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Abstract

INTRODUCTION: Past research has focused on risk factors for developing dementia, with 

increasing recognition of “resilient” people who live to old age with intact cognitive function 

despite pathologic features of Alzheimer’s disease (AD).

OBJECTIVE: To evaluate demographic factors, mid-life characteristics, and non-AD 

neuropathology findings that may be associated with cognitive resilience to AD pathology.

METHODS: We analyzed data from 276 autopsy cases with intermediate or high levels of 

AD pathology from the Adult Changes in Thought study. We defined cognitive resilience as 

having Cognitive Abilities Screening Instrument scores ≥86 within two years of death and no 

clinical dementia diagnosis; non-resilient people had dementia diagnoses from AD or other causes 

before death. We compared mid-life characteristics, demographics, and additional neuropathology 

findings between resilient and non-resilient people. We used multivariable logistic regression to 

estimate odds ratios (ORs) with 95% confidence intervals (CIs) for being resilient compared to not 

being resilient adjusting for demographic and neuropathology factors.
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RESULTS: We classified 68 (25%) people as resilient and 208 (75%) as not resilient. A greater 

proportion of resilient people had a college degree (50%) compared with non-resilient (32%, 

p=0.01). The odds of being resilient were significantly increased among people with a college 

education (OR=2.01, 95%CI=1.01–3.99) and significantly reduced among people with additional 

non-AD neuropathology findings such as hippocampal sclerosis (OR=0.28, 95%CI=0.09–0.89) 

and microinfarcts (OR=0.34, 95%CI=0.15–0.78).

DISCUSSION: Increased education and absence of non-AD pathology may be independently 

associated with cognitive resilience, highlighting the importance of evaluating co-morbid factors 

in future research on mechanisms of cognitive resilience.
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INTRODUCTION

Resilience is defined as a person’s toughness or capacity to recover quickly from difficulties.

[1] In Alzheimer’s disease (AD) research, cognitive resilience has been described using 

many different terms including asymptomatic AD, preclinical AD, cognitive reserve, and 

even “aging well”.[2–8] The terms cognitive and/or brain reserve represent overarching 

concepts that explain why some older adults maintain cognitive ability despite brain aging 

or development of brain pathology through either adaptation of cognitive processes (i.e. 

cognitive reserve) or structural characteristics in the brain (i.e. brain reserve).[7, 9] However, 

cognitive resilience refers specifically to overcoming substantial development of plaques and 

tangles in the brain that would normally result in dementia. In other words, some adults 

may be considered cognitively resilient to the effects of AD pathology and avoid developing 

dementia due to AD or other causes– but we have very little understanding about how or 

why some people develop cognitive resilience.

Cognitive resilience to AD pathology may not be rare - prior studies have estimated 

anywhere from 5–40% of adults with plaques and tangles at levels typically associated 

with AD, have no symptoms of cognitive decline.[10–19] Most of these studies are small 

autopsy studies with fewer than 100 people and use varying definitions to describe AD 

neuropathology in people without a prior clinical diagnosis of AD.[3, 14, 15, 17, 18, 20–22] 

Definitions of resilience have been proposed based on imaging data,[23, 24] but a standard 

definition incorporating detailed neuropathology findings is needed.[7] In addition, most 

of these studies have not assessed demographic characteristics or other risk factors that 

occurred earlier in life in resilient people, nor have they compared these factors between 

resilient and non-resilient people, which may help us understand how some people develop 

neuropathological resilience and avoid dementia due to AD or other causes.

This study aims to provide new information by characterizing a population of older adults 

from the Adult Changes in Thought (ACT) study who were cognitively resilient to AD 

pathology. That is, they developed substantial plaques and tangles in their brain while 

maintaining higher than expected cognitive performance. Our goal was to compare selected 

mid-life and autopsy characteristics along with additional neuropathology findings among 
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resilient and non-resilient people. Understanding differences in characteristics of older 

adults who are cognitively resilient to AD pathology, compared to those who are not, may 

enable us to identify modifiable risk factors, elucidate possible mechanisms of resilience, 

and, ultimately, advance AD research.

METHODS

Study population

ACT, a longitudinal study of dementia and AD incidence, has been described previously.

[25–27] Participants had to be 65 years or older, dementia-free at baseline, and community­

dwelling members of Kaiser Permanente Washington, a non-profit integrated healthcare 

system in Washington state. ACT enrollment includes: the original cohort enrolled between 

1994 and 1996 (n=2,581), an expansion cohort enrolled between 2000 and 2003 (n=811), 

and a continuously enrolled cohort starting in 2004 to maintain a living population without 

dementia of approximately 2000 people. Study participants provided written informed 

consent, including a separate consent for brain autopsy, and all study procedures were 

approved by Institutional Review Boards at Kaiser Permanente Washington and the 

University of Washington.

In-person follow-up visits occur every two years until the participant dies, develops 

dementia, or withdraws from the study. The Cognitive Abilities Screening Instrument 

(CASI) was administered at every ACT study baseline and follow-up visit. The CASI 

is a 40-item test of global cognitive functioning with scores that range from 0–100; 

higher scores represent better cognitive functioning.[28] Any participant with a CASI 

score <86 undergoes a full work-up for dementia, including a clinical examination at the 

participant’s home and a full neuropsychological battery.[25] A cutoff score of 86 represents 

96.5% sensitivity and 92.0% specificity to accurately classify people who need additional 

evaluation for dementia.[25, 28] Those data, along with medical records information and 

results of any neuroimaging are reviewed at a consensus conference where standard research 

criteria are applied to identify cases of dementia (Diagnostic and Statistical Manual of 
Mental Disorders, 4th Edition criteria to define dementia[29] and the National Institute of 

Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and Related 

Disorders Association criteria to define possible or probable AD[30]). These criteria have 

been in place since the beginning of the ACT study. For this analysis, we did not distinguish 

between various forms of dementia.

The study population included 4,541 ACT participants with at least one follow-up visit, 

which was the first opportunity for study participants to be diagnosed with all-cause 

dementia, including AD (Figure 1). Data for this report were further limited to 683 people 

who died and had complete autopsy data on AD neuropathology outcomes as of December 

2017. We excluded people with a CASI <86 and no dementia diagnosis within 2 years of 

death (N=17); these people could not be considered resilient because of their low CASI 

score nor could they be considered not-resilient without a formal dementia diagnosis. We 

also excluded people with final CASI score more than 2 years before death (N=75) because 

of the potential for unmeasured cognitive decline in that time. Our sample included 591 
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people (N=318 with clinically diagnosed all-cause dementia, and N=273 with a CASI ≥86 

within 2 years of death and no dementia).

Resilience definition

To develop an operational definition of cognitive resilience to AD pathology, we combined 

autopsy data on neuritic plaques (assessed by Consortium to Establish a Registry for 

Alzheimer’s Disease (CERAD) scores as none, sparse, moderate, or frequent) and 

neurofibrillary tangles (assessed by Braak staging as 0-VI) with each person’s cognitive 

status at the time of death (Table 1). Using similar methods to Latimer et al.[19] adapted 

from the National Institute on Aging and Alzheimer’s Association (NIA-AA) guidelines 

for the neuropathologic assessment of AD pathologic change,[31, 32] we classified anyone 

with both a CERAD score of moderate or frequent and a Braak stage from III through VI 

as having intermediate or high neuropathology. Among 591 people eligible for analysis, 

276 had intermediate or high AD pathology. These 276 people were “cognitively resilient” 

if they had no dementia diagnosis and a CASI score ≥86 within 2 years of death (n=68), 

or “not resilient” if they had a dementia diagnosis before death (n=208). We developed 

a secondary, more restrictive definition of cognitive resilience limited to 136 people with 

high AD pathology only (CERAD frequent and Braak stage V/VI). This restricted definition 

included 23 “cognitively resilient” people with no dementia diagnosis and a CASI score 

≥86 within 2 years of death, and 113 “not resilient” people with a dementia diagnosis 

before death (Table 1). We required all people in the restricted definition to have high AD 

pathology so that differences between cognitively resilient and non-resilient groups would 

not be due to underlying differences in AD pathology levels.

Neuropathology data

Approximately 55% of brains had a post-mortem interval of 8 hours or less; the remainder 

had post-mortem intervals less than 48 hours. Neuropathology evaluations were performed 

by a board-certified neuropathologist. Each brain underwent thorough gross evaluation 

followed by sampling and neuropathological histopathological assessment according to the 

latest guidelines and as previously described.[33] Specifically, using histochemical and 

immunohistochemical stains in multiple brain regions, CERAD score and Braak stage 

were assigned for every case, which were required to be moderate/frequent and III-VI, 

respectively, for inclusion in this study. Additional neuropathology outcomes were recorded 

for each case including cortical or deep microinfarcts (2+ vs 0–1), macroscopic cystic 

infarcts (any vs none), atherosclerosis (moderate/severe vs none/mild), arteriolosclerosis 

(moderate/severe vs none/mild), amyloid angiopathy (moderate/severe vs none/mild), Lewy 

bodies in isocortex (any vs none), hippocampal sclerosis (any vs none), and brain weight 

(measured in grams).

Covariates

Demographic characteristics including age, sex, education level, and self-reported race and 

ethnicity were collected at study entry. Self-reported comorbidities collected at baseline 

included hypertension, diabetes, stroke, cerebrovascular disease [including stroke, transient 

ischemic attack, or carotid endarterectomy procedure], coronary heart disease [including 

myocardial infarction, angina, coronary artery bypass graft, or angioplasty], and congestive 
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heart failure. Additional self-reported risk factors included smoking history, regular exercise 

(15 minutes or more at least 3 times per week), and level of difficulty with activities of 

daily living (walking around the house, getting out of a bed/chair, feeding oneself, dressing 

oneself, bathing/showering oneself, and getting to or using the toilet). We calculated 

body mass index (BMI) from measured height and weight at the baseline study visit. 

Head circumference was measured at the baseline study visit through year 2001 (head 

circumference data were missing on 24 people). We classified participants as APOE ε4 

positive if they had one or two copies of the ε4 allele as previously described.[25]

Analyses

We compared distributions of demographics, risk factors for dementia, comorbidities, and 

neuropathology outcomes between cognitively resilient and non-resilient groups (using 

both operational definitions) using chi-squared tests for categorical variables and T-tests or 

Wilcoxon rank-sum tests of the median for continuous variables. We graphically compared 

the number of neuropathology findings between cognitively resilient and non-resilient 

groups. We considered p-values <0.05 statistically significant.

We used logistic regression to estimate the odds of being cognitively resilient (using 

the intermediate or high AD pathology definition) associated with selected demographic 

and neuropathology characteristics. We calculated odds ratios (ORs) and 95% confidence 

intervals (CIs) using logistic regression. We ran individual logistic models for each 

demographic and neuropathology characteristic adjusted for age at baseline, age at death, 

and having a college degree. Then we ran one large multivariable model that included all 

demographic and neuropathology findings. We selected characteristics based on whether 

they were statistically significantly (p-value<0.05) associated with resilience in univariate 

analyses (college degree, CERAD score, Braak stage, microinfarcts, hippocampal sclerosis, 

and brain weight). We added Lewy Body Disease to the regression model because it has 

been associated with resilience in other publications.[10, 19, 34] We adjusted for age at 

baseline and age at death because age is an important potential confounder of the association 

between other factors and resilience. We evaluated whether to include macroscopic cystic 

infarcts, which were missing for 79 study participants. Adjusting for macroscopic infarcts 

did not change our results; therefore, we have not included them in the final models. The 

final adjusted model included data for 258 study participants. All analyses were conducted 

in Stata15 (StataCorp, College Station, TX).

We conducted a sensitivity analysis limiting the population to 231 people who lived to at 

least 85 years or older. This sensitivity analysis helped address whether our results were 

impacted by cognitively resilient people potentially dying at younger ages, before they had 

adequate time to develop signs of dementia. This analysis only included an unadjusted 

comparison of baseline and neuropathology characteristics following the same methods as 

the main analysis. We conducted a separate sensitivity analysis limiting the cognitively 

resilient population to 32 people who had a CASI score ≥86 and no dementia diagnosis 

within one year of death. This analysis helped address the potential for misclassification of 

study subjects who may have experienced unmeasured cognitive decline between one and 

two years before death. This analysis included an unadjusted comparison of baseline and 
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neuropathology characteristics and multivariable logistic regression analyses following the 

same methods as the main analysis. In both of these sensitivity analyses, we included people 

who were cognitively resilient to intermediate or high AD pathology; we did not conduct 

these analyses among people cognitively resilient to high AD pathology only because of 

very small sample sizes.

We know from prior analyses using ACT neuropathology data that the people who consent 

to autopsy are somewhat different than people who participate in the overall ACT study 

and have a slightly higher incidence of dementia or family history of dementia.[35, 36] 

We conducted a sensitivity analysis following the methods of Haneuse et al. to understand 

how our results might be impacted by selection bias.[36] Briefly, we generated inverse 

probability weights from a selection model predicting the probability of being autopsied 

among those that died based on age at death, age at baseline, dementia status, gender, 

education, race, and ACT cohort. We then re-estimated our logistic regression model for 

cognitive resilience incorporating the weights from the selection model.

RESULTS

Among 276 people with intermediate or high AD pathology, 68 (24.6%) were classified as 

cognitively resilient to AD pathology and 208 (75.4%) were classified as not-resilient (Table 

1). When limiting to people with high AD pathology only, 23 (16.9%) were classified as 

cognitively resilient and 113 (83.1%) as not-resilient. The distributions of age at enrollment 

in the ACT study, gender, self-reported race, most baseline comorbid conditions, smoking 

status, BMI, head circumference, self-reported exercise, activities or daily living, and 

APOE ε4 allele status did not differ between cognitively resilient and not-resilient groups 

regardless of the operational definition used (Table 2). More people in the cognitively 

resilient group had a college degree compared to the non-resilient group (50% vs 32%, 

p=0.01 when using the intermediate/high definition).

As selected, everyone in the analytic sample had intermediate or high AD pathology; 

however, the distributions of CERAD levels and Braak stages differed between cognitively 

resilient and non-resilient groups (Table 3). Among people with intermediate/high 

pathology, the cognitively resilient group had a lower proportion of people with frequent 

CERAD scores (45.6%) and Braak stages V or VI (45.6%) compared to the not-resilient 

group (64.0% and 78.8%, respectively). Smaller proportions of people in the cognitively 

resilient group had 2+ microinfarcts (17.9%), any macroscopic cystic infarcts (25.0%), or 

hippocampal sclerosis (6.0%) compared with the non-resilient group (35.1%, 44.0%, and 

23.0%, respectively). The cognitively resilient group had a higher average brain weight at 

death (1235 gm) compared to the not-resilient group (1165 gm). There were no differences 

in atherosclerosis or arteriolosclerosis between groups. Results were similar when limiting 

the analysis to people with high AD pathology only (Tables 2 and 3), cognitively resilient 

people with CASI scores ≥86 within one year before death (Supplementary tables 2 and 3), 

and people who lived to at least 85 years or older (Supplementary tables 5 and 6). Minor 

differences included a loss of statistical significance in the distribution of college education 

between cognitively resilient and non-resilient groups, likely as a result of a decline in 

sample size.
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Odds of being cognitively resilient among people with a college degree were twice 

that of those without a college degree, after adjustment for additional neuropathology 

characteristics (OR=2.01, 95%CI=1.01–3.99, Table 4). Having a Braak stage V or VI, 

2+ cortical or deep microinfarcts, and hippocampal sclerosis were each independently 

associated with significantly reduced odds of being cognitively resilient compared to people 

without those findings. Results were similar when limiting the cognitively resilient group 

to 32 people with CASI scores ≥86 within one year before death (Supplementary table 

4). When graphically looking at the distribution of multiple pathology findings by group 

(Figures 2a and 2b), 60.3% of the cognitively resilient group had 0–1 findings compared 

with 25.0% of the non-resilient group. However, 6 (8.8%) cognitively resilient people had 

3 or more neuropathology findings indicating substantial neuropathology burden, while 13 

(6.3%) non-resilient people had no findings other than intermediate CERAD scores or Braak 

stage III or IV.

To evaluate selection bias, we conducted an analysis using inverse probability weights to 

account for selection into the autopsy sample. The results were not appreciably different 

from our main analysis (Supplementary Table 1).

DISCUSSION

Cognitive resilience to AD pathology describes a phenomenon where people develop 

substantial neuritic plaques and neurofibrillary tangles while maintaining higher than 

expected levels of cognition during life.[7, 9] Our definition of cognitive resilience required 

people to be not demented, have a CASI score ≥86 within 2 years of death, and have 

intermediate or high AD pathology defined based on an adaptation of NIA-AA guidelines. 

Our results suggest a combination of higher education level and fewer non-AD pathology 

characteristics may be associated with cognitive resilience. They may also simply delay the 

onset of symptoms of cognitive decline in an elderly population.

A higher proportion of the cognitively resilient group had a college education than the 

non-resilient population. Prior studies have shown that a higher education level is associated 

with a reduced risk of dementia;[37–40] therefore, it makes sense that higher education 

would also be associated with resilience. There may be a component of learning that 

mitigates the impact of neuropathologic degeneration on cognitive function, or increases 

the threshold beyond which neuropathologic changes would have an impact on function. 

In fact, several studies have shown that people with more education tend to be able to 

withstand neuropathologic changes for a longer period of time before they develop dementia 

compared to those with lower education levels.[7, 9, 35, 41–44] Higher education level 

may also increase a person’s ability to perform on tests, thereby hiding their decline, which 

could imply that high CASI scores may not detect cognitive dysfunction in highly educated 

individuals.[45]

A somewhat smaller proportion of the cognitively resilient group had ≥1 APOE ε4 

allele, though the difference between resilient and non-resilient groups was not statistically 

significant. This result might seem counter-intuitive in that APOE is one of the strongest 

genetic risk factors for dementia and, as such, might have been expected to be related to 
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cognitive resilience. However, it’s possible that the APOE ε4 allele is a better marker of 

neuropathologic changes – not necessarily cognitive decline, resulting in a higher proportion 

of the ε4 allele in the analytic sample compared to the base ACT population, but little 

difference between cognitively resilient and non-resilient groups.

The cognitively resilient group in our analyses had higher average brain weights at 

death compared to the non-resilient group. Preventing brain atrophy could be a critical 

component to overcoming neuropathologic degeneration. Previous work has demonstrated 

that higher education level is associated with heavier brain weight, suggesting that individual 

components that may contribute to cognitive resilience are not necessarily independent of 

one another.[41] However, if more neuritic plaques and neurofibrillary tangles lead directly 

to brain atrophy, the lower brain weight result among the non-resilient group may simply 

reflect upstream processes that lead to dementia. Our adjusted model showed higher brain 

weight was significantly associated with cognitive resilience, even after adjusting for other 

neuropathology findings. Head circumference may reflect an individual’s brain reserve by 

representing an upper bound to brain size since it does not change over time,[46] but we did 

not see a relationship between head circumference and cognitive resilience in our data.

To account for comorbid neurodegenerative processes in a quantitative manner, we 

developed a logistic regression model to estimate the odds of being cognitively resilient 

while controlling for multiple demographic and neuropathologic characteristics. College 

education, higher brain weight, and absence of Braak stage V or VI, microinfarcts, and 

hippocampal sclerosis were statistically significant and independently associated with 

resilience. After adjusting for other characteristics, CERAD level was no longer an 

independent predictor of cognitive resilience. Our investigations were focused on dementia, 

and did not consider pathways or cascades such as the amyloid (represented by CERAD) 

then tau (represented by Braak) hypothesis of the Jack model[47, 48]. Prior studies have 

shown that having multiple neuropathology findings is more common among people with 

dementia or AD than people without.[12, 19, 34, 49–51] In our study, 27 (40%) people 

classified as cognitively resilient had two or more of these neuropathological findings, 

a pattern that occurred among 75% of the non-resilient group with clinically diagnosed 

dementia. The range of neuropathology in cognitively resilient participants highlights the 

impact of co-morbid pathologies on dementia, points to the potential inadequacy of current 

neuropathologic criteria to adequately classify disease burden, and directs us to a subset 

of participants with true cognitive resilience to high pathologic burden. It is possible that 

cognitive resilience simply reflects a lower risk of non-AD neuropathology findings. Larger 

samples are needed to study the characteristics of these unique individuals to begin to clarify 

the mechanisms that enabled them to overcome a substantial neuropathology burden.

Currently, our operational resilience definition only categorizes people as cognitively 

resilient or not after they die because it relies on neuropathology findings. This dichotomous 

definition of cognitive resilience may not reflect processes that occur throughout aging to 

a different degree. A continuous scale of resilience or multiple levels of resilience may be 

a more clinically useful way to approach this phenomenon. If a person lives at least to 

age 85 or 90 without any signs or symptoms of cognitive decline, that person might also 

be considered resilient regardless of neuropathology outcomes. Definitions that incorporate 
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additional genetic, imaging, and other data will help us better understand the phenotype of 

resilience before death.[23, 24, 52]

The potential for selection bias cannot be ignored in our study or other studies of resilience. 

Our investigations suggested that our final analytic sample with intermediate or high AD 

pathology and known clinical dementia status may have been healthier overall and lived to 

older ages compared with the samples from which it was drawn. ACT study participants 

consent separately for autopsy, which likely causes some participation bias in this study 

sample compared to our entire population-based cohort. However, our sensitivity analyses 

showed that our analyses were not substantially affected by selection bias in the sample that 

consented for autopsy.

Our study has several additional limitations. We may have some misclassification in our 

cognitive resilience definition, particularly in people who might have had undetected 

cognitive decline before their death. It is possible that some participants experienced 

cognitive decline and dementia between their final ACT study visit and the time that 

they died. In this study, such a person would be misclassified as cognitively resilient. We 

deliberately excluded participants with more than two years since their last assessment and 

conducted a sensitivity analysis limiting the cognitively resilient group to people with CASI 

score ≥86 one year before death to address this possibility; but rapid cognitive decline after 

the last study visit must be considered. Experiencing such decline until just before death 

may reflect a compression of cognitive morbidity,[53] which could be considered another 

form of resilience. There is an additional group of individuals excluded from these analyses: 

people who did not develop neuropathology and did not have cognitive impairment. There 

may be important differences in people who are resistant to neuropathology compared to 

those who are resilient. Subsequent research will be necessary to tease apart the mechanisms 

of resistance. We did not examine changes in comorbidities in late-life in this report, but 

evaluating later-life comorbidities and their potential association with or impact on cognitive 

resilience is an important area of future research. Finally, our sample size limits the extent 

to which we could draw conclusions about less common risk factors and the definition of 

cognitive resilience that relied on high AD pathology alone.

Strengths of our study include the use of a population-based, community sample and 

availability of a relatively large number of persons at old age without clinical evidence 

of dementia before death. We evaluated mid-life demographics and characteristics collected 

well in advance of any dementia diagnoses or symptoms of cognitive decline. We also 

used dementia outcomes made by consensus diagnoses and neuropathology findings using 

carefully calibrated, blinded, and harmonized neuropathology protocols to develop our 

cognitive resilience definition. Our breadth of neuropathology results, in addition to CERAD 

and Braak, provide an important opportunity to study additional brain characteristics 

of cognitively resilient and non-resilient people. These results enabled us to identify a 

small group of people with impressively high levels of neuropathological findings who 

nevertheless remained free of dementia into very late life.

In conclusion, our results show that cognitive resilience to AD pathology was associated 

with higher education levels and heavier brain weights, and fewer neuropathology findings, 
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such as Braak stage V/VI, microinfarcts, and hippocampal sclerosis. To our knowledge, 

this is one of the first studies to develop an operational definition of cognitive resilience 

based on neuropathology findings and evaluate that definition in a population-based cohort. 

Our work extends prior research by including multiple demographic and neuropathology 

characteristics in a single regression model, allowing us to start to understand comorbid 

processes that may enable or hinder cognitive resilience. In addition, our sensitivity analyses 

allowed us to tease apart our definition of cognitive resilience and understand how our 

results were affected by time, neuropathology levels, and age. However, this study alone 

cannot completely tease out mechanisms of cognitive resilience or conclude whether 

cognitive resilience is simply a reflection of lower neuropathology burden. More work 

in larger, population-based samples is needed to understand why some people develop 

substantial plaques and tangles as well as other forms of neuropathology without exhibiting 

dementia during their lifetime.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of study population. This figure shows the number of people included in the 

study population, and the number excluded for each reason.
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Figure 2a and 2b. 
Distribution of multiple neuropathology characteristics across ACT study participants, 

stratified by cognitively resilient and non-resilient groups. This figure shows the 

distribution of five neuropathology findings (Lewy Body Disease, hippocampal sclerosis, 

2+ microvascular infarcts, Braak stage V/VI, and frequent CERAD score) by number of 

non-resilient (2a) and cognitively resilient (2b) study participants. The figure shows the 

combinations of various neuropathology findings and the proportions of non-resilient (2a) 

and cognitively resilient (2b) groups that have <1, <2, <3 or <4 findings. People with no 

findings have Braak stage III/IV and intermediate CERAD score.
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Table 1.

Distribution of CERAD and Braak AD neuropathology results to define cognitively resilient and non-resilient 

populations

CERAD/BRAAK 0 I II III IV V VI AD pathology

CASI score > 86 within 2 years of death and NO dementia diagnosis (N=273)

None 10 23 26 22 7 0 1 None or low

Sparse 3 15 22 24 14 4 1

Moderate 1 4 13 20 9 8 0 Intermediate or high (N=68)*

Frequent 0 1 14 5 3 14 9 High (N=23)**

Dementia diagnosis before death (N=318)

None 5 3 8 6 12 3 3 None or low

Sparse 1 6 14 14 13 5 8

Moderate 0 0 4 11 13 31 20 Intermediate or high (N=208)†

Frequent 0 1 4 6 14 45 68 High (N=113) ††

*
Cognitively resilient to intermediate or high AD pathology: People with CERAD score of moderate or frequent, Braak stage III-VI, and CASI 

score ≥86 within 2 years of death and no dementia diagnosis

**
Cognitively resilient to high AD pathology only: People with CERAD score of frequent, Braak stage V-VI, and CASI score ≥86 within 2 years 

of death and no dementia diagnosis

†
Non-resilient to intermediate or high AD pathology: People with CERAD score of moderate or frequent, Braak stage III-VI, and dementia 

diagnosis before death

††
Non-resilient to high AD pathology only: People with CERAD score of frequent, Braak stage V-VI, and dementia diagnosis before death
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Table 2.

Baseline characteristics of people with and without cognitive resilience to AD pathology

Intermediate or high AD pathology High AD pathology only

Not resilient
N (%‡)
N=208*

Cognitively Resilient
N (%‡)
N=68†

p-value 
(chi2)

Not resilient
N (%‡)

N=113**

Cognitively Resilient
N (%‡)
N=23††

p-value 
(chi2)

ACT cohort:

Original 139 (66.8) 47 (69.1) 0.48 74 (65.5) 14 (60.9) 0.22

Expansion 49 (23.6) 12 (17.7) 29 (25.7) 4 (17.4)

Replacement 20 (9.6) 9 (13.2) 10 (8.9) 5 (21.7)

Baseline median age (IQR) 77 (73–82) 78 (73–84) 0.68 77 (73–81) 78 (73–85) 0.49

Median years between 
baseline and death (IQR)

13 (9–16) 10 (6–14) 0.07 13 (10–17) 12 (6–18) 0.82

Sex:

Male 75 (36.1) 28 (41.2) 0.45 43 (38.1) 7 (30.4) 0.49

Female 133 (63.9) 40 (58.8) 70 (62.0) 16 (69.6)

Median years of education 
(IQR)

14 (12–16) 16 (12–17) 0.06 14 (12–16) 16 (13–17) 0.06

College degree:

No 141 (67.8) 34 (50.0) 0.01 81 (71.7) 10 (43.5) 0.01

Yes 67 (32.2) 34 (50.0) 32 (28.3) 13 (56.5)

Race:

Non-Hispanic 196 (94.2) 63 (92.7) 0.64 106 (93.8) 21 (91.3) 0.65

white
Non-white

12 (5.8) 5 (7.4) 7 (6.2) 2 (8.7)

Hypertension 71 (34.5) 25 (37.3) 0.67 38 (33.6) 10 (43.5) 0.37

Diabetes 19 (9.1) 6 (9.0) 0.97 7 (6.2) 1 (4.6) 1.0

Stroke 4 (1.9) 3 (4.4) 0.26 2 (1.8) 2 (8.7) 0.13

Cerebrovascular disease 19 (9.2) 6 (8.8) 0.92 11 (9.8) 2 (8.7) 0.87

Coronary heart disease 32 (15.5) 9 (13.2) 0.66 17 (15.2) 1 (4.4) 0.31

Congestive heart failure 2 (1.0) 2 (3.0) 0.23 2 (1.8) 0 (0) 0.53

Smoking:

Never 113 (54.3) 33 (48.5) 0.70 57 (50.4) 12 (52.2) 0.79

Past 86 (41.4) 32 (47.1) 50 (44.3) 11 (47.8)

Current 9 (4.3) 3 (4.4) 6 (5.3) 0 (0)

BMI (kg/m2)

<25 84 (41.0) 23 (35.4) 0.69 44 (39.6) 9 (39.1) 0.96

25–29.9 81 (39.5) 27 (41.5) 43 (38.7) 10 (43.5)

30+ 40 (19.5) 15 (23.1) 24 (21.6) 4 (17.4)

Median head 
circumference cm (IQR)

56.2 (55.0–58.0) 56.7 (55.2–58.4) 0.12 56.2 (55.0–58.0) 56.6 (55.8–58.2) 0.33

Regular exercise (≥15 min 
3× week)

151 (73.0) 49 (72.1) 0.89 81 (72.3) 18 (78.3) 0.56
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Intermediate or high AD pathology High AD pathology only

Not resilient
N (%‡)
N=208*

Cognitively Resilient
N (%‡)
N=68†

p-value 
(chi2)

Not resilient
N (%‡)

N=113**

Cognitively Resilient
N (%‡)
N=23††

p-value 
(chi2)

Number of difficult 
activities of daily living

0 159 (76.8) 51 (75.0) 0.72 89 (78.8) 18 (78.3) 0.71

1 29 (14.0) 12 (17.7) 14 (12.4) 4 (17.4)

2+ 19 (9.2) 5 (7.4) 10 (8.9) 1 (4.4)

APOE ε4 allele 79 (39.3) 24 (35.8) 0.61 49 (44.6) 9 (39.1) 0.63

*
People diagnosed with dementia before death, and a CERAD score of intermediate or frequent AND a BRAAK stage of III-VI

**
People diagnosed with dementia before death, and a CERAD score of frequent AND a BRAAK stage of V-VI

†
People with a CASI score ≥86 within 2 years of death and no dementia diagnosis, and a CERAD score of intermediate or frequent AND a 

BRAAK stage of III-VI

††
People with a CASI score ≥86 within 2 years of death and no dementia diagnosis, and a CERAD score of frequent AND a BRAAK stage of 

V-VI

‡
Percent calculated among people with non-missing covariate data.
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Table 3.

Neuropathology characteristics of people with and without cognitive resilience to AD pathology

Intermediate or high AD pathology High AD pathology only

Not resilient
N (%‡)
N=208*

Cognitively Resilient
N (%‡)
N=68†

p-value 
(chi2)

Not resilient
N (%‡)

N=113**

Cognitively 
Resilient
N (%‡)
N=23††

p-value 
(chi2)

Median age at death (IQR) 91 (88–95) 89 (84–94) 0.26 91 (87–94) 90 (87–96) 0.49

Median years between dementia 
diagnosis and death (IQR)

5.2 (3.2–7.5) N/A N/A 5.5 (3.9–7.6) N/A N/A

Median years between last CASI 
score ≥86 and death (IQR)

N/A 1.0 (0.5–1.6) N/A N/A 1.0 (0.3–1.6) N/A

CERAD

 Intermediate 75 (36.1) 37 (54.4) 0.01 0 0 N/A

 Frequent 133 (64.0) 31 (45.6) 113 (100) 23 (100)

Braak

 III 17 (8.2) 25 (36.8) <0.001 0 0 0.06

 IV 27 (13.0) 12 (17.7) 0 0

 V 76 (36.5) 22 (32.4) 45 (39.8) 14 (60.9)

 VI 88 (42.3) 9 (13.2) 68 (60.2) 9 (39.1)

Atherosclerosis

 None/mild 45 (21.7) 16 (24.2) 0.67 23 (20.5) 7 (30.4) 0.30

 Moderate/severe 162 (78.3) 50 (75.8) 89 (79.5) 16 (69.6)

Arteriolosclerosis

 None/mild 28 (15.3) 10 (18.9) 0.53 14 (14.0) 6 (30.0) 0.08

 Moderate/severe 155 (84.7) 43 (81.1) 86 (86.0) 14 (70.0)

Macroscopic cystic infarcts

 None 84 (56.0) 36 (75.0) 0.01 50 (60.2) 10 (76.9) 0.36

 Any 66 (44.0) 11 (25.0) 33 (39.8) 3 (23.1)

Cortical or deep microinfarcts

 0–1 135 (64.9) 55 (82.1) 0.01 77 (68.1) 20 (90.9) 0.03

 2+ 73 (35.1) 12 (17.9) 36 (31.9) 2 (9.1)

Hippocampal sclerosis

 No 157 (77.0) 63 (94.0) 0.01 84 (75.0) 20 (87.0) 0.28

 Yes 47 (23.0) 4 (6.0) 28 (25.0) 3 (13.0)

Amyloid angiopathy

 None/mild 152 (73.8) 53 (77.9) 0.49 78 (69.6) 12 (52.2) 0.11

 Moderate/severe 54 (26.2) 14 (22.1) 34 (30.4) 11 (47.8)

Lewy bodies in isocortex

 No 184 (89.8) 64 (95.5) 0.15 101 (90.2) 22 (95.7) 0.69

 Yes 21 (10.2) 3 (3.0) 11 (9.8) 1 (4.4)

Brain weight mean, gm (SD) 1165 (136) 1235 (140) <0.001 1155 (137) 1253 (136) 0.002

*
People diagnosed with dementia before death, and a CERAD score of intermediate or frequent AND a BRAAK stage of III-VI
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**
People diagnosed with dementia before death, and a CERAD score of frequent AND a BRAAK stage of V-VI

†
People with a CASI score ≥86 within 2 years of death and no dementia diagnosis, and a CERAD score of intermediate or frequent AND a 

BRAAK stage of III-VI

††
People with a CASI score ≥86 within 2 years of death and no dementia diagnosis, and a CERAD score of frequent AND a BRAAK stage of 

V-VI

‡
Percent calculated among people with non-missing neuropathology data.
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Table 4.

Odds of being cognitively resilient to intermediate or high AD pathology versus not adjusted for demographic 

characteristics and non-AD neuropathology findings

Demographic-adjusted* OR (95% 
CI) p-value

Demographic and non-AD 
neuropathology adjusted** OR (95% CI) p-value

College degree

No 1.0 1.0

Yes 2.19 (1.23, 3.88) 0.01 2.01 (1.01, 3.99) 0.047

CERAD

 Intermediate 1.0 1.0

 Frequent 0.53 (0.30, 0.95) 0.03 0.82 (0.40, 1.70) 0.60

Braak

 III 1.0 1.0

 IV 0.37 (0.12, 0.96) 0.04 0.50 (0.17, 1.49) 0.21

 V 0.25 (0.11, 0.57) 0.001 0.38 (0.15, 0.99) 0.048

 VI 0.08 (0.03, 0.21) <0.001 0.12 (0.04, 0.32) <0.001

Cortical or deep microinfarcts

 0–1 1.0 1.0

 2+ 0.42 (0.21, 0.85) 0.02 0.34 (0.15, 0.78) 0.01

Hippocampal sclerosis

 No 1.0 1.0

 Yes 0.23 (0.08, 0.69) 0.01 0.28 (0.09, 0.89) 0.03

Lewy bodies in isocortex

 No 1.0 1.0

 Yes 0.36 (0.10, 1.31) 0.12 0.35 (0.09, 1.44) 0.15

Brain weight (per gm) 1.003 (1.001–1.006) 0.004 1.004 (1.001, 1.007) 0.004

*
adjusted for age at baseline, age at death, and college degree.

**
adjusted for age at baseline, age at death, college degree, CERAD, Braak, microinfarcts, hippocampal sclerosis, Lewy body disease, and brain 

weight. Model includes 258 observations with non-missing data.
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