectomy, menopause, estrogen treatment, and cognitive
aging: clinical evidence for a window of opportunity. Brain Research. 2011; 1379:188-198.
[PubMed: 20965156]

Rocca WA, Henderson VW. Is there a link between gynecologic surgeries and Alzheimer disease?
Neurology. 2014; 82:196-197. [PubMed: 24336139]

Shao H, Breitner JC, Whitmer RA, Wang J, Hayden K, Wengreen H, Corcoran C, Tschanz J, Norton
M, Munger R, Welsh-Bohmer K, Zandi PP. Hormone therapy and Alzheimer disease dementia:
new findings from the Cache County Study. Neurology. 2012; 79:1846-1852. [PubMed:
23100399]

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 May 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rocca et al.

Page 11

Sherwin BB. Estrogen and/or androgen replacement therapy and cognitive functioning in surgically
menopausal women. Psychoneuroendocrinology. 1988; 13:345-357. [PubMed: 3067252]

Sherwin BB, Phillips SJ. Estrogen and cognitive functioning in surgically menopausal women. Ann N
Y Acad Sci. 1990; 592:474-475.

Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB, Ockene JK, Hendrix SL, Jones BN 3rd,
Assaf AR, Jackson RD, Kotchen JM, Wassertheil-Smoller S, Wactawski-Wende J. Estrogen plus
progestin and the incidence of dementia and mild cognitive impairment in postmenopausal
women: the Women's Health Initiative Memory Study: a randomized controlled trial. JAMA.
2003; 289:2651-2662. [PubMed: 12771112]

Shumaker SA, Legault C, Kuller L, Rapp SR, Thal L, Lane DS, Fillit H, Stefanick ML, Hendrix SL,
Lewis CE, Masaki K, Coker LH. Conjugated equine estrogens and incidence of probable dementia
and mild cognitive impairment in postmenopausal women: Women's Health Initiative Memory
Study. JAMA. 2004; 291:2947-2958. [PubMed: 15213206]

Shuster LT, Rhodes DJ, Gostout BS, Grossardt BR, Rocca WA. Premature menopause or early
menopause: long-term health consequences. Maturitas. 2010; 65:161-166. [PubMed: 19733988]

Siegfried T. Neuroscience: it's all in the timing. Nature. 2007; 445:359-361. [PubMed: 17251953]

Szklo, M.; Nieto, FJ. Epidemiology: Beyond the Basics. Vol. Vol. Sudbury: Jones and Bartlett
Publishers; 2007.

Utian WH. Semantics, menopause-related terminology, and the STRAW reproductive aging staging
system. Menopause. 2001; 8:398-401. [PubMed: 11723411]

Vujovic S, Brincat M, Erel T, Gambacciani M, Lambrinoudaki I, Moen MH, Schenck-Gustafsson K,
Tremollieres F, Rozenberg S, Rees M. EMAS position statement: Managing women with
premature ovarian failure. Maturitas. 2010; 67:91-93. [PubMed: 20605383]

Whitmer RA, Quesenberry CP, Zhou J, Yaffe K. Timing of hormone therapy and dementia: the critical
window theory revisited. Annals of neurology. 2011; 69:163-169. [PubMed: 21280086]

Yaffe K, Sawaya G, Lieberburg I, Grady D. Estrogen therapy in postmenopausal women: effects on
cognitive function and dementia. JAMA. 1998; 279:688-695. [PubMed: 9496988]

Zhang QG, Han D, Wang RM, Dong Y, Yang F, Vadlamudi RK, Brann DW. C terminus of Hsc70-
interacting protein (CHIP)-mediated degradation of hippocampal estrogen receptor-alpha and the
critical period hypothesis of estrogen neuroprotection. Proceedings of the National Academy of
Sciences of the United States of America. 2011; 108:E617-E624. [PubMed: 21808025]

Zhou G, Liu J, Sun F, Duan L, Yan B, Peng Q. Cognitive functioning in elderly women who
underwent unilateral oophorectomy before menopause. The International journal of neuroscience.
2011; 121:196-200. [PubMed: 21198412]

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 May 25.



Rocca et al. Page 12

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 May 25.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Rocca et al. Page 13

Non-genetic factors
(smoking, obesity, education,
diabetes mellitus, etc.)

Genetic variants
(APOE, ESRT1,

ESR2, etc.)
Erdaorine Brain lesions:
Bilateral it plagues, -
h X disruption tanales Cognitive
oophorectomy including  re——p J€S == impairment
before Lewy bodies
estrogen veeenlar ’ or dementia
S deficiency lesions, other

Estrogen
therapy

Fig. 1.
Proposed chain of causality linking bilateral oophorectomy to the increased risk of cognitive

decline and dementia. In our etiologic hypothesis, genetic variants or non-genetic factors are
effect modifiers (or interaction variables) rather than confounders. APOE = apolipoprotein
E; ESR1 = estrogen receptor 1; ESR2 = estrogen receptor 2.
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Fig. 2.
An update on the timing hypothesis. The effect of estrogen on the risk of cognitive decline

or dementia varies with the age at which estrogen is removed (via bilateral oophorectomy)
or added as pharmacological treatment. The figure shows the results of 13 studies expressed
as relative risks (RR), odds ratios (OR), or hazard ratios (HR) and 95% confidence intervals
(plotted on a logarithmic scale). Women with ovarian conservation have a reduced long-
term risk of cognitive decline or dementia compared to women who underwent bilateral
oophorectomy before menopause (most commonly before age 50 years). * One additional
study confirmed the protective effect of ovarian conservation; however, the results were not
reported using comparable relative risk estimates and could not be displayed (Bove et al.,
2014). Treatment with estrogen in the early postmenopausal stage (most commonly at ages
50-60 years) is associated with a reduced long-term risk of cognitive decline or dementia in
three meta-analyses. However, initiation of estrogen treatment in the late postmenopausal
stage (ages 65-79 years) is associated with an increased risk of cognitive impairment or
dementia. Three studies tested the timing hypothesis by conducting stratified analyses by
age at the time of hormonal treatment. The two strata for the MIRAGE study are shown in
red, for the Kaiser study are shown in blue, and for the Cache County study are shown in
green. CEE = conjugated equine estrogen; MIRAGE = Multi-Institutional Research on
Alzheimer Genetic Epidemiology study; MPA = medroxyprogesterone acetate; WHIMS=
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Women’s Health Initiative Memory Study (Bove, 2014; Rocca, 2007; LeBlanc, 2001;
Shumaker, 2004; Shumaker, 2003; Yaffe, 1998; Hogervorst, 2000; Phung, 2010; Bove,
2013; Whitmer, 2011; Henderson, 2005; Shao, 2012).

[Modified from Rocca et al., 2011(Rocca et al., 2011)].
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