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Abstract

IMPORTANCE Understanding mechanisms associated with prolonged cognitive health in
combination with exceptional longevity might lead to approaches to enable successful aging.

OBJECTIVE To investigate trajectories of cognitive functioning in centenarians across domains, and
to examine the association of these trajectories with factors underlying cognitive reserve, physical
health, and postmortem levels of Alzheimer disease (AD)–associated neuropathology.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used neuropsychological test data and
postmortem neuropathological reports from Dutch centenarians who were drawn from the 100-plus
Study between January 2013 and April 2019. Eligible participants self-reported being cognitively
healthy, which was confirmed by a proxy. Data analysis was performed between June 2019 and
June 2020.

EXPOSURES Age, sex, APOE ε genotype, factors of cognitive reserve, physical health, and
AD-associated neuropathology (ie, amyloid-β, neurofibrillary tangles, and neuritic plaques).

MAIN OUTCOMES AND MEASURES In annual visits (until death or until participation was no longer
possible), centenarians underwent an extensive neuropsychological test battery, from which an
mean z score of global cognition, memory, executive functions, verbal fluency, visuospatial functions,
and attention/processing speed was calculated. Linear mixed models with a random intercept and
time as independent variable were used to investigate cognitive trajectories, adjusted for sex, age,
education, and vision and hearing capacities. In a second step, linear mixed models were used to
associate cognitive trajectories with factors underlying cognitive reserve, physical health at baseline,
and AD-associated neuropathology.

RESULTS Of the 1023 centenarians approached, 340 were included in the study. We analyzed 330
centenarians for whom cognitive tests were available at baseline (239 [72.4%] women; median
[interquartile range] age of 100.5 [100.2-101.7] years), with a mean (SD) follow-up duration of 1.6
(0.8) years. We observed no decline across investigated cognitive domains, with the exception of a
slight decline in memory function (β, −0.10 SD per year; 95% CI, −0.14 to −0.05 SD; P < .001).
Cognitive performance was associated with factors of physical health (eg, higher Barthel index: β,
0.37 SD per year; 95% CI, 0.24-0.49; P < .001) and cognitive reserve (eg, higher education: β, 0.41 SD
per year; 95% CI, 0.29-0.53; P < .001), but none of these factors were associated with the rate of
decline. Neuropathological reports were available for 44 participants. While centenarian brains
revealed varying loads of postmortem neuropathological hallmarks of AD, this was not associated
with cognitive performance or rate of decline.

(continued)
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Abstract (continued)

CONCLUSIONS AND RELEVANCE While we observed a slight vulnerability for decline in memory
function, centenarians maintained high levels of performance in all other investigated cognitive
domains for up to 4 years despite the presence of risk factors of cognitive decline. These findings
suggest that mechanisms of resilience may underlie the prolongation of cognitive health until
exceptional ages.
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Introduction

Some individuals reach ages beyond 100 years and become centenarians with intact cognitive
functions,1-5 which indicates that cognitive impairment is not inevitable at extreme ages. Cross-
sectional and longitudinal studies in younger age groups (20-90 years) have shown that aging is
accompanied by a maintenance in language, semantic knowledge, abstract reasoning, and
visuospatial functions, whereas a vulnerability is observed in domains such as processing speed,
executive functions, and episodic and working memory.6-11 It is still unclear to what extent individuals
who maintain cognitive health until age 100 years escape or delay decline across different cognitive
domains. Based on the 40% incidence of dementia at age 100 years, and assuming a continued
increase beyond 100, it is to be expected that a decline in cognitive functions will be observable in
this age group.12,13

In this study, we aim to identify trajectories of cognitive performance in different domains for
cognitively healthy centenarians, and to explore associations with risk factors of cognitive decline,
including neuropathology associated with Alzheimer disease (AD) and factors of
cognitive reserve.14,15

Methods

Participants
The 100-plus Study is a prospective cohort study of centenarians who self-report to be cognitively
healthy, as confirmed by a relative or caregiver. Trained researchers visited the centenarians at their
homes annually to subject them to questionnaires regarding demographic characteristics, medical
history, and measurements of physical functions and cognitive testing. The Medical Ethics
Committee of the Amsterdam UMC approved this study and informed consent was obtained from all
participants. Brain donors signed informed consent for brain donation. The study was conducted in
accordance with the Declaration of Helsinki.16 Detailed participant recruitment and procedures for
the study were described previously.17 This study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

Between January 2013 and April 2019, we approached 1023 centenarians, of whom 340 were
included in the study. Included in the analyses of the current study are 330 centenarians who
completed at least 1 of the neuropsychological tests at baseline. Neuropathological assessment was
available for 44 centenarians. We reported follow-up data for up to 4 years (see eFigure 1 in the
Supplement for a flow chart on participation duration). Data were analyzed between June 2019 and
June 2020.

Assessment of Cognitive Functioning
Scores on the Mini-Mental State Examination (MMSE) were used to describe baseline cognitive
performance.18 For in-depth investigation of cognitive trajectories we calculated mean z scores for
memory, executive functions, verbal fluency, visuospatial functions, and attention/processing speed
combined based on neuropsychological test scores (see eAppendix in the Supplement). Missing test
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scores were imputed using multiple imputation with chained equations19 based on predictive mean
matching method (see eAppendix in the Supplement). Global cognition was investigated using a
composite score across all domains. Test administration and implemented adaptations were
described previously.20 Memory was evaluated using the story recall subtest of the Rivermead
Behavioral Memory Test and the Visual Association Test A.21,22 Executive functions were evaluated
using the Trail Making Test (TMT) B (scores were reversed, such that higher scores indicate better
performance), key search subtest of the Behavioral Assessment of the Dysexecutive Syndrome Test
Battery, and the digit span backward subtest of the Wechsler Adult Intelligence Scale (WAIS-III).23-25

Verbal fluency was measured using the Controlled Oral Word Association Test (Letter fluency, D-A-T)
and animal fluency.26,27 Visuospatial functions were evaluated with the number location subtest of
the Visual Object and Space Perception Battery28 and the clock drawing test.29,30 Attention/
processing speed were evaluated with the digit span forward subtest of the WAIS-III and the
TMT A.23,25

Assessment of Risk Factors
Demographic Factors
In addition to sex and age, this study also considered APOE status as a risk factor. Carrying 1 or 2 APOE
ε4 alleles was considered risk increasing, carrying 1 or 2 APOE ε2 alleles was considered protective,
and APOE ε2ε4 was considered risk increasing.17,31-34

Physical Health
The Barthel Index evaluates independence in performing activities of daily living.35 Grip strength was
determined in kg with a hand dynamometer (JAMAR) in duplicate in the left and right hand.36

Hearing and vision were annotated based on our observations and by the centenarian and proxy
report.17,20 Living situation was classified as living independently or living dependently (ie, care
center facility, with family or when 24/7 care help available). History of stroke and/or transient
ischemic attack and hypertension was determined based on the GP report or centenarian and
proxy report.

Cognitive Reserve
Factors considered in assessing cognitive reserve included education level (International Standard
Classification of Education, 1997 Revision),37 cognitive activity questionnaire filled in together with
family members (assessment of frequency of cognitive activity in the past [age 6 until age 40 years]
and currently),38 and premorbid intelligence (Dutch Adult Reading Test).39-41 Missing items on
questionnaires were imputed (see eAppendix in the Supplement).

Neuropathological Hallmarks
Autopsies were performed in collaboration with the Netherlands Brain Bank.42 We assessed the load
of amyloid-β (Aβ) in extracellular plaques using Thal phase,43 the level of intracellular accumulation
of phosphorylated tau protein in neurofibrillary tangles (NFTs) using Braak stages,44-46 and the load
of neuritic plaques (NPs; a subtype of plaques containing dystrophic neurites) according to
Consortium to Establish a Registry for Alzheimers Disease (CERAD) scores.47

Statistical Analyses
Cognitive trajectories were estimated using linear mixed models (LMMs), with each domain as
dependent variable (including a random intercept for each participant) and time (ie, the duration of
the follow up in years after inclusion) as independent continuous variable. LMMs with time as a
dummy variable were also performed to estimate trajectories per year separately. To explore the
variability in the trajectories, we investigated whether a random slope should be included in the
LMMs and whether we could distinguish centenarians whose functioning remained stable from
centenarians who declined by using latent class linear mixed models (LCLMMs). According to the

JAMA Network Open | Neurology Trajectories of Cognitive Functions in Centenarians

JAMA Network Open. 2021;4(1):e2031654. doi:10.1001/jamanetworkopen.2020.31654 (Reprinted) January 15, 2021 3/15

Downloaded From: https://jamanetwork.com/ on 01/21/2021

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2020.31654&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.31654
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2020.31654&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.31654


lowest bayesian information criterion, we evaluated whether the LCLMMs with 1 or 2 classes showed
the best fit.48,49

LMMs were also performed to explore associations with risk factors (measured at baseline) on
levels of cognitive scores aggregated over the study period. Parameters were estimated by restricted
maximum likelihood.50 Next, we estimated the interaction between risk factors measured at baseline
with the rate of cognitive change for domains that significantly declined (time × factor).

All models were adjusted for sex, age, education, and hearing and vision abilities at time of
testing (all these factors were mean-centered). Verbal fluency was not adjusted for vision ability, as
these tests seemed independent or were found independent of vision ability.20 Despite the
explorative nature of this study, we conservatively corrected for multiple testing using Benjamini-
Hochberg procedure to decrease the risk of reporting chance discoveries. Two-sided P values < .05
after correction for multiple comparisons were considered significant. Statistical analyses were
performed with R version 3.5.2 with lme4 and hlme packages (R Project for Statistical Computing).

Results

Baseline Characteristics and Postmortem Neuropathology
Of the 330 centenarians, 239 (72.4%) were women, and the group had a median (interquartile range
[IQR]) age of 100.5 (100.2–101.7) years. The median (IQR) education level was 3 (1-4) on the
international standard scale (ie, upper secondary education). A total of 187 (56.7%) of the
centenarians lived independently, and the majority had good vision and hearing capacities (211
[65.5%] and 184 [56.4%] participants, respectively). We observed varying levels of neuropathology
in the brains of the 44 donors (median [IQR] Thal phase, 3 [1–4]; Braak stage, 3 [3–4]; and CERAD
score, 1 [0–1]). While all Thal phases were present, the highest Braak stage (6) and highest CERAD
score (3) were absent. See Table 1 for an overview of all characteristics.

Cognitive Trajectories
We applied LMMs to estimate cognitive trajectories for each domain separately. The duration of
follow-up ranged from 0 to 4 years, with a mean (SD) follow-up duration of 1.6 (0.8) years (for mean
test scores at each time point, see eTable 1 in the Supplement).

LMMs with a random intercept indicated no significant change over the time after study
inclusion in the performance in executive functions, verbal fluency, visuospatial functions, and
attention/processing speed (Figure 1, Table 2). We observed a mean 0.10 SD decline (95% CI, −0.14
to −0.05 SD; P < .001) in memory performance. Global cognition declined 0.03 SD per year (95% CI,
−0.06 to −0.01 SD; P = .01). When memory tests were excluded from the global domain score, the
changes were not significant (β, −0.01; 95% CI, −0.04 to 0.02; P = .43). This suggests that the
significant difference in global cognitive functioning is driven by the difference in memory scores.
Moreover, we observed that memory functioning increasingly declined with a longer follow-up
duration (eFigure 2 in the Supplement).

Results were similar when we applied LMMs to investigate the trajectories for every year
separately (Table 2). Furthermore, since only a few observations were available for each centenarian,
we could not include random slopes in the LMMs,51 such that we could not estimate the variability
of the rates of decline between individual trajectories after study inclusion or during a specific year
after study inclusion.

To further allow exploration of the presence of separate clusters within the cognitive
trajectories, we fitted LCLMMs for models that included 1 and 2 classes. For all cognitive domains, the
1-class model had a better fit (lowest bayesian information criterion values) as opposed to the 2-class
model (eTable 2 in the Supplement). This indicates that we did not identify a subset of centenarians
with a differential trajectory of cognitive decline.

LMMs were also repeated for a subgroup of 43 centenarians who were previously identified to
survive longest and who maintained a high level of global cognitive health (MMSE score �26) for at
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Table 1. Baseline Demographic and Clinical Characteristics

Characteristics Participants, No. (%)a

Age, median (IQR), y 100.5 (100.2-101.7)

Women 239 (72.4)

APOE ε4 allele carriers 48 (16.8)

ε4ε4/ε3ε4/ε2ε4 1/33/14

APOE ε3 homozygous 173 (60.5)

APOE ε2 allele carriers 65 (22.7)

ε2ε2/ε2ε3 2/63

Independent living situation 187 (56.7)

Mobility

Able to walk independentlyb 245 (78.8)

Able to walk with help of another person 17 (5.5)

Able to move independently in a wheelchair 25 (8.0)

Not able to move independently in a wheelchair 24 (7.7)

Vision

Good 211 (65.5)

Moderate 43 (13.4)

Poor 36 (11.2)

Very poor 32 (9.9)

Hearing

Good 184 (56.4)

Moderate 105 (32.2)

Poor 32 (9.8)

Very poor 5 (1.5)

MMSE score, median (IQR) 25.2 (22.0-27.6)

Barthel Index, independent in ADL 172 (57.3)

Prior stroke or transient ischemic attack 92 (30.3)

Hypertension 191 (63.0)

Grip strength, mean (SD), kg 15.5 (6.2)

Education, median (IQR), ISCED level 3 (1-4)

Highest ISCED education level 125 (37.9)

Premorbid IQ, mean (SD) 98.2 (14.3)

Cognitive activity, mean (SD)

Lifetime 47.1 (13.5)

Current 13.0 (4.2)

Amyloid-β (Thal phase), median (IQR) 3.0 (1.0-4.0)

Neurofibrillary tangles (Braak stage), median (IQR) 3.0 (3.0-4.0)

Neuritic plaques (CERAD score), median (IQR) 1.0 (0-1.0)

Abbreviations: ADL, activities of daily living; CERAD, Consortium to Establish a
Registry for Alzheimer Disease; IQR, interquartile range; ISCED, International
Standard Classification of Education; MMSE, Mini-Mental State Examination.
a There were missing data on mobility (19 participants), vision (8 participants),

hearing (4 participants), Barthel Index (30 participants), stroke or transient is-
chemic attack (26 participants), hypertension (27 participants), grip strength
(169 participants), APOE ε allele (44 participants), premorbid IQ (90
participants), lifetime cognitive activity (38 participants), and current cognitive
activity (43 participants). Neuropathological data were available for a subgroup
of 44 (9 men, 35 women) centenarians. Score ranges are as follows: ISCED edu-
cation level (0-6, with the highest level �postsecondary nontertiary education),
Barthel Index (0-20, scores �15 indicating independence in ADL), grip strength
was measured in kg (the maximum score out of 4 attempts was used as the final
score), lifetime and current cognitive activity (score range 0-100, and 0-25 re-
spectively, higher scores indicate more frequent cognitive activity), MMSE
(score range 0-30, with higher scores indicating better performance), Thal
phase (score range 0-5), Braak stage (score range 0-6), and CERAD score (score
range 0-3); higher scores indicate higher levels of pathology.

b With or without help of a walking stick or walker.
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least 2 years after study inclusion.52 We observed that, during the follow-up period, their level of
performance on all domains was higher compared with the total sample of centenarians (Figure 1).
They showed a slight decline of a mean 0.10 SD in memory performance (95% CI, −0.17 to −0.02 SD;
P = .01), although this was not significant after correction for multiple comparisons (Table 2).
Moreover, they declined a mean 0.09 SD in attention/processing speed of which the effect appeared
in the third year of follow-up (95% CI, −0.16 to −0.03 SD; P = .006).

Associations Between Risk Factors and Cognitive Trajectories
LMMs were performed to explore (1) the association of risk factors measured at baseline with levels
of cognitive performance aggregated over the study period (Table 3) and (2) to explore interactions
between risk factors measured at baseline and the rate of decline in global cognition and memory
respectively (eTable 3 in the Supplement).

Figure 1. Mean and Individual Trajectories of Cognitive Domains
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Aggregated Models
Centenarians who lived independently at baseline performed significantly better than those who
lived dependently on all domains except executive functions (global cognition: β, 0.21 SD per year;
95% CI, 0.09 to 0.32 SD; P = .001). A higher baseline Barthel Index score was associated with higher
performance on all domains (global cognition: β, 0.37; 95% CI, 0.24 to 0.49; P < .001). Good hearing
was associated with higher performance on attention/processing speed (β, 0.18; 95% CI, 0.06 to
0.31; P = .005), and good vision was associated with higher performance on global cognition (β,
0.20; 95% CI, 0.08 to 0.33; P = .001), executive functions, and attention/processing speed, but not
with other cognitive domains after correction for multiple comparisons.

Higher levels of education (global cognition: β, 0.41; 95% CI, 0.29 to 0.53; P < .001), premorbid
IQ (global cognition: β, 0.02; 95% CI, 0.01 to 0.02; P < .001), and frequency of current cognitive
activity (global cognition: β, 0.04; 95% CI, 0.02 to 0.06; P < .001) were associated with higher
scores on all domains. Lifetime cognitive activity was associated with better performance on global
cognition (β, 0.01; 95% CI, 0.00 to 0.01; P = .008) and attention/processing speed (β, 0.01; 95% CI,
0.00 to 0.01; P = .001). None of the other investigated associations between risk factors with
performance on cognitive domains were significant after correction for multiple comparisons
(Table 3).

Table 2. Regression Coefficients From Linear Mixed Models to Investigate Change Over Time in Cognitive Domainsa

Model

Global cognition Memory Executive functions Verbal fluency Visuospatial functions
Attention/processing
speed

β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value
Total sample
(n = 330)
Linear time
model

Time −0.03 (−0.06
to −0.01)

.01b −0.10 (−0.14
to −0.05)

<.001b 0.02 (−0.02
to 0.06)

.28 −0.01 (−0.06
to 0.03)

.53 0.01 (−0.04
to 0.05)

.72 0.01 (−0.04
to 0.05)

.79

Discrete
time model

Year 1 −0.00 (−0.06
to 0.05)

.97 0.02 (−0.08
to 0.11)

.72 0.02 (−0.05
to 0.10)

.55 0.01 (−0.08
to 0.11)

.79 0.04 (−0.05
to 0.14)

.39 0.04 (−0.05
to 0.13)

.36

Year 2 −0.10 (−0.17
to −0.03)

.008b −0.26 (−0.39
to −0.14)

<.001b −0.04 (−0.14
to 0.07)

.47 0.01 (−0.12
to 0.14)

.87 −0.07 (−0.20
to 0.06)

.27 0.08 (−0.04
to 0.19)

.20

Year 3 −0.13 (−0.24
to −0.01)

.03 −0.35 (−0.55
to −0.16)

<.001b 0.26 (0.10
to 0.43)

.002b −0.16 (−0.36
to 0.04)

.11 −0.02 (−0.21
to 0.18)

.87 −0.08 (−0.26
to 0.10)

.37

Year 4 0.00 (−0.19
to 0.20)

.97 −0.16 (−0.50
to 0.18)

.37 −0.00 (−0.29
to 0.28)

.98 0.08 (−0.26
to 0.43)

.64 0.44 (0.09
to 0.79)

.01 −0.03 (−0.35
to 0.29)

.85

MMSE ≥26 after 2 y
(n = 43)
Linear time
model

Time −0.05 (−0.09
to −0.01)

.01b −0.10 (−0.17
to −0.02)

.01 −0.02 (−0.08
to 0.04)

.49 −0.02 (−0.09
to 0.05)

.56 −0.01 (−0.07
to 0.05)

.76 −0.09 (−0.16
to −0.03)

.006a

Discrete
time model

Year 1 −0.01 (−0.11
to 0.09)

.92 0.09 (−0.11
to 0.29)

.37 −0.06 (−0.23
to 0.10)

.46 −0.00 (−0.20
to 0.19)

.98 −0.02 (−0.18
to 0.14)

.79 −0.04 (−0.22
to 0.13)

.63

Year 2 −0.06 (−0.17
to 0.04)

.22 −0.21 (−0.42
to −0.01)

.04 −0.04 (−0.21
to 0.13)

.63 0.06 (−0.14
to 0.26)

.57 −0.07 (−0.24
to 0.09)

.38 −0.07 (−0.25
to 0.11)

.45

Year 3 −0.26 (−0.42
to −0.10)

.002b −0.31 (−0.63
to 0.00)

.06 0.05 (−0.21
to 0.31)

.73 −0.22 (−0.53
to 0.09)

.17 −0.27 (−0.52
to −0.01)

.04 −0.51 (−0.78
to −0.24)

<.001a

Year 4 −0.09 (−0.31
to 0.13)

.44 −0.17 (−0.60
to 0.27)

.45 −0.20 (−0.56
to 0.15)

.27 −0.09 (−0.52
to 0.34)

.68 0.39 (0.05
to 0.74)

.03 −0.32 (−0.69
to 0.06)

.10

Abbreviation: MMSE, Mini-Mental State Examination.
a Linear time models are defined as linear models with time as a continuous variable for

each cognitive domain separately. Discrete time models are separate linear models
with time as a dummy variable for each cognitive domain to investigate the trajectories
for every year separately. All models include a random intercept, and were adjusted for

sex, age, education, and vision and hearing capacities. The models on verbal fluency
were only adjusted for hearing capacities. A random slope was not included.

b Significant after correction for multiple testing (listed P values are uncorrected for
multiple comparisons).
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Interaction Effects Models
Since we observed a significant but slight decline in global cognition and memory, we tested whether
there were interactions between risk factors measured at baseline and the rate of decline in these 2
domains. We found that only good hearing was associated with a higher rate of decline on global

Table 3. Linear Mixed Model Regression Coefficients to Investigate the Association of Risk Factors With Levels of Cognitive Performance Aggregated
Over the Study Perioda

Models

Global cognition Memory Executive functions Verbal fluency Visuospatial functions
Attention/processing
speed

β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value
Age −0.02 (−0.06

to 0.02)
.26 −0.03 (−0.08

to 0.03)
.33 −0.04 (−0.08

to 0.00)
.06 −0.02 (−0.08

to 0.04)
.52 −0.01 (−0.06

to 0.03)
.53 0 (−0.05

to 0.04)
.84

Men 0.05 (−0.08
to 0.18)

.43 0.10 (−0.09
to 0.29)

.30 0.06 (−0.07
to 0.19)

.38 −0.13 (−0.33
to 0.07)

.21 0.10 (−0.04
to 0.25)

.17 0.13 (−0.01
to 0.27)

.07

APOE ε4 −0.11 (−0.27
to 0.05)

.19 −0.26 (−0.51
to −0.02)

.04 −0.07 (−0.23
to 0.09)

.38 −0.08 (−0.32
to 0.17)

.53 0.04 (−0.15
to 0.22)

.71 −0.14 (−0.31
to 0.03)

.12

APOE ε2 0.09 (−0.05
to 0.24)

.21 0.16 (−0.05
to 0.38)

.14 0.08 (−0.06
to 0.22)

.26 0.10 (−0.12
to 0.31)

.38 0.11 (−0.05
to 0.27)

.19 −0.01 (−0.16
to 0.14)

.88

Factors of physical
health

Independent
living situation

0.21 (0.09
to 0.32)

.001b 0.26 (0.09
to 0.43)

.003b 0.13 (0.01
to 0.24)

.04 0.33 (0.16
to 0.51)

<.001b 0.15 (0.02
to 0.28)

.02 0.17 (0.04
to 0.29)

.008b

Good hearing 0.13 (0.01
to 0.25)

.03 0.09 (−0.08
to 0.26)

.30 0.06 (−0.06
to 0.18)

.31 0.16 (−0.02
to 0.34)

.08 0.12 (−0.01
to 0.25)

.08 0.18 (0.06
to 0.31)

.005b

Good vision 0.20 (0.08
to 0.33)

.001b 0.13 (−0.05
to 0.30)

.17 0.21 (0.08
to 0.33)

.001b 0.12 (−0.07
to 0.30)

.21 0.15 (0.02
to 0.29)

.03 0.38 (0.24
to 0.51)

<.001b

Barthel Index,
ADL
independence

0.37 (0.24
to 0.49)

<.001b 0.39 (0.20
to 0.57)

<.001b 0.27 (0.14
to 0.40)

<.001b 0.55 (0.36
to 0.73)

<.001b 0.35 (0.20
to 0.49)

<.001b 0.25 (0.11
to 0.38)

.001b

Previous stroke
or TIA

−0.12 (−0.25
to 0.01)

.07 −0.16 (−0.35
to 0.03)

.10 −0.09 (−0.22
to 0.04)

.18 −0.20 (−0.40
to −0.00)

.05 −0.04 (−0.18
to 0.11)

.62 −0.07 (−0.20
to 0.07)

.35

Hypertension 0.05 (−0.08
to 0.17)

.48 0.05 (−0.13
to 0.23)

.58 0.04 (−0.08
to 0.17)

.49 0.05 (−0.14
to 0.24)

.64 0.08 (−0.06
to 0.22)

.25 0.06 (−0.08
to 0.19)

.40

Grip strength 0.02 (0.00
to 0.03)

.04 0.02 (0.00
to 0.04)

.03 0.01 (−0.00
to 0.03)

.16 0.03 (0.00
to 0.05)

.03 0.02 (−0.00
to 0.03)

.07 −0.00 (−0.02
to 0.01)

.67

Factors of
cognitive reserve

≥Postsecondary,
nontertiary
education

0.41 (0.29
to 0.53)

<.001b 0.31 (0.14
to 0.48)

<.001b 0.47 (0.35
to 0.59)

<.001b 0.46 (0.28
to 0.64)

<.001b 0.26 (0.12
to 0.39)

<.001b 0.50 (0.37
to 0.63)

<.001b

Premorbid IQ 0.02 (0.01
to 0.02)

<.001b 0.02 (0.01
to 0.03)

<.001b 0.02 (0.01
to 0.02)

<.001b 0.02 (0.01
to 0.03)

<.001b 0.02 (0.01
to 0.02)

<.001b 0.02 (0.01
to 0.02)

<.001b

Lifetime
cognitive
activity

0.01 (0.00
to 0.01)

.008b 0.01 (0.00
to 0.02)

.02 0.00 (−0.00
to 0.01)

.14 0.01 (−0.00
to 0.01)

.07 0.01 (0.00
to 0.01)

.02 0.01 (0.00
to 0.01)

.008b

Current
cognitive
activity

0.04 (0.02
to 0.06)

<.001b 0.04 (0.02
to 0.07)

.001b 0.03 (0.01
to 0.05)

.001b 0.06 (0.04
to 0.08)

<.001b 0.03 (0.01
to 0.05)

.003b 0.04 (0.02
to 0.05)

<.001b

AD-associated
neuropathologies

Aß
(Thal phase)

−0.05 (−0.15
to 0.06)

.40 −0.09 (−0.26
to 0.09)

.35 −0.09 (−0.21
to 0.04)

.18 0.02 (−0.15
to 0.19)

.84 −0.07 (−0.20
to 0.05)

.27 −0.02 (−0.12
to 0.08)

.68

NFTs
(Braak stage)

−0.17 (−0.38
to 0.03)

.10 −0.22 (−0.56
to 0.11)

.20 −0.22 (−0.45
to 0.02)

.08 −0.01 (−0.35
to 0.32)

.93 −0.29 (−0.52
to −0.06)

.02 −0.12 (−0.31
to 0.08)

.25

NPs

CERAD score
1

−0.05 (−0.42
to 0.31)

.77 −0.00 (−0.60
to 0.59)

.99 −0.14 (−0.56
to 0.27)

.51 0.14 (−0.45
to 0.72)

.65 −0.24 (−0.67
to 0.18)

.27 −0.07 (−0.42
to 0.29)

.72

CERAD score
2

−0.22 (−0.62
to 0.18)

.30 −0.22 (−0.88
to 0.43)

.51 −0.36 (−0.81
to 0.10)

.14 −0.00 (−0.64
to 0.64)

.99 −0.32 (−0.78
to 0.14)

.18 −0.19 (−0.56
to 0.19)

.34

Abbreviations: AD, Alzheimer disease; ADL, activities of daily living; Aβ, amyloid-β;
CERAD, Consortium to Establish a Registry for Alzheimer disease; NFTs, neurofibrillary
tangles; NPs, neuritic plaques; TIA, transient ischemic attack.
a Separate linear mixed models including a random intercept adjusted for sex, age,

education, and vision and hearing capacities. Models on verbal fluency were only
adjusted for hearing capacities. A random slope was not included. There were missing
data on APOE ε allele (44 participants), vision (8 participants), hearing (4 participants),
Barthel Index (30 participants), stroke or TIA (26 participants), hypertension (27
participants), grip strength (169 participants), premorbid IQ (90 participants), lifetime

cognitive activity (38 participants), and current cognitive activity (43 participants).
Score ranges are as follows: Barthel Index (0-20, scores �15 indicating independence
in ADL), lifetime and current cognitive activity (score range 0-100 and 0-25,
respectively; higher scores indicate more frequent cognitive activity), Thal phase
(score range 0-5), Braak stage (score range 0-6), and CERAD score (score range 0-3)
(higher scores indicate higher levels of pathology for these 3 measures).

b Significant after correction for multiple testing (listed P values are uncorrected for
multiple comparisons).
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cognition (β, −0.07; 95% CI, −0.12 to −0.02; P = .01 with P < .05 after correction for multiple testing).
None of the other investigated interactions were significant after correction for multiple comparisons
(eTable 3 in the Supplement), including the varying loads of Aβ, NFTs, and NPs (Figure 2).

Discussion

The centenarians in our cohort maintained their levels of performance in most cognitive domains for
up to 4 years. We observed a slight decline in global cognition, which was driven by a decline in
memory function. Factors underlying cognitive reserve and physical health were associated with
levels of cognitive performance, but not with the decline in function thereafter. Postmortem findings
revealed varying loads of Aβ (assessed using Thal phases), NFTs (using Braak stages), and NPs (using
CERAD scores), none of which were associated with cognitive performance or decline.

Dementia risk increases exponentially with age and reaches approximately 40% per year for
people aged 100 years old.12,13 This exponential increase implies that a person who lives between 70
and 95 years is exposed to the same dementia risk as a person who lives between age 100 and 102:

Figure 2. Trajectories of Memory Performance
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an estimated 60%.13,17 Thus, 25 years of dementia risk in the younger population is compressed into
2 years in centenarians. This indicates that prolonged stability of cognitive functioning in
centenarians may be considered more extraordinary than in nonagenarians. Indeed, we had
expected to observe more evidence of cognitive decline than only a minor decrement in memory
function. Nevertheless, the observed memory decline of 0.10 SD per year in cognitively healthy
centenarians is higher compared with the memory decline of 0.03 SD per year observed in
cognitively healthy community dwellers aged 65 to 85 years.11 But the decline is lower compared
with the decline observed in AD patients aged approximately 65 years, whose memory function
declined 0.90 SD per year,53 which suggests that the observed decline in our cohort may not be
AD-based.

When we focused on the highest performing centenarians within this cohort (those who scored
�26 on the MMSE during several years after study inclusion),52 we found that they maintained even
higher levels of cognitive performance across all domains compared with the total sample of
centenarians. While this group presented a similar rate of decline in memory compared with the total
group, we also observed a slight decline in attention/processing speed. This is in agreement with the
age-related cognitive decline observed in younger populations, which includes not only a decline in
memory but also a decline in executive functions and processing speed.6-9,11 It is possible that having
a very high cognitive performance at study inclusion renders an individual more vulnerable for
age-related decline thereafter. However, these results should be interpreted with caution: the
decline was observed in a reduced sample around the third year after study inclusion, such that we
cannot exclude the influence of a potential terminal drop.54

Our findings suggest that after reaching age 100 years, cognitive performance remains
relatively stable during ensuing years. Therefore, these centenarians might be resilient or resistant
against different risk factors of cognitive decline. Evidence for resistance would be supported by low
loads or absence of risk factors, while evidence for resilience would be supported by the exposure
to such factors in combination with a higher cognitive performance and/or lower rates of decline.55-57

In the current study, carrying an APOE ε4 or an APOE ε2 allele was not significantly associated
with the performance in any cognitive domain nor with the rate of decline. This may suggest that the
effects of APOE alleles are exerted before the age of 100 years. This is in line with reports in
prospective population studies that the fraction of APOE ε4 allele carriers progressively decreases in
80- and 90-year-olds.34,58 These ages represent the median age at death in most populations, such
that the APOE alleles may exert its strong effects on selection during these ages. This is in line with
our previous work, in which we found that 19% of centenarians who maintained an MMSE score of 26
or more during at least 2 years follow up carried at least 1 APOE ε4 allele compared with 6% of the
centenarians who had a lower MMSE at baseline or who declined during follow up.52 Together, our
findings lead us to speculate that surviving to these extreme ages with an APOE ε4 allele implies
being resilient against its strong risk-increasing effect.

The postmortem levels of Aβ, NFTs, and NPs in centenarian brains varied widely, but was not
associated with cognitive performance or with the rate of decline, which corresponds with our
previous findings42 and results from the 90+ Study.59 This suggests that those centenarians with
high neuropathology loads may be resilient against the effects thereof. It is intriguing that the highest
stages of Aβ pathology were present in the brains of high performing centenarians, while the highest
tau (ie, NFT) and NP levels were not. This indicates that maintained cognitive health may be
explained by resilience to the effects of even the highest levels of Aβ pathology, and a combination
of resilience and resistance against NFTs and NPs.

Resilience may be further explained by the build-up of cognitive reserve.15,56 This concept
relates to having more neural resources available by inheritance or lifetime training, allowing higher
levels of brain damage to accumulate before clinical symptoms appear.15 We found that next to
physical health factors, factors of cognitive reserve such as education, frequency of cognitive activity,
and premorbid IQ were associated with cognitive performance. This is in line with our previous
study,17 in which we demonstrated that the cognitively healthy centenarians in our cohort had higher
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levels of education and a higher socioeconomic background compared with birth cohort peers.
However, in this study we found no association between factors of cognitive reserve and the rate of
cognitive decline, which is in line with a previous study of 75-year olds.60 Together, this suggests that
while the effect of cognitive reserve on cognition might still endure at extreme ages, we find no
evidence that it is associated with subsequent decline.

Limitations
This study had several limitations. Because of our inclusion criteria of self-reported cognitive health,
the 100-plus cohort of centenarians may not be considered a population-representative sample of
centenarians. However, because of the association between cognitive performance and
survival,3,52,61-63 our focus on cognitively healthy centenarians allows participants to be observed
longer compared with a representative sample, which is a prerequisite to evaluate trajectories of
cognitive performance. Also, investigating a subgroup of healthy centenarians enables the
exploration of potential underlying factors of preserved cognitive health and resilience.64 Still, the
follow-up duration of up to 4 years, and a mean follow-up of 1.6 years in this study, may seem short.
However, given previous studies that indicate that 25 years of dementia risk in the younger
population is compressed into 2 years in centenarians, a 4-year follow-up in this age group may be
considered extremely long.

The high mortality and dementia incidence in our research group confronted us with selective
attrition and inherent survivor bias. In our previous study, we observed a higher rate of decline and
mortality rate in centenarians who dropped out of the study,52 indicating a potential terminal drop.54

Therefore, the trajectories reported in this study might be an underestimation of the actual rate of
cognitive decline. Nevertheless, we were able to address the differential decline between the
cognitive domains before dropout.

We did not present parallel versions of the tests during follow-up visits, therefore we cannot
exclude that practice effects may have confounded the assessments of the cognitive trajectories.65

Overall, the tests we used to assess cognitive functioning were not designed to measure cognitive
decline at extreme ages, and for some tests suitability may be questioned. Indeed, centenarians were
not always able to complete tests because of sensory problems, fatigue, or having difficulty
understanding instructions.20

The limited cognitive decline we observed across domains may have prevented the detection
of risk factors associated with cognitive decline after the age of 100 years such that replication of our
findings in a study with a large sample of centenarians is warranted. However, note that our findings
may be vulnerable to period effects as supported by the higher overall cognitive performance of the
large cohort of 95-year olds born in 1915 compared with a large cohort of 93-year olds born in 1905.66

Also, our findings may be vulnerable to population effects, as individuals with different population
backgrounds (even though they all lived in the same area during the same period) were associated
with different dementia incidences.67

Conclusions

In this cohort study, cognitively healthy centenarians were able to maintain their level of cognitive
functioning in all investigated cognitive domains with a slight decline in memory function, despite
the presence of AD-associated neuropathology and despite being exposed to risk factors of cognitive
decline. This provides evidence that some centenarians might be resilient to the effects of
neuropathologies and risk factors of cognitive decline.
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