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N G W N e

Abstract: Alzheimer’s disease (AD) is characterized by cognitive impairment in the presence of
cerebral amyloid plaques and neurofibrillary tangles. Less is known about the characteristics and
predictors of resilience to cognitive impairment in the presence of neuropathological evidence of AD,
the focus of this study. Of 3170 adults age >65 years in the National Alzheimer’s Coordinating Center
(NACC) brain autopsy cohort, 1373 had evidence of CERAD level moderate to frequent neuritic
plaque density and Braak stage V-VI neurofibrillary tangles. Resilience was defined by CDR-SOB and
CDR-Global scores of 0-2.5 and 0-0.5, respectively, and non-resilience, CDR-SOB and CDR-Global
scores >2.5 and >0.5, respectively. Multivariable logistic regression models were used to examine
the independent associations of patient characteristics with resilience. There were 62 participants
(4.8%) with resilience. Those with resilience were older (mean age, 88.3 vs. 82.4 years), more likely to
be women (61.3% vs. 47.3%) and had a lower prevalence of the APOE-e4 carrier (41.9% vs. 56.2%).
They also had a higher prevalence of hypertension, heart failure, atrial fibrillation, diuretic use,
beta-blocker use, and APOE-e2 carrier status. Greater age at death, diuretic use, and APOE-e2 were
the only characteristics independently associated with higher odds of the AD resilience phenotype
(adjusted OR, 1.09; 95% CI, 1.05-1.13; p < 0.01; 2.00 (1.04-3.87), p = 0.04, 2.71 (1.31-5.64), p < 0.01,
respectively). The phenotype of resilience to cognitive impairment is uncommon in older adults who
have neuropathological evidence of AD.
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1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in older adults. Neu-
ropathologic evidence of AD includes the presence of extracellular amyloid 3 (A) plaques
and intracellular neurofibrillary tangles of hyperphosphorylated tau (pTau) [1]. Multiple
studies have established the association between AD pathology and clinical symptoms of
cognitive impairment [2-6]. Although most people with substantial neuropathological evi-
dence of AD will ultimately develop cognitive impairment or dementia [1], findings from
autopsy studies suggest a phenotype of clinical resilience despite neuropathology [7,8].
This is akin to the phenotype of asymptomatic left ventricular systolic dysfunction in
which patients do not develop symptoms of heart failure despite a low ejection fraction [9].
A better understanding of this poorly characterized phenotype of resilience may provide
insights into maintaining good cognition and prevention of AD. The objective of the current
study was to examine the characteristics and predictors of resilience to cognitive decline in
older adults with neuropathological evidence of AD.
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2. Materials and Methods
2.1. Data and Participants

We analyzed the National Alzheimer’s Coordinating Center (NACC) autopsy data
collected by the National Institute on Aging (NIA)-funded Alzheimer’s Disease Centers
(ADCs). The NACC was established in 1991 by the NIA /NIH (U01 AG016976) to facilitate
collaborative AD research. It maintains a large relational database of standardized clinical
and neuropathological data, contributed to by the approximately 39 past and present
ADCs, where all enrolled participants undergo a standardized evaluation. From 2005 to
the present, ADCs have been contributing data to the Uniform Data Set (UDS), collected
prospectively by clinicians, neuropsychologists, and other ADC research personnel using
up to 18 standardized forms for each visit. The time period covered includes initial UDS
visits and approximately annual follow-up visits, plus milestones such as death or dropout.
The UDS was expanded with two modules: the FTLD module (detailed clinical information
related to frontotemporal lobar degeneration) implemented in 2012 and the LBD module
(information on Lewy body disease) implemented in 2015. Data collection for the UDS,
including the FTLD and LBD modules, is ongoing. The NACC monitors the reliability of
the data via range and logic checks. Written consent was obtained from participants and
the study was approved by the institutional review board at each site.

Of the 3170 participants, 65 years of age or older at death, who underwent autopsy be-
tween 2005-2020, 1415 had neuropathological evidence of substantial AD, defined by both
the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) level moderate to
frequent neuritic plaque density and by Braak stages V or VI neurofibrillary tangles in the
peristriatal and striatal cortex. We used Clinical Dementia Rating (CDR) scores to categorize
the study participants into resilient and non-resilient. Resilience was defined by CDR Sum
of Boxes (SOB) and CDR-Global scores 0-2.5 and 0-0.5; non-resilience by CDR-SOB and
CDR-Global scores of >2.5 and >0.5. We excluded 42 individuals with discordant CDR
scores (CDR-SOB >2.5 but CDR-Global 0-0.5, and CDR-SOB 0-2.5 but CDR-Global >0.5).

2.2. AD Pathology

Neuritic plaque density was quantified according to the CERAD level and categorized
as none, sparse, moderate, and frequent [10]. Neurofibrillary tangle distribution was
assessed using the Braak stage and categorized as stage I (transentorhinal region), stage II
(entorhinal region), stage III (temporo-occipital gyrus), stage IV (temporal cortex), stage V
(peristriatal cortex), and stage VI (striatal cortex) [11].

2.3. Cognitive Status

The CDR-SOB and CDR-Global scores within a year prior to death were used to assess
cognitive status [12]. The CDR-SOB is categorized 0 as no cognitive impairment, 0.5-4 as
questionable cognitive impairment, 4.5-9 as mild dementia, 9.5-15.5 as moderate dementia,
and 16-18 as severe dementia [12]. CDR-Global cognitive functioning measures 6 domains:
memory, orientation, judgment and problem solving, community affairs, home and hobbies,
and personal care with each domain rated on a 5-point scale of functioning as follows:
0 = no impairment, 0.5 = questionable impairment; 1 = mild impairment, 2 = moderate
impairment, and 3 = severe impairment (personal care is scored on a 4-point scale without
a 0.5 rating available) [12].

2.4. Other Participant Characteristics

Data on demographic and other patient characteristics included age at death, sex,
race, ethnicity, education years, APOE-e4 carrier status (0 = absence of the ¢4 allele, 1 =1
or 2 copies of the ¢4 allele), APOE-e2 carrier status (0 = absence of the €2 allele, 1 =1 or
2 copies of the €2 allele), cardiovascular risk factors/disease (e.g., smoking history, body
mass index, blood pressure, anti-hypertensive medication use, diabetes mellitus, stroke,
myocardial infarction, heart failure, atrial fibrillation) and other neuropathologic findings
(e.g., Lewy bodies, hippocampal sclerosis, atherosclerosis, cerebral amyloid angiopathy,
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and cortical and deep cerebral microinfarcts). Data on blood pressure (BP) were collected
from all visits prior to death. We used two ways to estimate blood pressures for each
patient: BP at the last visit and mean of BP from all visits. Hypertension was defined as
systolic BP >140 or diastolic BP >90 mmHg in at least two visits and /or ever treated with
anti-hypertensive agents. Anti-hypertensive agent use was self-reported and measured
from all visits prior to death. To keep the sample size as large as possible, we did not
exclude the patients with missing values. If a variable had a missing value, we converted
the missing value into the category of ‘unknown’.

2.5. Statistical Analysis

We compared patient characteristics between two outcome groups (AD resilient vs.
non-resilient participants). Depending on the nature of the variables, we compared the
continuous variables between two groups using Student’s t-tests and compared categorical
variables between the two groups using chi-square tests (or Fisher’s exact tests when more
than 20% of the cells had expected frequencies <5).

Two multiple logistic regression models were fit to estimate the independent asso-
ciations between the patient characteristics and the phenotype of AD resilience: one for
the overall population and the other for those with hypertension. The main predictors
in the two models included: age at death, sex, race, hypertension (only for the overall
population model), beta-blocker use, diuretic use, APOE-e4, APOE-e2, heart failure, and
atrial fibrillation. The other covariates adjusted in the models included education, smoking
(ever), diabetes mellitus, stroke, myocardial infarction, the use of angiotensin-converting
enzyme inhibitors or angiotensin II inhibitors, calcium channel blocking agents, last body
mass index (kg/m?), and mean systolic and diastolic BP from all visits (mmHg). Multiple
comparisons may not be a concern of the study, because the final estimates between the
predictors and the outcome were based on a single model from two different cohorts, the
overall cohort and subgroup of hypertensive patients, respectively.

Considering the known association between BP and the risk of AD, we compared
the observed and predicted BP trajectories between the two groups. SBP trajectories
were developed based on the time repeated SBP measures using the SAS® (version 9.4,
SAS Institute Inc., Cary, NC, USA) Proc Traj program [13], which provides a curve of
average SBP measures (solid curve) and a predicted trajectory (dashed curve). Plots were
created for resilient and non-resilient patients, respectively. In each plot, the x-axis indicates
years prior to death, with the date of death at the zero point on the x-axis; the y-axis
indicates the BP measure. We used all the BP measures within 12 years prior to death.
This was because only 18 patients (1.3%) had BP measures more than 12 years prior to
death. BP measures were captured at the year level. If a patient had multiple measures at
a specific year interval, then we used the measure closest to the end of that interval. To
fit a predicted trajectory, the regression models with and without quadratic and/or cubic
terms were fitted to identify the model of best fit choosing the one with the lowest Bayesian
information criterion (BIC). The beta coefficients and their p-values of each model were
estimated to evaluate the association between BP and time. All analyses were performed
using SAS 9.4. The level of significance was set at <0.05, two-tailed.

3. Results
3.1. Participant Characteristics

Specifically, 3170 participants were aged >65 years old at death and underwent
an autopsy between 2005 and 2020. Of those, 1415 met the neuropathological criteria for
advanced AD. Moreover, 62 participants (4.8%) were categorized as resilient, 1311 (95.2%)
as non-resilient, and 42 were excluded for discordant CDR scores. The study participants
with the AD resilience phenotype died at an older age (mean age, 88.3 vs. 82.4 years),
were more often women (61.3% vs. 47.3%), and had a lower prevalence of APOE-e4
(41.9% vs. 56.2%) and a lower proportion of CERAD and Braak VI stage, compared to those
without resilience (Table 1). Those with resilience had a higher prevalence of hypertension
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(83.9% vs. 71.8%; p = 0.04), heart failure (12.9% vs. 5.7%, p = 0.02), and atrial fibrillation
(25.8% vs. 12.3%, p < 0.01; Table 1).

Table 1. Characteristics of 1373 participants in the National Alzheimer’s Coordinating Center (NACC)
autopsy data, by resilience to Alzheimer’s disease (AD).

Mean (SD)/n (%) N(()nR:sli?l,ilelr;ce Rfrfiiiz;f € p-Value
Age at death (years) 82.4 (£8.1) 88.3 (£6.6) <0.01
Female 620 (47.3%) 38 (61.3%) 0.03
African American 67 (5.1%) 4 (6.4%) 0.64
CERAD level
Moderate 273 (20.8%) 28 (45.2%) <0.01
Frequent 1038 (79.2%) 34 (54.8%)
Braak stage
\Y% 482 (36.8%) 51 (82.3%) <0.01
VI 829 (63.2%) 11 (17.7%)
APOE-e4 737 (56.2%) 26 (41.9%) 0.02
APOE-e2 82 (6.3%) 11 (17.7%) <0.01
Lewy bodies 527 (40.2%) 20 (32.3%) 0.37
Cerebral microinfarcts 267 (20.4%) 13 (21.0%) 0.93
Cerebral amyloid angiopathy
No or Mild 689 (52.6%) 37 (59.7%)
Moderate or Severe 599 (45.7%) 23 (37.1%) 0.33
Unknown 23 (1.7%) 2 (3.2%)
Hippocampal sclerosis
No 608 (46.4%) 32 (51.6%)
Yes 118 (9.0%) 2 (3.2%) 0.27
Unknown 585 (44.6%) 28 (45.2%)
Education (years) 15.2 (£3.2) 15.6 (£3.2) 0.43
Smoking (ever) 507 (38.7%) 25 (40.3%) 0.79
Hypertension 942 (71.8%) 52 (83.9%) 0.04
Diabetes mellitus 175 (13.4%) 7 (11.3%) 0.64
Stroke 113 (8.6%) 7 (11.3%) 047
Myocardial infarction 112 (8.5%) 8 (12.9%) 0.24
Heart failure 75 (5.7%) 8 (12.9%) 0.02
Atrial fibrillation 161 (12.3%) 16 (25.8%) <0.01
Anti-hypertensive agents use
Any 677 (51.6%) 40 (64.5%) 0.05
Angiotensin-converting enzyme inhibitors 228 (17.4%) 9 (14.5%) 0.56
Angiotensin II inhibitors 92 (7.0%) 8 (12.9%) 0.08
Beta-adrenergic blocking agents 259 (19.8%) 23 (37.1%) <0.01
Calcium channel blocking agents 190 (14.5%) 11 (17.7%) 0.48
Diuretics 185 (14.1%) 20 (32.3%) <0.01
Last body mass index (kg/mz) 25.6 (£4.3) 25.4 (£4.3) 0.68
Last blood pressure (mmHg)
Systolic blood pressure 131 (20) 133 (19) 0.32
Diastolic blood pressure 73 (8) 71 (11) 0.18
Pulse pressure 58 (18) 63 (15) 0.05
Mean blood pressure of all visits (mmHg)
Systolic blood pressure 133 (16) 134 (13) 0.35
Diastolic blood pressure 73 (8) 72 (8) 0.19

Pulse pressure 59 (14) 63 (12) 0.05
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3.2. Predictors of Resilience to AD

Age at death, diuretic use, and APOE-e2 were the only characteristics independently
associated with higher odds of the AD resilience phenotype (adjusted odds ratio with 95%
CI: 1.09 (1.05-1.13); 2.00 (1.04-3.87); 2.71 (1.31-5.64), respectively) (Table 2). Odds ratios
(95% ClIs) associated with the female sex and African American race were 1.32 (0.76-2.31)
and 1.22 (0.41-3.66), respectively. The presence of the APOE-e4 gene was associated with
lower odds of AD resilience, but not statistically significant (adjusted odds ratio, 0.69;
95% CI, 0.40-1.20). The odds ratios (95% Cls) for AD resilience associated with other
patient characteristics are displayed in Table 2. Similar associations were observed in the
subgroup of participants with hypertension, except that the odds ratio (95% CI) associated
with the African American race in those with hypertension was 0.98 (0.28-3.38). There was
no significant interaction between race and hypertension.

Table 2. Predictors of resilience to Alzheimer’s disease (AD) in 1373 participants in the National
Alzheimer’s Coordinating Center (NACC) autopsy data with neuropathological evidence of AD.

Unadjusted Odds Ratio Adjusted Odds Ratio p for Adjusted Odds Ratio
All patients (c-statistic for multiple logistic regression: 0.78)
Age at death 1.11 (1.07-1.15) 1.09 (1.05-1.13) <0.01
Female sex 1.77 (1.05-2.97) 1.32 (0.76-2.31) 0.32
African American 1.28 (0.45-3.63) 1.22 (0.41-3.66) 0.71
Hypertension 2.04 (1.02-4.05) 1.04 (0.48-2.24) 0.92
Beta-blocker use 241 (1.41-4.11) 1.68 (0.90-3.14) 0.10
Diuretic use 291 (1.67-5.08) 2.00 (1.04-3.87) 0.04
APOE-e4 0.50 (0.29-0.84) 0.69 (0.40-1.20) 0.19
APOE-e2 3.13 (1.57-6.26) 2.71 (1.31-5.64) <0.01
Heart failure 244 (1.12-5.32) 0.96 (0.40-2.33) 0.93
Atrial fibrillation 2.48 (1.37-4.49) 1.51 (0.78-2.91) 0.22
Hypertensive patients only (c-statistic for multiple logistic regression: 0.75)
Age at death 1.09 (1.05-1.13) 1.06 (1.02-1.11) <0.01
Female sex 2.09 (1.18-3.72) 1.51 (0.82-2.80) 0.18
African American 1.09 (0.33-3.63) 0.98 (0.28-3.38) 0.98
Beta-blocker use 2.07 (1.18-3.65) 1.63 (0.88-3.03) 0.12
Diuretic use 2.53 (1.42-4.53) 1.95 (1.02-3.75) 0.05
APOE-e4 0.46 (0.26-0.83) 0.60 (0.32-1.11) 0.10
APOE-e2 2.50 (1.12-5.55) 2.21 (0.95-5.12) 0.06
Heart failure 2.34 (1.06-5.17) 1.05 (0.43-2.54) 0.92
Atrial fibrillation 2.16 (1.16-4.03) 1.51 (0.76-2.97) 0.24

Other variables in the model included education, smoking (ever), diabetes mellitus, stroke, myocardial infarction,
the use of angiotensin-converting enzyme inhibitors or angiotensin II inhibitors, calcium channel blocking agents,
last body mass index (kg/m?), and mean systolic and diastolic blood pressure from all visits (mmHg).

3.3. Blood Pressure Trajectory and Resilience

Both observed and predicted systolic BP in older adults with resilience was lower
12 years before death, but between years 8 to 9 before death, it increased and was higher
than that in those with non-resilience. Two years before death, systolic BP in the resilience
group dropped about 5 mmHg and systolic BP in both groups remained similar thereafter,
until death. However, none of these differences were statistically significant. Predicted
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values of diastolic BP were lower in the resilience group about 10 years before death, but
they converged over the years, approaching one another before death.

4. Discussion

The findings from our study demonstrate that the phenotype of AD resilience is
uncommon in older adults with significant neuropathological evidence of AD, and that
several characteristics distinguish these individuals from those who are not resilient. We
observed that increasing age, diuretic use, and APOE-e2 carrier status were significantly
associated with higher odds of AD resilience independent of other variables. Although
other characteristics did not have significant association with the AD resilience phenotype,
likely due to the lack of power, numerical differences suggest that other characteristics such
as the APOE-e4 non-carrier state may be markers of AD resilience. Interestingly, neither
hypertension nor BP had significant association with AD resilience. These findings suggest
that while rare, AD resilience in older adults with significant AD neuropathology may
provide better insights into AD pathophysiology and prevention of further progression of
cognitive impairment and dementia.

Despite the lack of power due to the small sample size and the hypothesis-generating
nature of our study, we observed that age, diuretic use, and APOE-e2 were the only
significant predictors of the AD-resilient phenotype. This is intriguing considering that
age is also a major risk factor for AD. Participants with the AD-resilient phenotype in our
study had a mean age of 88 years at the time of death. The AD-resilient participants in
our study might be expected to be resilient to other age-related comorbidities, however,
they had a higher prevalence of age-related comorbidities, such as hypertension, heart
failure, and atrial fibrillation. It is also possible that APOE-e2 influenced both the rate of AD
development and aging itself. APOE-e2 is known to have a neuroprotective effect [14-16]
and is also associated with longevity independent of AD [17,18]. Those APOE-e2 carriers
lived longer than APOE-e4 carriers (n = 93, 85 & 8.1 vs. n = 763, 82 & 7.6, respectively) in
our sub-analysis.

Other studies, such as the Ginkgo Evaluation of Memory Study [19] and the Cache
County Study [20], also reported a beneficial effect of diuretics on cognitive function in
Alzheimer’s disease. Diuretics were associated with a statistically significant reduction of
AD risk (aHR 0.61, 95% CI 0.37-0.98), with potassium-sparing diuretics demonstrating sig-
nificant risk reduction when used alone (aHR 0.09, 95% CI0.01-0.41) compared to other anti-
hypertensives used without potassium-sparing diuretics (aHR 0.76, 95% CI 0.49-1.15) [20].

Although individuals in the AD-resilient group were not immune to neuropathological
changes consistent with AD, they were less severe as evidenced by lower CERAD and
Braak scores. Others found similar findings, but a stronger association of tau pathology
with cognition than amyloid pathology [1,21]. It is possible that AD-resilient individuals
had developed skills to minimize symptoms and perform well in CDR tests, similar to those
with a higher education [22,23]. Older adults with more than 12 years of education may
delay the progression of the CDR-SOB score from 0 to 2.5 by more than 3 years than those
with a lower education [14]. However, the participants with and without AD-resilience in
our study had comparable education. Yet, it is also possible that these individuals were
gifted with pragmatic adaptability that allowed them to compensate for the cognitive
decline corresponding to cerebral neuropathology. Finally, it is possible that AD-resilient
individuals had higher cerebrospinal fluid levels of fibrillogenic soluble 42-amino acid
amyloid-beta-peptide (A47) leading to lower levels in the brain, which have been shown
to be associated with normal cognition, even in the presence of insoluble cerebral amyloid
plaques [24].

Studies have examined dissociation between the cerebral neuropathology of AD
and the clinical symptoms of AD [7,8]. In one small autopsy study of 50 individuals,
four neuropathological differences (e.g., in neuron numbers, synaptic markers, axonal
geometry, and glial activation) were observed between those with and without resilience to
AD pathology [7]. The findings from an autopsy study of 276 individuals with intermediate
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or high levels of AD pathology of whom 68 were cognitively resilient to AD pathology,
a higher education was a predictor of AD resilience [8]. However, unlike our study, in
that study, a higher proportion of individuals with AD resilience had a higher education
(college degrees). Differences in sample size, study populations and methodologies may
underlie these differences, and highlight the need for future larger studies to understand
this unique phenotype that may provide critical insights to the pathophysiology of AD.

Limitations

As in any observational study, the findings of our study can be biased by unmeasured
confounders. The temporality of the association between AD neuropathology and AD
symptoms cannot be fully established as the neuropathological data is postmortem. How-
ever, neuropathological changes in AD would be expected to precede AD clinical symptom
manifestation. The AD clinical symptoms were assessed by CDR from patients or those
who knew the patients. Individuals with higher baseline cognitive skills may compensate
for early symptoms or overperform in screening tests, such as CDR.

We defined resilience based on AD pathology (the key feature of AD) and cognitive
status (here, with CDR because NACC used CDR as a cognitive status measure). Others
defined resilience based on AD pathology and cognitive status measured with the Cognitive
Abilities Screening Instrument (CASI) because the Adult Changes in Thought study (ACT)
used CASI for cognitive status measurement [8]. The two studies had significantly different
resilience rates (4.5% in our study vs. 25% in the ACT). The use of different definitions of
resilience by researchers limits generalizability of the study findings.

The association of diuretics probably represents an indication bias, as these drugs are
often prescribed for heart failure. The prevalence of heart failure increases with age and
its higher prevalence is likely a marker of older age in the resilient group. Diuretics used
for heart failure may be a potential explanation for the higher odds of AD resilience in the
older age group. We did not conduct a sub-analysis for the type of diuretics used because it
was outside the scope of this study. Future studies can pursue this issue.

5. Conclusions

Resilience to cognitive impairment in the presence of significant neuropathological
evidence of AD is rare and these individuals seem to have outlived their projected life
expectancies, despite a high burden of age-related morbidities. There are characteristics that
distinguish the phenotype of resilience from that of non-resilience, but only age, diuretic use,
and APOE-e2 were independent predictors of AD resilience. Future adequately powered
studies may point to potential neuropathological and genetic predictors of the AD resilience
phenotype, which may provide important insights into maintaining good cognition and
the prevention of AD.

Author Contributions: Study concept and design, data acquisition, data interpretation, manuscript
writing: M.-K.S. Manuscript writing, data analysis and interpretation: Y.C. and C.L.; manuscript
writing, data interpretation and critical review of the manuscript for important intellectual content:
A.A., EZ. and ].M.R. All authors have read and agreed to the published version of the manuscript.

Funding: The NACC database is funded by NIA/NIH Grant U24 AG072122. M.-K.S. was in
part supported by the research grants from the National Institute of Health (1R03AG070579-01,
1R03AG072110-01A1).

Institutional Review Board Statement: The Seattle University IRB has determined the study to be
exempt from IRB review in accordance with federal regulation criteria.

Informed Consent Statement: Not applicable.



J. Clin. Med. 2023, 12, 2463 80of9

Data Availability Statement: Data can be obtained through the National Alzheimer’s Coordinating
Center at http://www.alz.washington.edu/ (accessed on 3 February 2023). NACC data are con-
tributed by the NIA-funded ADRCs: P30 AG062429 (PI James Brewer, MD, PhD), P30 AG066468
(PI Oscar Lopez, MD), P30 AG062421 (PI Bradley Hyman, MD, PhD), P30 AG066509 (PI Thomas
Grabowski, MD), P30 AG066514 (PI Mary Sano, PhD), P30 AG066530 (PI Helena Chui, MD),
P30 AG066507 (PI Marilyn Albert, PhD), P30 AG066444 (PI John Morris, MD), P30 AG066518
(PI Jeffrey Kaye, MD), P30 AG066512 (PI Thomas Wisniewski, MD), P30 AG066462 (PI Scott Small,
MD), P30 AG072979 (PI David Wolk, MD), P30 AG072972 (PI Charles DeCarli, MD), P30 AG072976
(PI Andrew Saykin, PsyD), P30 AG072975 (PI David Bennett, MD), P30 AG072978 (PI Neil Kowall,
MD), P30 AG072977 (PI Robert Vassar, PhD), P30 AG066519 (PI Frank LaFerla, PhD), P30 AG062677
(PI Ronald Petersen, MD, PhD), P30 AG079280 (PI Eric Reiman, MD), P30 AG062422 (PI Gil Rabi-
novici, MD), P30 AG066511 (PI Allan Levey, MD, PhD), P30 AG072946 (PI Linda Van Eldik, PhD), P30
AG062715 (PI Sanjay Asthana, MD, FRCP), P30 AG072973 (PI Russell Swerdlow, MD), P30 AG066506
(PI Todd Golde, MD, PhD), P30 AG066508 (PI Stephen Strittmatter, MD, PhD), P30 AG066515 (PI Vic-
tor Henderson, MD, MS), P30 AG072947 (PI Suzanne Craft, PhD), P30 AG072931 (PI Henry Paulson,
MD, PhD), P30 AG066546 (PI Sudha Seshadri, MD), P20 AG068024 (PI Erik Roberson, MD, PhD), P20
AG068053 (PI Justin Miller, PhD), P20 AG068077 (PI Gary Rosenberg, MD), P20 AG068082 (PI Angela
Jefferson, PhD), P30 AG072958 (PI Heather Whitson, MD), P30 AG072959 (PI James Leverenz, MD).

Acknowledgments: This paper was prepared based on the data collected from the NIA-funded
Alzheimer’s Disease Centers (ADCs) across the United States maintained by the National Alzheimer’s
Coordinating Center (NACC).

Conflicts of Interest: The content of this article is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institutes of Health (NIH), the Department
of Veterans Affairs, or the U.S. Government.

References

1.

10.

11.

12.

Latimer, C.S.; Burke, B.T; Liachko, N.E; Currey, H.N.; Kilgore, M.D.; Gibbons, L.E.; Henriksen, J.; Darvas, M.; Domoto-Reilly, K.;
Jayadev, S.; et al. Resistance and resilience to Alzheimer’s disease pathology are associated with reduced cortical pTau and
absence of limbic-predominant age-related TDP-43 encephalopathy in a community-based cohort. Acta Neuropathol. Commun.
2019, 7, 91. [CrossRef]

Postupna, N.; Keene, C.D.; Crane, PK.; Gonzalez-Cuyar, L.F; Sonnen, J.A.; Hewitt, J.; Rice, S.; Howard, K.; Montine, K.S,;
Larson, E.B.; et al. Cerebral Cortical A4, and PHF-t in 325 Consecutive Brain Autopsies Stratified by Diagnosis, Location, and
APOE. |. Neuropathol. Exp. Neurol. 2015, 74, 100-109. [CrossRef]

Dwyer, R.; Skrobot, O.A.; Dwyer, J.; Munafo, M.; Kehoe, P.G. Using Alzgene-like Approaches to Investigate Susceptibility Genes
for Vascular Cognitive Impairment. J. Alzheimer’s Dis. 2013, 34, 145-154. [CrossRef] [PubMed]

Sun, J.-H.; Tan, L.; Wang, H.-F,; Tan, M.-S,; Tan, L.; Li, J.-Q.; Xu, W.; Zhu, X.-C,; Jiang, T.; Yu, J.-T. Genetics of Vascular Dementia:
Systematic Review and Meta-Analysis. . Alzheimer’s Dis. 2015, 46, 611-629. [CrossRef] [PubMed]

Rajah, M.; Wallace, L.; Ankudowich, E.; Yu, E.; Swierkot, A.; Patel, R.; Chakravarty, M.; Naumova, D.; Pruessner, J.; Joober, R ; et al.
Family history and APOE4 risk for Alzheimer’s disease impact the neural correlates of episodic memory by early midlife.
Neurolmage Clin. 2017, 14, 760-774. [CrossRef]

Serrano-Pozo, A.; Frosch, M.P; Masliah, E.; Hyman, B.T. Neuropathological Alterations in Alzheimer Disease. Cold Spring Harb.
Perspect. Med. 2011, 1, a006189. [CrossRef]

Perez-Nievas, B.G.; Stein, T.; Tai, H.-C.; Icardo, O.D.; Scotton, T.C.; Barroeta-Espar, I.; Fernandez-Carballo, L.; De Munain, E.L.;
Perez, ].; Marquie, M.; et al. Dissecting phenotypic traits linked to human resilience to Alzheimer’s pathology. Brain 2013, 136 Pt 8,
2510-2526. [CrossRef] [PubMed]

Bowles, E.J.A.; Crane, PK.; Walker, R.L.; Chubak, J.; LaCroix, A.Z.; Anderson, M.L.; Rosenberg, D.; Keene, C.D.; Larson, E.B.
Cognitive Resilience to Alzheimer’s Disease Pathology in the Human Brain. J. Alzheimer’s Dis. 2019, 68, 1071-1083. [CrossRef]
SOLVD Investigators; Yusuf, S.; Pitt, B.; Davis, C.E.; Hood, W.B., Jr.; Cohn, ]J.N. Effect of Enalapril on Mortality and the
Development of Heart Failure in Asymptomatic Patients with Reduced Left Ventricular Ejection Fractions. N. Engl. |. Med. 1992,
327, 685-691. [CrossRef]

Mirra, S.S.; Heyman, A.; McKeel, D.; Sumi, S.M.; Crain, B.J.; Brownlee, L.M.; Vogel, ES.; Hughes, ].P.,; van Belle, G.; Berg, L.; et al.
The Consortium to Establish a Registry for Alzheimer’s Disease (CERAD): Part II. Standardization of the neuropathologic
assessment of Alzheimer’s disease. Neurology 1991, 41, 479. [CrossRef]

Braak, H.; Alafuzoff, I.; Arzberger, T.; Kretzschmar, H.; Del Tredici, K. Staging of Alzheimer disease-associated neurofibrillary
pathology using paraffin sections and immunocytochemistry. Acta Neuropathol. 2006, 112, 389-404. [CrossRef] [PubMed]
O’Bryant, S.E.; Lupo, P. Staging dementia using clinical dementia rating scale sum of boxes scores: A Texas Alzheimer’s research
consortium study. Arch. Neurol. 2008, 65, 1091-1095. [CrossRef] [PubMed]


http://www.alz.washington.edu/
http://doi.org/10.1186/s40478-019-0743-1
http://doi.org/10.1097/NEN.0000000000000153
http://doi.org/10.3233/JAD-121069
http://www.ncbi.nlm.nih.gov/pubmed/23186985
http://doi.org/10.3233/JAD-143102
http://www.ncbi.nlm.nih.gov/pubmed/25835425
http://doi.org/10.1016/j.nicl.2017.03.016
http://doi.org/10.1101/cshperspect.a006189
http://doi.org/10.1093/brain/awt171
http://www.ncbi.nlm.nih.gov/pubmed/23824488
http://doi.org/10.3233/JAD-180942
http://doi.org/10.1056/nejm199209033271003
http://doi.org/10.1212/WNL.41.4.479
http://doi.org/10.1007/s00401-006-0127-z
http://www.ncbi.nlm.nih.gov/pubmed/16906426
http://doi.org/10.1001/archneur.65.8.1091
http://www.ncbi.nlm.nih.gov/pubmed/18695059

J. Clin. Med. 2023, 12, 2463 90f9

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Traj. Group-Based Modeling of Longitudinal Data. Available online: https:/ /www.andrew.cmu.edu/user/bjones/ (accessed on
3 February 2023).

Goldberg, T.E.; Huey, E.D.; Devanand, D.P. Association of APOEe2 genotype with Alzheimer’s and non-Alzheimer’s neurode-
generative pathologies. Nat. Commun. 2020, 11, 4747. [CrossRef] [PubMed]

Sweigart, B.; Andersen, S.L.; Gurinovich, A.; Cosentino, S.; Schupf, N.; Perls, T.T.; Sebastiani, P. APOE E2/E2 Is Associated with
Slower Rate of Cognitive Decline with Age. J. Alzheimer’s Dis. 2021, 83, 853-860. [CrossRef] [PubMed]

Govindpani, K.; McNamara, L.G.; Smith, N.R.; Vinnakota, C.; Waldvogel, H.].; Faull, R.L.M.; Kwakowsky, A. Vascular Dysfunction
in Alzheimer’s Disease: A Prelude to the Pathological Process or a Consequence of It? . Clin. Med. 2019, 8, 651. [CrossRef]
Corder, E.H.; Lannfelt, L.; Viitanen, M.; Corder, L.S.; Manton, K.G.; Winblad, B.; Basun, H. Apolipoprotein E Genotype Determines
Survival in the Oldest Old (85 Years or Older) Who Have Good Cognition. Arch. Neurol. 1996, 53, 418—422. [CrossRef]
Shinohara, M.; Kanekiyo, T.; Tachibana, M.; Kurti, A.; Shinohara, M.; Fu, Y.; Zhao, ].; Han, X.; Sullivan, PM.; Rebeck, G.W.; et al.
APOE2 is associated with longevity independent of Alzheimer’s disease. Elife 2020, 9, €62199. [CrossRef]

Yasar, S.; Xia, J.; Yao, W.; Furberg, C.D.; Xue, Q.-L.; Mercado, C.I; Fitzpatrick, A.L.; Fried, L.P.; Kawas, C.H.; Sink, KM.; et al.
Antihypertensive drugs decrease risk of Alzheimer disease: Ginkgo Evaluation of Memory Study. Neurology 2013, 81, 896-903.
[CrossRef]

Khachaturian, A.S.; Zandi, P.P; Lyketsos, C.G.; Hayden, K.M.; Skoog, L.; Norton, M.C.; Tschanz, ].T.; Mayer, L.S.; Welsh-Bohmer,
K.A.; Breitner, J.C. Antihypertensive medication use and incident Alzheimer disease: The cache county study. Arch. Neurol.
2006, 63, 686—692. [CrossRef]

Bejanin, A.; Schonhaut, D.; La Joie, R.; Kramer, ].H.; Baker, S.L.; Sosa, N.; Ayakta, N.; Cantwell, A.; Janabi, M.; Lauriola, M.; et al.
Tau pathology and neurodegeneration contribute to cognitive impairment in Alzheimer’s disease. Brain 2017, 140, 3286-3300.
[CrossRef]

Kim, K.W.; Woo, S.Y.; Kim, S.; Jang, H.; Kim, Y.; Cho, S.H.; Kim, S.E.; Kim, S.J.; Shin, B.-S.; Kim, H.J.; et al. Disease progression
modeling of Alzheimer’s disease according to education level. Sci. Rep. 2020, 10, 16808. [CrossRef] [PubMed]

Chang, C.-Y,; Lan, S.-J.; Chu, C.-L.; Ho, C.-S. The Relationship between Clinic Visit Accompanied by Family and Dementia
Severity in Taiwan. Int. |. Environ. Res. Public Health 2021, 18, 1792. [CrossRef] [PubMed]

Sturchio, A.; Dwivedi, A.K.; Malm, T.; Wood, M.].; Cilia, R.; Sharma, J.S.; Hill, E.J.; Schneider, L.S.; Graff-Radford, N.R.;
Mori, H,; etal. High Soluble Amyloid-342 Predicts Normal Cognition in Amyloid-Positive Individuals with Alzheimer’s
Disease-Causing Mutations. |. Alzheimer’s Dis. 2022, 90, 333-348. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.andrew.cmu.edu/user/bjones/
http://doi.org/10.1038/s41467-020-18198-x
http://www.ncbi.nlm.nih.gov/pubmed/32948752
http://doi.org/10.3233/JAD-201205
http://www.ncbi.nlm.nih.gov/pubmed/34366332
http://doi.org/10.3390/jcm8050651
http://doi.org/10.1001/archneur.1996.00550050048022
http://doi.org/10.7554/eLife.62199
http://doi.org/10.1212/WNL.0b013e3182a35228
http://doi.org/10.1001/archneur.63.5.noc60013
http://doi.org/10.1093/brain/awx243
http://doi.org/10.1038/s41598-020-73911-6
http://www.ncbi.nlm.nih.gov/pubmed/33033321
http://doi.org/10.3390/ijerph18041792
http://www.ncbi.nlm.nih.gov/pubmed/33673173
http://doi.org/10.3233/JAD-220808
http://www.ncbi.nlm.nih.gov/pubmed/36120786

	Introduction 
	Materials and Methods 
	Data and Participants 
	AD Pathology 
	Cognitive Status 
	Other Participant Characteristics 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	Predictors of Resilience to AD 
	Blood Pressure Trajectory and Resilience 

	Discussion 
	Conclusions 
	References

