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A B S T R A C T

Limbic-predominant age-related TDP-43 encephalopathy neuropathologic change (LATE-NC) is a recently described neuropathological
construct associated with dementia. This study aimed to investigate in an autopsy study, LATE-NC and its associations with potential
estrogen-related risk factors collected about 30 years before death. Participants were part of The 90þ Study and had, as part of the Leisure
World Cohort Study, provided information on menstrual and reproductive variables and details of use of estrogen replacement therapy
(ERT). No menstrual and reproductive variable showed an association with LATE-NC. Use of ERT, especially long-term use (15þ years)
and more recent use (within 1 year of completing the questionnaire), was associated with reduced risk. The odds were significantly lower for
long-term (0.39, 95% confidence interval [CI]: 0.16–0.95) and recent use (0.39, 95% CI: 0.16–0.91) compared with no use. In conclusion,
we found that women who reported long-term ERT in their 50s and 60s had a significantly reduced odds of harboring LATE-NC when they
died in the 10th and 11th decades of their lives. Our study adds to the existing literature reporting seemingly protective effect of peri- and
postmenopausal ERT against neurodegenerative dementia.

K E Y W O R D S : Estrogen replacement therapy, LATE, Menstrual history, Neuropathologic change, Reproductive history, Risk factors,
TDP-43

I N T R O D U C T I O N

Limbic-predominant age-related TDP-43 encephalopathy
(LATE) is a recently described neuropathological construct
associated with dementia (1). Given that the oldest-old are at
greatest risk of LATE and persons of advanced age constitute
a growing demographic group, the number of persons with
LATE is increasing (1, 2).

Although the neuropathological changes related to LATE
(LATE-NC) have been observed in around 40% of aged brains
in large autopsy cohorts (3), research is sparse and our under-
standing of LATE is limited (1). More research focused on
LATE, including epidemiological studies, is needed. Identifica-
tion of risk factors, protective influences, and other correlates
may help prevent or predict LATE. Females are more likely to
survive to advanced old age than males, which places them at
increased lifetime risk for LATE (3). Therefore, this study
aimed to investigate in an autopsy study of 90þ year-olds,
LATE-NC and its associations with potential estrogen-related
risk factors collected 30 years before death.

M A T E R I A L S A N D M E T H O D S
Study population

Participants were part of The 90þ Study, a longitudinal study
of aging and dementia among people aged 90 years and older
(2, 4). These individuals were originally members of the Lei-
sure World Cohort Study (LWCS), a population-based epi-
demiological health study established in the early 1980s of a
California retirement community (Leisure World Laguna
Hills) (5, 6). This cohort is composed of moderately affluent,
highly educated, and health-conscious individuals; two-thirds
are women. Persons alive and aged 90 years and older on Jan-
uary 1, 2003, on January 1, 2008, and on or after January 1,
2009 were invited to participate in The 90þ Study. Of the
2009 eligible cohort members, 1629 (81%) joined The 90þ
Study but 303 died and were never seen, 216 were
“telephone participants,” and 151 “active by informants.” Of
the remaining 959, 308 consented to brain autopsy. Brain
autopsy was available for 264, of whom 200 (76%) were
female.
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Brain autopsy and pathological classification
The brain specimens were procured by the University of Cali-
fornia, Irvine Alzheimer’s Disease Research Center neuropa-
thology team and sent to the Department of Pathology at
Stanford University who performed the brain autopsies
blinded to clinical diagnosis. TAR DNA-binding protein 43
(TDP-43) was categorized based on anatomical location:
none, limited to amygdala, involving hippocampus, or spread
to cortex (1). We considered LATE-NC present if TDP-43
was found in any of the above anatomical locations.

Alzheimer disease (AD) neuropathological change (AD-NC)
was defined using the National Institute on Aging-Alzheimer’s
Association criteria, which incorporates Thal Phase for Ab pla-
ques, Braak staging for neurofibrillary tangles, and Consortium
to Establish a Registry for AD staging for neuritic plaques and
categorized as none, low, intermediate, and high (7, 8).

Dementia determination
Clinical diagnosis of dementia was made applying Diagnostic
and Statistical Manual of Mental Disorders 4th edition criteria
(9) in a multidisciplinary consensus diagnostic conference
done after a participant’s death. All information on the partici-
pant except neuropathological findings was used in determina-
tion of dementia. In-person assessments performed every
6 months until death included a neurological examination, a
neuropsychological test battery (10) including the Mini-
Mental State Examination (MMSE) (11), videos of semistruc-
tured interviews about their daily life and questions to test
their memory, and a brief examination of their gait. Informa-
tion was also collected from informants, medical records, and
death certificates.

Potential estrogen-related risk factors collected in 1980s
The Leisure World Cohort was established in the 1980s
(1981–1985) when participants completed a postal health sur-
vey (5, 6, 12). The questionnaire included a section on men-
strual and reproductive history and use of estrogen
replacement therapy (ERT). This survey asked of the women:
age at first menstrual period, ever pregnant, age at first child,
number of children, age at last menstrual period, hysterectomy,
age at hysterectomy, number of ovaries removed, age at first
ovary removal, and age at second ovary removal. Questions
about ERT (age started, current use, and age stopped) were
asked separately for oral, injectable, and cream or suppository
estrogens. For Premarin (the most commonly used oral estro-
gen), dose is distinguishable by pill color and questions asked
for all doses taken and the dose taken for longest amount of
time. Total number of years taken were asked separately for
Premarin, other oral estrogens, injectable estrogens, and cream
or suppository estrogens. The categories used for continuous
variables, including estrogen use, were used in previous publi-
cations and are tertiles based on the distributions in the total
LWCS (13).

Statistical analyses
Participant characteristics are reported as numbers and pro-
portions for categorical variables and means and standard

deviations for continuous variables. We compared LWCS vari-
ables in those with and without LATE-NC by neuropathologi-
cal evaluation, in participants in The 90þ Study with and
without neuropathological evaluation, in LWCS participants
eligible to join The 90þ Study who did and did not join, and
in those LWCS participants aged 90þ years who were eligible
and not eligible to join The 90þ Study based on the recruit-
ment timeframe of The 90þ Study. To compare the means of
continuous variables between groups, we used the 2-sample t-
test. To compare the proportions of categorical variables
between groups, we used v2 test or Fisher exact test.

Odds ratios (ORs) of LATE-NC (yes vs no) for potential
risk factors as measured by the LWCS were estimated using
logistic regression analysis and adjusted for age at LWCS
entry, age at death, and education (college graduate no/yes),
and additionally for AD-NC pathology (none-low/intermedi-
ate-high). Statistical analyses were performed using SAS ver-
sion 9.4 (SAS Institute Inc., Cary, NC).

R E S U L T S

Table 1 shows the demographic and neurological characteris-
tics of the 200 women included in the analyses. The average
age at LWCS entry was 69 years (range: 53–87), the average
age at death was 98 (range: 90–107), and the average number
of years from entry to death was 29 (range: 18–40). Of the 68
women with LATE-NC, 8 were limited to the amygdala (stage
I), 54 involved the hippocampus (stage II), and 6 had spread
to the cortex (stage III). Because our unpublished data suggest
all stages of LATE pathology are associated with dementia and
due to the number of cases limited to the amygdala or with
spread to the cortex were small, we compared LATE-NC
present versus absent. Those with LATE-NC were on average
1.1 year older than those without and this difference was statis-
tically significant. Overall, 60% of the participants died with
dementia and the frequency was significantly higher in those
with LATE-NC (73% vs 42%). As expected, those with LATE-
NC had worse MMSE scores at the evaluation closest to death
(14.1 vs 20.4). AD-NC was more frequent in those with
LATE-NC than those without (p¼ 0.01); intermediate/severe
AD was seen in 88% of those with LATE-NC versus 67% in
those without. On the other hand, participants with LATE-NC
were similar to those without in age at LWCS entry, interval
from LWCS entry to death, postmortem interval, brain weight,
education, and ApoE4 allele frequency (Table 1).

Although no menstrual and reproductive variable showed
an association with LATE-NC (Table 2), use of ERT, espe-
cially long-term use (15þ years) and more recent use (within
1 year of completing the questionnaire), was associated with
reduced risk. Table 3 shows the ORs and 95% confidence
intervals (CIs) (both unadjusted and adjusted for age at
LWCS entry, age at death, and education [college graduate
no/yes]) of LATE-NC for use of ERT. The adjusted OR of
LATE-NC for users of ERT compared with nonusers was not
statistically significant (0.60, 95% CI: 0.31–1.16). However,
the odds were significantly lower for long term (0.39, 95% CI:
0.16–0.95) and recent use (0.39, 95% CI: 0.16–0.91). On fur-
ther analysis examining last use and duration combined,
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it appeared that within the same last use category, long-term
duration (15þ years) users had lower odds of LATE-NC than
short-term (�14 years) users (Table 3). Similarly, within the
same duration category, more recent (0–1 year ago) users had
lower odds of LATE-NC than those who used ERT longer
ago (Table 3). However, the only category with statistically
significant lower odds than nonusers was long-term recent
users (OR¼ 0.34 [0.12–0.97]). The strength or significance of
associations did not change with further adjustment for AD-
NC (none-low/intermediate-high).

Of the 8877 LWCS women, nearly half (49%, n¼ 4357)
reached the age of 90 (Table 4). As recruitment into The 90þ
Study did not start until 2003, 1573 were eligible for recruit-
ment and 1272 (81%) joined the study. Use of ERT in women
who reached age 90 (55%) was similar to that observed in all
women (56%). Not unexpectedly, age at LWCS entry was
younger and ERT use was greater in those eligible to join The
90þ Study in 2003 or later. However, those who joined were
older (69.3 vs 66.6) than those not joining and their use of
ERT was greater (67% vs 59%). No significant differences
were observed for ERT between those with and without neu-
ropathological evaluation.

D I S C U S S I O N

In this study, we found that 90þ year-old female participants
who had reported long-term use of ERT at the average age of
69 years (range: 53–87) had a reduced likelihood of LATE-
NC at death of an average 3 decades later (18–40 years).
The strengths of the study include collection of data on ERT
use decades before death, possibly before development of

neuropathologic change. Additionally, the LWCS is a
population-based study which was formed by inviting all resi-
dents of the retirement community to participate and included
61%. Those attaining the age of 90þ in 2003 or later were
invited to join The 90þ Study and 81% joined. A possible lim-
itation is that our data on ERT use are self-reported using a
postal survey. However, we have evidence to support their val-
idity. We previously demonstrated good agreement of ERT
self-reports with medical and pharmacy records in a sample of
Leisure World residents (14). Although the medical chart pro-
vided only a limited history as it was initiated at the time of
entry into the community, self-reported estrogen use had a
75% agreement, dose an 80% agreement, and duration an 89%
agreement within 2 years between interview and medical chart.
Additionally, in studies in this community of the relationships
between ERT data and various disease outcomes (hip fracture
and breast cancer), consistent risk ratios were obtained using
self-report and medical record data (15, 16). Another limita-
tion of the study is that our cohort is primarily white, moder-
ately affluent, and highly educated. This may limit the
generalization of our results to more diverse groups. As with
all autopsy studies, factors influencing autopsy consent may
introduce selection bias although we observed no differences
in ERT use between those with and without autopsy. How-
ever, those who were eligible to join The 90þ Study but did
not were younger and fewer used ERT than those who joined.
Additionally, our sample is relatively small.

Few studies have investigated the potential association of
LATE-NC with past medical histories and, to our knowledge,
none has investigated the possible link between LATE-NC
and estrogen-related factors. Besser et al. (17) investigated

Table 1. LATE-NC from brain autopsy of female 90þ year-old participants in the LWCS

LATE-NC

No Yes p value for t-test
(n¼ 132) (n¼ 68)

Mean 6 standard deviation (range)

Age at entry in LWCS (years) 69.1 6 4.9 (53–79) 69.3 6 5.4 (54–87) 0.72
Age at death (years) 97.9 6 3.5 (90–107) 99.0 6 3.5 (92–106) 0.03
Interval LWCS entry to death (years) 28.8 6 4.8 (19–40) 29.7 6 4.4 (18–38) 0.22
Postmortem interval (hours) (n¼ 128, 68)* 9.2 6 13.1 (1.0–85.7) 6.8 6 7.6 (2.3–60.7) 0.11
Brain weight (n¼ 122, 67)* 1106 6 113 (865–1412) 1076 6 109 (880–1336) 0.08
MMSE at last examination (n¼ 126, 64)* 20.4 6 9.0 (0–30) 14.1 6 9.6 (0–29) <0.0001
Interval from last MMSE to death (months) (n¼ 126, 64)* 6.9 6 10.0 (0.2–82.9) 10.1 6 14.7 (0.2–84.5) 0.12

Number (%) p value for v2

Education—college graduate 53 (40%) 32 (47%) 0.37
ApoE 4 allele (n¼ 127, 63)* 29 (23%) 11 (17%) 0.45
ApoE 2 allele (n¼ 127, 63)* 18 (14%) 8 (13%) 1.00
Postmortem case conference diagnosis (n¼ 131, 68)* <0.0001

Normal 38 (29%) 6 (9%)
CIND 38 (29%) 12 (18%)
Dementia 55 (42%) 50 (73%)

AD-NC 0.01
None 16 (12%) 2 (3%)
Low 28 (21%) 6 (9%)
Intermediate 47 (36%) 30 (44%)
High 41 (31%) 30 (44%)

* Numbers indicate the number of participants with available data for each column.
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potential risk factors and neuropathological characteristics
associated with LATE-NC in 616 autopsied participants from
the National Alzheimer’s Coordinating Center (NACC)
(>75 years at death, mean¼ 86 years, 49% female). Among
253 with LATE-NC (defined as TDP-43 inclusions in the lim-
bic region [amygdala, hippocampus, or entorhinal/inferior
temporal cortex]) and 363 without LATE-NC, congestive
heart failure was the only medical history variable that was
associated with reduced likelihood of LATE-NC. As in our
study, ApoE genotype was not associated with LATE-NC. In
The 90þ Study participants, we have found that histories of
hypertension and osteoarthritis were associated with lower
likelihood of LATE-NC (18).

Another line of evidence supporting a possible protective
effect of estrogen against LATE-NC comes from studies on
amyotrophic lateral sclerosis (ALS). TDP-43 is also the pro-
teinopathy signature of ALS (19). Studies using ALS mouse

models have shown that estrogen might protect neurons
against TDP-43 pathology (20) and improve neuronal plasti-
city (21). Moreover, a study on TDP-25 cell lines demon-
strated the effect of the selective estrogen receptor modulator
raloxifene on enhancing the viability of 25-kDa C-terminal
fragment of TDP-43 by enhancing autophagy and suppressing
apoptosis (22). Similar effects were observed with 17 beta-
estradiol (22).

Previous epidemiological studies investigating the associa-
tion of AD and ERT further corroborate our findings.
Although LATE-NC and AN-DC have differing neuropatho-
logical hallmarks, they may share upstream risk factors and dis-
ease mechanisms. Brains that harbor AD-NC tend to contain
TDP-43 proteinopathy at rates higher than those lacking AD-
NC (1, 3). Several case-control and prospective cohort studies
have reported reduced risk of AD among users of ERT and
meta-analyses suggest reduction of about one-third (23).

Table 2. LATE-NC from brain autopsy of female 90þ year-old participants in the LWCS: potential menstrual and reproductive risk factors
from 1980s questionnaire

LATE-NC

No Yes
(n¼ 132) (n¼ 68)

Number (%) p value for v2

Age at menarche (mean 6 SD) 13.1 6 1.4 13.4 6 1.4 0.33
�12 years 44 (33%) 19 (28%)
13 years 44 (33%) 19 (28%)
14þ years 44 (33%) 30 (44%)

Number of children (n¼ 132, 67)* (mean 6 SD) 1.7 6 1.3 1.8 6 1.6 0.69
0 31 (23%) 16 (24%)
1 18 (14%) 11 (16%)
2 54 (41%) 22 (33%)
3þ 29 (22%) 18 (27%)

Age at first child (n¼ 132, 66)* 0.94
�20 years 6 (5%) 4 (6%)
21–24 years 30 (23%) 15 (23%)
25–29 years 37 (28%) 20 (30%)
30þ years 28 (21%) 11 (17%)
No child 31 (23%) 16 (24%)

Menopause 0.82
Natural 82 (62%) 42 (62%)
Surgical without bilateral oophorectomy 25 (19%) 10 (15%)
Bilateral oophorectomy 17 (13%) 11 (16%)
Surgical NOS 8 (6%) 5 (7%)

Menopause 1.00
Natural 82 (62%) 42 (62%)
Artificial 50 (38%) 26 (38%)

Age last menstrual period (n¼ 131, 68)* (mean 6 SD) 47.8 6 6.4 48.3 6 5.1 0.83
�44 years 38 (29%) 17 (25%)
45–54 years 76 (58%) 42 (62%)
55þ years 17 (13%) 9 (13%)

Weight at last menstrual period (n¼ 130, 67)* (mean 6 SD) 129 6 16 126 6 16 0.59
�120 pounds 42 (32%) 25 (37%)
121–138 pounds 57 (44%) 30 (45%)
139þ pounds 31 (24%) 12 (18%)

Reproductive period (years) (n¼ 131, 68)* (mean 6 SD) 35 6 6.4 35 6 5.0 0.69
<34 44 (34%) 26 (38%)
34–37 43 (33%) 23 (34%)
38þ 44 (34%) 19 (28%)

* Numbers indicate the number of participants with available data for each column.
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Although the one clinical trial (Women’s Health Initiative
Memory Study [WHIMS]) of continuous combined estrogen
plus progestogen hormone therapy initiated at age 65þ years
provides moderate evidence of increased risk of dementia (AD
was not specifically addressed) (24), the timing of ERT has
been suggested as playing an important role (25). Because
ERT is often started during the peri- or early postmenopause
for treatment of vasomotor symptoms, estrogen use in obser-
vational studies generally occurred at a relatively young age.
WHIMS findings might not generalize to women who initiated
hormone therapy much closer to the time of menopause and/
or used unopposed ERT. Three observational studies offer evi-
dence for an early temporal window during which hormone
therapy might reduce risk of AD or dementia (26–28). In the
large Multi-Institutional Research on Alzheimer Genetic Epi-
demiology (MIRAGE) case-control study, reduction in AD
risk was evident only among younger postmenopausal women
(26). In the Kaiser Permanente study, self-reported use at mid-
life (mean age 49 years), coupled with no record of hormone
therapy prescriptions in a pharmacy database during a 5-year
period nearly 3 decades later, was associated with a significant

reduction in risk of all-cause dementia while late life hormone
prescriptions without midlife use were associated with signifi-
cantly increased risk (27). In the Cache County cohort study
of healthy postmenopausal women aged 65 years and older,
self-reported initiation of hormone therapy within 5 years of
menopause was linked to a significant reduction in incident
AD, whereas later initiation did not alter risk (28). Another
randomized trial (Multiple Outcomes of Raloxifene Evaluation
[MORE]) in postmenopausal women with osteoporosis
assessed similar endpoints, comparing raloxifene to placebo
(29). Compared with those taking placebo, women receiving
120 mg/day of raloxifene for 3 years had a 33% lower risk of
mild cognitive impairment and a somewhat lower risk of AD
(relative risk¼ 0.52, 95% CI: 0.22–1.21).

In conclusion, we found that women who reported long-
term ERT in their 50s and 60s had significantly reduced odds
of harboring LATE-NC when they died in the 10th and 11th
decades of their lives. Our study adds to the existing literature
reporting seemingly protective effect of peri- and postmeno-
pausal ERT against neurodegenerative dementia. Strengths of
the study include follow-up of a population-based cohort from

Table 3. LATE-NC from brain autopsy of female 90þ year-olds participants in the LWCS: ERT from 1980s questionnaire

LATE-NC

OR (95% CI)
No Yes Adjusted* Adjusted†

(n¼ 132) (n¼ 68) OR (95% CI) OR (95% CI)
Number (%)

ERT
No 31 (23%) 23 (34%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Yes 101 (77%) 45 (66%) 0.60 (0.31–1.14) 0.60 (0.31–1.16) 0.54 (0.27–1.09)

Duration of ERT
No estrogen 31 (23%) 23 (34%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
�3 years 29 (22%) 12 (18%) 0.56 (0.23–1.32) 0.49 (0.20–1.19) 0.47 (0.19–1.18)
4–14 years 35 (27%) 23 (34%) 0.89 (0.42–1.88) 0.92 (0.43–1.99) 0.80 (0.35–1.80)
15þ years 37 (28%) 10 (15%) 0.36 (0.15–0.88) 0.39 (0.16–0.95) 0.35 (0.14–0.89)

Last use of ERT
No estrogen 31 (23%) 23 (34%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
15þ years ago 20 (15%) 14 (21%) 0.94 (0.39–2.25) 0.89 (0.39–2.18) 0.94 (0.37–2.40)
2–14 years ago 38 (29%) 19 (28%) 0.67 (0.31–1.46) 0.66 (0.30–1.46) 0.55 (0.24–1.27)
0–1 year ago 43 (33%) 12 (18%) 0.38 (0.16–0.87) 0.39 (0.16–0.91) 0.33 (0.13–0.82)

Dose of Premarin ERT (n¼ 125, 56)‡

None 31 (30%) 23 (41%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
�0.625 mg 34 (32%) 18 (32%) 0.71 (0.32–1.57) 0.72 (0.32–1.60) 0.58 (0.25–1.34)
�1.25 mg 40 (38%) 15 (27%) 0.51 (0.23–1.13) 0.51 (0.23–1.14) 0.50 (0.21–1.16)

Type of ERT
No estrogen 31 (23%) 23 (34%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Oral only 54 (41%) 33 (49%) 0.82 (0.41–1.65) 0.80 (0.40–1.62) 0.75 (0.36–1.58)
Oral þ other 42 (32%) 10 (15%) 0.32 (0.13–0.77) 0.34 (0.14–0.82) 0.29 (0.12–0.74)
Injection or cream only 5 (4%) 2 (3%) 0.54 (0.10–3.03) 0.49 (0.08–2.89) 0.28 (0.04–1.72)

Last use/duration of ERT
None 31 (23%) 23 (34%) 1.00 (reference) 1.00 (reference) 1.00 (reference)
15þ years ago, �14 years 20 (15%) 14 (21%) 0.94 (0.39–2.25) 0.88 (0.36–2.16) 0.93 (0.37–2.39)
15þ years ago, 15þ years 0 0
2–14 years ago, �14 years 26 (20%) 15 (22%) 0.78 (0.34–1.79) 0.74 (0.31–1.75) 0.64 (0.26–1.58)
2–14 years ago, 15þ years 12 (9%) 4 (6%) 0.45 (0.13–1.57) 0.48 (0.13–1.72) 0.36 (0.10–1.36)
0–1 years ago, �14 years 18 (14%) 6 (9%) 0.45 (0.15–1.31) 0.46 (0.15–1.41) 0.34 (0.11–1.10)
0–1 years ago, 15þ years 25 (19%) 6 (9%) 0.32 (0.11–0.92) 0.34 (0.12–0.97) 0.33 (0.11–0.98)

* Adjusted for age at LWCS entry, age at death, and education (college graduate no/yes).
†

Adjusted for age at LWCS entry, age at death, education (college graduate no/yes), and AD-NC (none-low/intermediate-high).
‡

Numbers indicate the number of participants with available data for each column.
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early old age when ERT was reported to brain autopsy at
extreme old age, pathological confirmation as opposed to clini-
cal diagnosis, and robust data collection methods. Further
research is required to establish the mechanism through which
ERT exerts its neuroprotective effects.
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