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Abstract
Background and Objectives
The aim of this study was to compare 2 large clinicopathologic cohorts of participants aged 90+
and to determine whether the association between neuropathologic burden and dementia in
these older groups differs substantially from those seen in younger-old adults.

Methods
Autopsied participants from The 90+ Study and Adult Changes in Thought (ACT) Study
community-based cohort studies were evaluated for dementia-associated neuropathologic
changes. Associations between neuropathologic variables and dementia were assessed using
logistic or linear regression, and the weighted population attributable fraction (PAF) per type of
neuropathologic change was estimated.

Results
The 90+ Study participants (n = 414) were older (mean age at death = 97.7 years) and had
higher amyloid/tau burden than ACT<90 (n = 418) (mean age at death = 83.5 years) and ACT
90+ (n = 401) (mean age at death = 94.2 years) participants. The ACT 90+ cohort had
significantly higher rates of limbic-predominant age-related TDP-43 encephalopathy (LATE-
NC), microvascular brain injury (μVBI), and total neuropathologic burden. Independent as-
sociations between individual neuropathologic lesions and odds of dementia were similar
between all 3 groups, with the exception of μVBI, which was associated with increased dementia
risk in the ACT <90 group only (odds ratio 1.5, 95% CI 1.2–1.8, p < 0.001). Weighted PAF
scores indicated that eliminating μVBI, although more prevalent in ACT 90+ participants,
would have little effect on dementia. Conversely, eliminating μVBI in ACT <90 could theo-
retically reduce dementia at a similar rate to that of AD neuropathologic change (weighted PAF
= 6.1%, 95% CI 3.8–8.4, p = 0.001). Furthermore, reducing LATE-NC in The 90+ Study could
potentially reduce dementia to a greater degree (weighted PAF = 5.1%, 95% CI 3.0–7.3, p =
0.001) than either ACT cohort (weighted PAFs = 1.69, 95% CI 0.4–2.7).

Discussion
Our results suggest that specific neuropathologic features may differ in their effect on dementia
among nonagenarians and centenarians from cohorts with different selection criteria and study
design. Furthermore, microvascular lesions seem to have a more significant effect on dementia
in younger compared with older participants. The results from this study demonstrate that
different populations may require distinct dementia interventions, underscoring the need for
disease-specific biomarkers.
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Introduction
Globally, persons aged 65 years and older are the fastest
growing age group. In the United States, the population aged
90 years and older is expected to increase four-fold by 2050,
notably faster than the younger-old age groups.1 The corre-
sponding rise in dementia and other chronic health conditions
associated with an aging population presage a mounting
public health burden.2 Despite substantial developments in
our understanding of dementia risk factors and corresponding
potential intervention foci, there is rising concern that de-
mentia etiology may differ for these older groups.3-6 Alz-
heimer disease (AD) neuropathologic change (ADNC) has
been shown to level off or even decrease past age 90 across
multiple cohorts.7-9 Certain modifiable risk factors that are
currently identified as potential targets for dementia in-
tervention, including hypertension, hyperlipidemia, and
obesity, may lessen in effect or even be protective to some
extent in the oldest age groups.10-12 The negative effect of
APOE e4, the strongest known genetic risk factor for AD, is
lower past age 90 as well.5,13 These findings expose a con-
cerning gap in our understanding of dementia risk in the
nonagenarians and centenarians and highlight the importance
of identifying the different potential neuropathologic under-
pinnings of dementia in this age group.

By surviving into the later decades, nonagenarians and cen-
tenarians represent a segment of the population that is largely
either resistant to the lifetime accumulation of potential
health conditions and environmental hazards or resilient to
the compounding risk to mortality and morbidity posed by
such conditions.14 Estimates are that approximately one-third
of people aged 90 years or older with ADNC severe enough to
meet pathologic criteria for high likelihood of AD do not
develop cognitive impairments that substantially interfere
with daily function, suggesting that other factors may be im-
portant in progression to dementia in this age group.15-17

Thus, applying interventions that solely target ADNC in
this age group has the potential to lead to overtreatment
among those whose cognition is not substantially affected
by moderate/severe ADNC and may miss an estimated
one-half of dementia cases considered not attributable to
ADNC.18

We previously described the importance of multiple un-
derlying neuropathologic changes, including amyloid de-
position, neurofibrillary tangles (NFTs), limbic-predominant
age-related TDP-43 encephalopathy (LATE-NC), microvas-
cular brain injury (μVBI), Lewy body disease (LBD), and

hippocampal sclerosis (HS), in the development of dementia
among participants from The 90+ Study, a longitudinal,
community-based study of aging and dementia in people aged
older than 90 years, using contemporary consensus guidelines
for neuropathologic change. LATE-NC, gaining increasing
attention for its role in cognitive decline both in combination
with ADNC or alone,19 was identified as a prominent factor in
dementia in The 90+ Study, where it seemingly compounded
the effects of ADNC in increasing dementia risk and under-
scored the importance of developing methods for in vivo
identification of and intervention for LATE-NC.20 Because
others have also shown that LATE-NC may present differ-
ently in the older age groups,21 it is important to determine
whether these results can be generalized to other community-
based cohorts of participants aged older than 90 years.

The aim of this study was to compare findings from 2 large
clinicopathologic cohorts of participants aged 90 years and
older following identical contemporary consensus neuro-
pathologic guidelines and to determine whether the associa-
tion between neuropathologic burden and dementia in
these older groups differs substantially from those seen in
younger-old adults.22,23 Our objectives were to (1) compare
the occurrence of and associations between neuropathologic
abnormalities, dementia, and age among the 3 groups, (2)
determine the association between dementia and individual
neuropathologic change types and total neuropathologic
burden, and (3) establish whether the estimated fraction of
dementia attributed to the types of neuropathologic change
differs among the groups.

Methods
Participants
Participants were those who consented to postmortem brain
donation for research and were enrolled in either of 2 ongo-
ing, longitudinal, community-based cohort studies of aging
and dementia: The 90+ Study, which enrolls participants aged
90 years or older, or the Adult Changes in Thought (ACT)
Study, which enrolls participants aged 65 years or older.

The 90+ Study, started in 2003, enrolled surviving partici-
pants of the Leisure World Cohort Study (LWCS), a mailed
health survey which began in 1981 and was sent to all resi-
dents in a retirement community in Southern California.
Participants were invited to enroll in The 90+ Study if they
were aged 90 years or older. Additional participants who were
not part of the original LWCS and lived in the same region

Glossary
ACT = Adult Changes in Thought; AD = Alzheimer disease; ADNC = AD neuropathologic change; CERAD = Consortium to
Establish a Registry for Alzheimer’s Disease;HS = hippocampal sclerosis; LATE-NC = limbic-predominant age-related TDP-43
encephalopathy; LBD = Lewy body disease; LWCS = Leisure World Cohort Study; μVBI = microvascular brain injury;NFT =
neurofibrillary tangle; NP = neuritic plaque; OR = odds ratio; PAF = population attributable fraction.
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were also invited to participate. Participants were followed at
6-month intervals with neurologic and physical examinations,
cognitive testing, functional assessments, and study partner
interviews.24 Participants unable to come to the clinic were
administered telephone visits, including cognitive assess-
ments. For this study, we included all research brain autopsies
completed as of April 30, 2022.

The ACT Study, started in 1994, enrolls participants who are
randomly selected from dementia-free members of Kaiser
PermanenteWashington. Participants are followed at biennial
intervals with assessments including demographics, medical
history, and cognition.25 For this study, we included brain
autopsies for participants who donated their brains to the
University of Washington BioRepository and Integrated
Neuropathology Laboratory, completed as of March 5, 2020.
We excluded ACT participants with a final biennial visit more
than 2 years before death without a dementia diagnosis due to
the potential for cognitive progression during the interval
from visit to death. ACT participants were divided into 2
cohorts based on age: ACT <90 and ACT 90+.

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants or their designated surrogates provided writ-
ten consent to participate in the study. Procedures were
reviewed and approved by the institutional review boards at
the University of California, Irvine, University of Washington,
and Kaiser Permanente Washington.

Neuropathologic Indices
Neuropathologic index scores were assigned as follows: (1)
neuritic plaque (NP) density score: 0 = none; 1 = Consortium
to Establish a Registry for Alzheimer’s Disease (CERAD) NP
score sparse; 2 = CERAD score moderate; 3 = CERAD score
frequent (multisite interrater agreement: κ = 0.77, 95% CI
0.58–0.8826)22,23,27; (2) NFT distribution score: 0 = none, 1
= Braak stage I or II, 2 = Braak stage III or IV, 3 = Braak stage
V or VI (multisite interrater agreement: κ = 0.70, 95% CI
0.45–0.8326)22,23,28; (3) LATE-NC: 0 = no TDP-43 inclu-
sions; 1 = amygdala only; 2 = plus hippocampus; 3 = plus
middle frontal gyrus (Stanford/ACT interrater agreement:
κ = 0.71, 95% CI 0.59–0.84)29; (4) μVBI, defined according
to the number of lesions observed in a defined set of stan-
dard screening sections: 0 = no microinfarcts; 1 = low
(1 microinfarct); 2 = moderate (2 microinfarcts), and 3 =
severe (≥3 microinfarcts) (interrater reliability not formally
assessed)22,23; (5) LBD: 0 = none; 1 = brainstem-predominant;
2 = limbic (transitional); 3 = neocortical (diffuse) (multisite
interrater agreement: Krippendorff α = 0.5930)23,31; and (6)
HS, classified as present/absent.22,23 Interrater reliability was
less for HS (Stanford/ACT interrater agreement: κ = 0.34, 95%
CI 0.16–0.52) likely because there are as yet no consensus
criteria. The total neuropathologic burden score was calculated
by adding the individual neuropathologic scores. For analyses
requiring binary variables, NP density and NFT scores were
binarized following previous recommendations (e.g., none/

sparse = 0; moderate/frequent = 1; Braak stages 0, I, II = 0;
Braak stages III, IV, V, or VI = 1),22 while the non-ADNC
neuropathologic lesion scores (LBD, μVBI, LATE-NC, and
HS) were defined as present vs absent.

Dementia Diagnosis
Dementia diagnosis for both studies was made according to
Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition diagnostic criteria; however, the procedures for di-
agnosis differed. For The 90+ Study, dementia diagnosis of
any severity was not an exclusion for study entry for the
LWCS. Non-LWCS participants were enrolled if they had no
or mild dementia. Every participant was assigned a final
cognitive diagnosis at the time of death during a multidisci-
plinary consensus conference using all available clinical in-
formation (including any prior evaluations and interim
clinical data) and blinded to neuropathologic diagnoses.24 For
the ACT Study, dementia was an exclusion for study entry.
Participants whose scores fell below a threshold score on
cognitive screening or whose study partners/clinicians
expressed concern about cognitive decline were referred for
a full diagnostic evaluation. Dementia diagnosis for the
screened group was determined at a consensus conference
diagnosis.25

Statistical Analyses
Three groups were examined: The 90+ Study, ACT partici-
pants aged 90 years or older at death (ACT 90+), and ACT
participants aged younger than 90 years at death (ACT <90).
Group differences were evaluated using ordinal logistic re-
gression (proportional odds) for the ordinal neuropathologic
lesion scores, binary logistic regression for the presence/
absence of dementia, and linear regression for the total neu-
ropathologic burden score, with group being the categorical
independent variable and ACT <90 being the reference
group. Proportional odds assumptions were tested using the
Brant andWolf-Gould tests. Post hoc pairwise comparisons of
the log odds or means of the dependent variables between
ACT 90+ and The 90+ Study groups were conducted. As-
sociations between neuropathologic variables and age, sex,
and education level were measured separately for each group
using ordered logistic regression, with the neuropathologic
variable being the dependent variable and age, sex, or edu-
cation level being the independent variables. Model outcomes
were inspected for influential observations using Pregibon
delta beta statistic and plot. To evaluate the odds of dementia
associated with individual neuropathologic variables, logistic
regression models, with dementia status (present/absent)
being the dependent variable and ordinal neuropathologic
lesion being the independent variable, were conducted sepa-
rately for each neuropathologic variable within each group,
controlling for age at death, sex, education, and enrollment
cohort. Owing to differences in collecting education data, a
binary variable (college degree or higher vs no college degree)
was used. Next, all 3 groups were entered into a single logistic
regression model for each neuropathologic variable, with
dementia status, group, group by dementia interaction, age at
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death, sex, and education being the predictors. Linear com-
binations of estimators were calculated to determine the dif-
ference in differences between groups at each level. APOE
genotype was available for a subsample; thus separate sensi-
tivity analyses were conducted secondarily, entering APOE
genotype (e2/-, e3/3, e4/-; participants with e2/4 genotype
were omitted). Additional sensitivity analyses were conducted
within the older groups that included only those participants
diagnosed with dementia at or after age 90. To determine the
population attributable fraction (PAF), or the theoretical
proportional reduction in dementia that is estimated if a risk
factor was eliminated in the population, we entered all binary
neuropathologic change variables and covariates as in-
dependent variables in a logistic regression in which dementia
is the dependent variable. The logs of 2 scenario means (the
baseline and the “fantasy” scenario in which 1 neuropatho-
logic variable is set to 0 while keeping all other predictor
variables the same) are estimated, as well as the log of the ratio
of the “fantasy” scenario to the baseline scenario, known as the
population unattributable fraction. This is then subtracted
from 1 to derive the PAF.32 We further adjusted for non-
independence of the neuropathologic variables, using pre-
viously described methods,33,34 and present the resulting
weighted PAFs. Bonferroni adjustment was used to control
the family-wise type I error set a priori at 0.05 for analyses
involving multiple testing. All analyses were performed using
Stata/SE 17.0.

As autopsy consent was not a requirement of either study,
inverse probability weights were incorporated in all models to
address potential selection bias due to factors associated with
selection into the autopsy group. Weights were derived from
separate logistic regression models (eTable 1, links.lww.com/
WNL/D315) for each group (The 90+ Study, ACT <90, and
ACT >90) that estimated the probability of selection into the
autopsy sample from the entire deceased sample as a function
of factors that may influence consent to autopsy (age, sex,
education, marital status, study cohort, and dementia di-
agnosis). Bias-corrected bootstrap standard errors and CIs
were calculated for each model to account for uncertainty in
the selection weights. Receiver operating characteristic anal-
yses were used to examine the predictive ability of the weights
(eFigure 1). Demographic data for the entire deceased sample
vs those included in the autopsy sample are included in the
supplement (eTables 2–4).

Data Availability
Data for the analyses and results reported in this article were
acquired from The 90+ Study and The ACT Study. Data not
published within the article will be shared on reasonable re-
quest from a qualified investigator.

Results
In the ACT <90 group, 16 participants without dementia were
excluded because of interval from final visit to death >2 years

(n = 418). In the ACT 90+ group, 15 participants without
dementia were excluded because of interval from final visit to
death >2 years (n = 401). In The 90+ Study, 4 participants
missing final cognitive diagnosis were excluded (n = 414).
The 90+ Study participants were older at death; higher pro-
portions were female, White and had a college degree or
higher; and average brain weight was lower than both the
younger and older ACT participants. Although the pro-
portion of The 90+ Study sample with dementia was lower
than that of the ACT 90+ autopsy sample, once selection bias
was accounted for in the analyses, there was no significant
difference between ACT 90+ and The 90+ Study. Among
those with dementia, The 90+ Study participants were also
older at dementia onset and had shorter disease duration than
both the ACT <90 and ACT 90+ participants (Table 1).

Group Differences in Neuropathologic Burden
Figure 1, A–F shows group differences in neuropathologic
burden. ACT <90 participants (reference group) had lower
proportions of NFTs, NPs, and HS than both older groups
and lower LBD than The 90+ Study. The proportion of μVBI
in the ACT <90 participants was greater than in The 90+
Study. Post hoc pairwise comparisons of the 2 older groups
demonstrated that The 90+ Study group had higher NP and
LBD scores than ACT 90+. Although the overall NFT score
did not differ significantly between the ACT 90+ and The 90+
Study participants, The 90+ Study had a higher proportion of
moderate/high NFTs (odds ratio [OR] 3.13, 95% CI
1.80–5.43, p = 0.0001). Conversely, ACT 90+ participants
had higher LATE-NC and μVBI. The total neuropathologic
burden score was higher in the 2 older groups compared with
ACT <90 (ACT 90+: B = 1.73, 95% CI 0.81–1.65, p < 0.0001,
90+: B = 1.23, 95% CI 1.31–2.16, p < 0.0001); post hoc
comparisons yielded a higher total burden score in ACT 90+
compared with The 90+ Study (p < 0.014). Detailed neuro-
pathologic data and ORs are provided in eTable 5 (links.lww.
com/WNL/D315).

Associations Between Demographic Factors,
Dementia, and Neuropathologic Burden
Older age at death was associated with higher dementia odds
in ACT <90, but not in ACT 90+ nor The 90+ Study
(Figure 2A). Older age at death was also associated with
higher proportions of ACT <90 participants with higher levels
of NFTs and NPs (Figure 2B), LATE-NC (Figure 2C), and
μVBI (Figure 2D), but not with higher LBD (Figure 2E) or
HS (Figure 2F). Conversely, age at death was not significantly
associated with any neuropathologic variables after account-
ing for multiple comparisons in The 90+ Study and only with
HS in the ACT 90+ cohort. Delta beta analyses yielded no
evidence for unduly influential observations. Associations
between sex and dementia or any neuropathologic lesion
scores did not reach statistical significance after accounting for
multiple comparisons. The education level (college degree vs
no college degree) was significantly associated with a lower
rate of dementia in The 90+ Study, but not in the ACT groups
after accounting for multiple comparisons. Neuropathologic
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Table 1 The Adult Changes in Thought Study and the 90+ Study Sample Characteristics

ACT Study <90
(n = 418)

ACT Study 90+
(n = 401)

The 90+ Study
(n = 414)

Overall p valuea

Pairwise

Age at death, y <0.0001
ACT <90 < ACT 90+ < 90+

Mean (SD) 83.5 (4.6) 94.2 (3.2) 97.7 (3.6)

Range 68.0–89.0 90.0–106.0 90.1–110.6

Sex, female, n (%) 221 (52.9) 246 (61.4) 285 (68.8) <0.0001
ACT <90 < ACT 90+ < 90+

Race, n (%) 0.026
ACT <90 | ACT 90+ < White
participants than 90+American Indian/Alaska Native — — —

Asian 8 (1.9) 4 (1.0) 3 (0.7)

Black/African American 4 (1.0) 6 (1.5) —

Other, including mixed — 1 (0.3) —

White 390 (93.3) 380 (94.8) 409 (98.8)

Missing/unknown 16 (3.8) 10 (2.5) 2 (0.5)

Hispanic/Latino, yes, n (%) 4 (1.0) 1 (0.3) 2 (0.5) 0.463

Education, % with college degree or higher 185 (44.3) 162 (40.4) 210 (50.7) 0.011
ACT 90+ < 90+

Brain weight, g n = 402 n = 388 n = 383 <0.0001
ACT <90 > ACT 90+ > 90+

Mean (SD) 1,240.2 (139.5) 1,178.1 (128.8) 1,130.3 (126.8)

Range 650.0–1,635.0 820.0–1,760.0 728.0–1,670.0

Postmortem interval, h n = 391 n = 391 n = 399 <0.0001
ACT <90 > ACT 90+ > 90+

Mean (SD) 18.7 (22.6) 14.2 (18.8) 8.5 (11.5)

Range 1.2–178.8 1.7–144 1.0–98.2

APOE genotype, n (%) n = 400 n = 391 n = 380 0.002
ACT <90 more likely have
an e4 allele than older groups«2/«2 or «2/«3 44 (11.0) 32 (8.2) 47 (12.4)

«3/«3 222 (55.5) 272 (69.6) 255 (67.4)

«3/«4 or «4/«4 123 (30.8) 81 (20.7) 67 (17.6)

«2/«4 11 (2.8) 6 (1.5) 11 (2.9)

Cognitive status, dementia, n (%) 157 (37.6) 229 (57.1) 182 (44.0) <0.0001
ACT <90 < ACT 90+ | 90+

Age at dementia diagnosis, y <0.0001
ACT <90 < ACT 90+ < 90+

Mean (SD) 80.1 (4.4) 88.6 (4.4) 93.7 (4.9)

Range 68.0–88.0 77.0–102.0 77.0–108.0

Dementia duration, y <0.0001
ACT <90 < ACT 90+
ACT 90+ > 90+Mean (SD) 4.8 (2.7) 5.6 (3.3) 4.1 (3.4)

Range 0.9–13.2 0.8–20.0 0b–15.6

Abbreviations: ACT = Adult Changes in Thought; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; LATE-NC = limbic-predominant age-
related TDP-43 encephalopathy.
a Based on linear regression for continuous variables and logistic regression for categorical variables, with group being the categorical independent variable
(reference group = ACT <90). All models were weighted to the full deceased sample for each group using a bootstrapping procedure to account for error in
estimating the weights.
b A value of 0 indicates that the participant was diagnosed with dementia during the same year as their death.
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lesion scores were not associated with the level of education
for any groups after accounting for multiple comparisons. The
presence of an APOE e4 was significantly associated with
increased dementia odds in the ACT <90 group (OR 2.27,
95% CI 1.38–3.73, p = 0.001) but not in either of the 90+
groups. Among participants with dementia, disease duration
was significantly associated with NFT and LATE in the ACT
<90 group and NFT in The 90+ Study, but associations with
other neuropathologic lesion scores failed to meet statistical
significance after accounting for multiple comparisons. eTa-
ble 6 (links.lww.com/WNL/D315) provides weighted ORs
and bias-corrected 95% CIs for all associations.

Associations Between Dementia and
Individual Neuropathologic Lesion Scores
In separate logistic regression analyses, adjusted for age at
death, level of education, sex, and enrollment cohort, de-
mentia odds were higher with more NFTs and NPs across all
groups after accounting for multiple comparisons. LATE-NC
was also associated with higher dementia risk across all
groups, although this result was not statistically significant
after accounting for multiple comparisons in the ACT <90
cohort. Similarly, LBD and HS were associated with higher
dementia risk across all groups to varying degrees: after ac-
counting for multiple comparisons, the association between

Figure 1 Comparison of Group Differences in Neuropathologic Change Scores NFT (A), NP (B), LATE-NC (C), μVBI (D), LBD
(E), and HS (F) Between ACT <90, ACT 90+, and the 90+ Study

The y-axis represents the predicted probabilities of neuropathologic change for each group based on unadjusted ordinal logistic regression models and is
plotted as the predicted combination of moderate-severe NPs/NFTs, and all nonzero outcomes for the other lesions. All models were weighted to the full
deceased sample for each group using a bootstrapping procedure to account for error in estimating theweights. ***p < 0.0001, **p < 0.001 level, *p < 0.01. All
reported significant values are significant after correcting for multiple comparisons. ACT = Adult Changes in Thought; HS = hippocampal sclerosis; LATE-NC =
limbic-predominant age-related TDP-43 encephalopathy; LBD = Lewy body disease; μVBI = microvascular brain injury; NFT = neurofibrillary tangle; NP =
neuritic plaque.
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dementia and LBD was statistically significant in ACT <90
and The 90+ Study, and the association between dementia
and HS was statistically significant only in the ACT 90+ co-
hort. Finally, μVBI was associated with higher dementia risk in
the ACT <90 group only (Figure 3; eTable 7, links.lww.com/
WNL/D315). When all groups were entered into a single
model for each ordinal neuropathologic variable, there were
significant groups by dementia diagnosis interactions for μVBI
such that the dementia/μVBI associations were stronger in the
younger group as compared with the 2 older groups (ACT
<90–90+: OR 2.23, 95% CI 1.19–4.21, p = 0.0127; ACT
<90–90+: OR 2.28, 95%CI 1.16–4.47, p = 0.017), but not when
comparing the 2 older groups with one another. Dementia/
LATE-NC associations were stronger in The 90+ Study as
compared with the ACT <90 group (ACT <90–90+: OR 0.50,

95% CI 0.26–0.95, p = 0.035), but not for any other
combinations.

In sensitivity analyses, including APOE as a covariate did not
change these results substantially (eTable 8, links.lww.com/
WNL/D315). Including only those participants who were di-
agnosed with dementia at or after age 90, only NFTs and NPs
were significantly associated with dementia in the ACT90+ group
(total n = 254), although there were no substantial differences in
the results for The 90+ Study (total n = 382) (eTable 9).

To evaluate the PAF of each neuropathologic lesion, binary
variables for all neuropathologic abnormalities examined were
first entered into a single logistic regression (eTable 10, links.
lww.com/WNL/D315). Next, the weighted PAF was

Figure 2 Percentage of Participants (Unadjusted) With Dementia (A), Moderate to High NPs or Moderate to Frequent NFTs
(B), Any LATE-NC (C), Any μVBI (D), Any LBD (E), and Any HS (F) in the Adult Changes in Thought Study and the 90+
Study by Age at Death

ACT = Adult Changes in Thought; HS = hippocampal sclerosis; LATE-NC = limbic-predominant age-related TDP-43 encephalopathy; LBD = Lewy body disease;
mVBI = microvascular brain injury; NFT = neurofibrillary tangle; NP = neuritic plaque.
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determined for each neuropathologic lesion in each group
(Figure 4). The most impressive difference in PAFs was for
microinfarcts, which was a very strong predictor in the ACT
<90 sample but had a null contribution to dementia risk in
both of the 90+ samples. LATE-NC was a stronger predictor
in the 90+ study sample than the ACT <90 or the ACT 90+
sample. LBD was a significant predictor in the ACT <90 and
The 90+ Study sample, but not in the ACT 90+ sample.

Discussion
This study examines neuropathologic profiles of participants
aged 90 years and older from 2 community-based cohorts
and compares these with a cohort of participants aged
younger than 90 years. Participants in The 90+ Study had
higher common dementia-associated features (older age,
lower brain weight, and higher proportion of female partic-
ipants) and higher rate of moderate to high NFT, NP, and
LBD burden, while the ACT 90+ cohort had significantly
higher rates of LATE-NC and μVBI, and higher total

neuropathologic burden. Our results suggest that there may
be differences in dementia risk associated with specific
neuropathologic features between younger and older par-
ticipants and between the 90+ cohorts with different selec-
tion criteria, for example, a stronger association and higher
PAFs for μVBI in younger participants, and for LATE-NC in
The 90+ Study participants.

A chief aim of this study was to compare 2 cohorts of par-
ticipants aged 90 years and older using contemporary con-
sensus neuropathologic guidelines. The differences noted in
specific neuropathologic changes between the cohorts may
be a result of cohort differences that potentially influence the
number and degree of non–ADNC-related neuropathologic
changes. Although both cohorts are community-based by
design, there are important distinctions between them. First,
The 90+ Study enrolls participants who survived and were
able to actively participate in study procedures at age 90
years or older. Conversely, the ACT study enrolls partici-
pants at initially younger ages (96% of this sample were
enrolled at age younger than 90 years); although it captures

Figure 3 Odds of Dementia for Each Neuropathologic Lesion Across Groups

Adjusted ORs are based on separate logistic regression
models, controlling for age at death, level of education, sex,
and enrollment cohort. All models were weighted to the full
deceased sample for each group using a bootstrapping pro-
cedure to account for error in estimating the weights. Bias-
corrected ORs and 95% CIs are reported. ***p < 0.0001, **p <
0.001, *p < 0.01 (not significant after Bonferroni correction).
ACT = Adult Changes in Thought; HS = hippocampal sclerosis;
LATE-NC = limbic-predominant age-related TDP-43 encepha-
lopathy; LBD = Lewy body disease; μVBI =microvascular brain
injury; NFT = neurofibrillary tangle; NP = neuritic plaque; OR =
odds ratio.
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those who survived to age 90 years and older, more were
likely to have developed significant dementia symptoms or
other serious illness before that age. Indeed, disease duration
among those with dementia was significantly longer in ACT
90+ participants. Thus, the 90+ Study may represent a group
that is especially resilient to a lifetime of biological, envi-
ronmental, and genetic stressors.14,35,36 Second, both the
ACT and 90+ Study cohorts have a large majority of White
participants (not unusual given their surrounding commu-
nities); however, the ACT sample encompasses a wider
range of educational, racial, and socioeconomic backgrounds
and thus may be more representative of the general
population.

We found the rate of μVBI to be substantially higher in ACT
90+ participants than The 90+ Study, contributing to an
overall higher total neuropathologic burden score. This
finding may be closely related to the differences in study
design described above (e.g., participants with vascular risk
factors may be less likely to enroll in a study for the first time at
age 90 years or older). It is of interest that despite the sub-
stantial difference in amount of vascular pathology identified,
the presence of μVBI seemed to exert little influence on a
clinical diagnosis of dementia for either older group. Another
interesting difference between the groups is that although the
ACT 90+ cohort has higher LATE-NC than The 90+ Study,
eliminating LATE-NC alone may not substantially reduce
dementia burden in the ACT cohort. Conversely, LATE-NC
may play a much more prominent role in effect on dementia
risk in The 90+ Study, supporting what we and others have
previously reported.20,21 Additional work to determine the
reasons that underlie these differences will be vital to better
understanding the role of LATE-NC in dementia in those
aged older than 90 years.

A second focus of this study was to identify how nonagenarians
and centenarians may differ from young-old age groups in
neuropathologic contributions to dementia. It is important that
our weighted PAF results support both the previously described
importance of comorbid pathologies,37,38 while also highlighting
that there is still a large proportion of dementia unaccounted for
by these combined pathologic changes, particularly in the older
groups. Specifically, the contribution of vascular neuropathologic
processes to the development of dementia is well established, but
prior reports suggest that this may diminish in people aged older
than 90 years.11 Indeed, we found that the proportion of people
with μVBI was significantly higher in the older ACT group
compared with the younger ACT cohort, yet its presence seems
to be more influential on cognitive impairment in the younger
group. Theoretically, eliminating μVBI in the ACT <90 sample
could contribute to a significant reduction in the population
burden of dementia but would likely have little effect on de-
mentia in nonagenarians and centenarians. Although in part this
likely represents a survival effect (those most affected by vascular
disease do not survive into the oldest age groups), it is also
consistent with prior reports that risk factors such as hyperten-
sion and hyperlipidemia may have less negative effect in
nonagenarians and centenarians.10-12,39,40

There are important limitations in this study. First, because
we are comparing 2 separate cohorts, we included only the
most common pathologies with consensus neuropathologic
guidelines for each (except for HS, which does not have
consensus guidelines); all have been previously used to
compare neuropathologic change across large autopsy
cohorts.38,41 Although the methods for identifying neuro-
pathologic change were based on consensus criteria, differ-
ences across pathologists may exist. It is important that prior
assessment of multisite interrater agreement shows high

Figure 4 Population Attributable Fraction

Bars represent the percent of de-
mentia that would be theoretically re-
duced if the individual lesion were
reduced to 0, weighted to account for
interdependence between variables.
Error bars represent 95% CIs. ACT
= Adult Changes in Thought; HS = hip-
pocampal sclerosis; LATE-NC = limbic-
predominant age-related TDP-43
encephalopathy; LBD = Lewy body
disease; μVBI = microvascular brain
injury; NFT = neurofibrillary tangle; NP
= neuritic plaque; OR = odds ratio.
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concordance across sites for ADNC and LBD, and interrater
agreement for TDP-43 assessed for this study was sub-
stantial. The microinfarct protocol used here has not been
formally evaluated for interrater reliability. In the context of
evaluating a condensed sampling protocol, interrater kappa
values for microinfarcts were low (approximately 0.30),42

likely due to limited sampling issues (e.g., μVBI occurs less
frequently than other lesions). With this as a lower bound,
we also note that the protocol used here has been used
independently in multiple cohorts and yielded very similar
OR for dementia. Our between group comparisons (90+ vs
ACT) for μVBI may thus be affected by site differences in
neuropathologic protocol. However, comparisons within
the ACT group (old vs younger) are of greatest interest
here. Finally, HS interrater agreement is low (likely due to
lack of consensus criteria), and thus, intersite comparisons
must be made carefully.

Second, both studies used the same criteria for dementia;
however, the ACT Study required a participant to prompt a
full dementia evaluation based on screening criteria applied
every 2 years, while The 90+ Study evaluated all available
evidence collected at 6-month intervals to arrive at a final
cognitive diagnosis at the time of death, based on data that
potentially varied between participants (e.g., telephone vs in-
person visits). These methods could affect dementia in that
(1) participants scoring above the screening criteria in ACT
could still have dementia,43 (2) the interval likelihood of
progression over time meant that some who had dementia at
the time of death were missed, and (3) ACT participants with
no dementia who were not seen within 2 years of death were
excluded because of unknown cognitive status and the pos-
sibility for interval cognitive progression. Examining selection
bias in the 2 cohorts yielded an interesting distinction: while
ACT participants who died but did not participate in the
autopsy study had a lower rate of dementia, those in The 90+
study who died but did not participate in the autopsy study
had a slightly higher rate of dementia. This may lead to
marked difficulty comparing dementia between cohorts un-
less efforts are made such as the inverse probability-weighting
approach adopted here. A further limitation is that despite the
ACT cohort beingmore representative of the general population,
it is still largelyWhite and had a higher percentage of participants
attaining a college degree or higher than the general pop-
ulation of the United States aged 65 years or older.44 Finally,
only a very small proportion (4%) of ACT participants were
enrolled at age 90 years or older. As a result, we are not able
to determine whether it is people who survive into their 90s
or rather those who survive into the 10th decade and are
willing/able to enroll into an involved cohort study who are
especially resilient.

Delaying the onset of dementia symptoms and disabilities in a
rapidly aging population is a community health imperative.
Resistance to the pathophysiologic processes that produce
increased neuropathologic burden associated with AD
(NFTs and beta amyloid accumulation) in nonagenarians

and centenarians is rare; thus, increasing resilience to these
processes is of utmost importance. The results from this
study demonstrate that different populations may require
distinct interventions, underscoring the need for disease-
specific biomarkers. Furthermore, the reduction of specific
risk factors according to age, as well as prevention of addi-
tional neuropathologic change, is likely a key factor in re-
ducing the population burden of dementia.
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