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Amyloid-Beta Pathology and Cognitive Performance in Centenarians
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Annemieke J. M. Rozemuller, MD, PhD; Marc Hulsman, PhD; Meng Zhang, PhD; Marieke J. I. Graat, MSc;
Myke E. van der Hoorn, MSc; Dominique A. H. Daatselaar, MSc; Philip Scheltens, MD, PhD;
Timothy E. Richardson, DO, PhD; Jamie M. Walker, MD, PhD; Sietske A. M. Sikkes, PhD;
Jeroen J. M. Hoozemans, PhD; Henne Holstege, PhD

IMPORTANCE Older individuals without dementia often have amyloid-beta (Aβ) Thal phases
similar to patients with Alzheimer disease (AD), suggesting that Aβ pathology may be a
benign consequence of aging.

OBJECTIVE To explore whether Aβ pathology in centenarians is associated with cognitive
performance.

DESIGN, SETTING, AND PARTICIPANTS This longitudinal cohort study used cross-sectional data
on antemortem cognitive performance and postmortem neuropathology of participants in
the Dutch 100-plus Study. Cognitive performance was measured a median of 10 (IQR, 3-13)
months before postmortem brain donation. From January 2013 to July 2022, 1187
centenarians who self-reported being cognitively healthy, confirmed by proxy, were
approached: 406 were included and 95 donated their brain. Centenarians were compared
with patients with clinicopathologically confirmed AD from the Netherlands Brain Bank. Data
were analyzed from June 2022 to October 2024.

MAIN OUTCOMES AND MEASURES Aβ pathology was assessed with the Thal phase for Aβ
progression and by determining quantitative Aβ loads (percentage positive area) in the
frontal, parietal, temporal, and occipital neocortices, 3 parahippocampal, and 5 hippocampal
subregions. Aβ pathology was associated with performance on 13 neuropsychological tests
assessing memory, fluency, attention/processing speed, and executive functioning, as well as
4 measures of global cognition.

RESULTS This study evaluated Aβ pathology in 95 centenarians (median age at brain
donation, 103.5 [IQR, 102.3-104.7] years; 71 female [75%] and 24 male [25%]) and 38
patients with AD (median age, 84 [IQR, 78-90] years; 18 female [47%] and 20 male [53%]).
Global cognition parameters were available for all 95 centenarians and complete cognitive
assessment for 72 centenarians (76%). A fraction of the centenarians had no Aβ load (9 of 95
[9%]), most had low Aβ load (53 of 95 [56%]) and, despite high Thal phases, about one-third
(33 of 95 [35%]) had high Aβ load comparable with patients with AD. Centenarians with no or
low Aβ load had significantly higher cognitive performance than centenarians with high Aβ
loads. Higher Aβ loads across all 4 neocortical regions, cornu ammonis 3, cornu ammonis
1/subiculum, and the entorhinal cortex specifically affected executive functioning.
Interestingly, 5 resilient centenarians maintained high cognitive performance despite having
high Aβ loads; they had significantly less tau pathology compared with centenarians with high
Aβ loads and low cognitive performance.

CONCLUSIONS AND RELEVANCE These results indicate that Aβ pathology is not a benign
consequence of aging. Even in the oldest individuals, Aβ and tau pathology interaction was
consistent with the amyloid cascade hypothesis.
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A lzheimer disease (AD) is characterized by cognitive de-
cline, including memory and learning impairment, and
changes in behavior and personality.1 Neuropathologi-

cal hallmarks of AD consist of amyloid-β (Aβ) plaques and
hyperphosphorylated tau proteins accumulated in neurofi-
brillary tangles (NFTs).2 The amyloid-cascade hypothesis
postulates Aβ pathology as an initiator of downstream NFT pa-
thology, neuronal dysfunction and death, and eventually
dementia.3 Aβ can accumulate in plaques, including diffuse
and cored plaques, in vessel walls as cerebral amyloid angi-
opathy (CAA), and in subpial deposition.4,5 The widely
accepted standard for assessing Aβ pathology in the postmor-
tem brain is the Thal phase, which evaluates the progressive
spatiotemporal deposition of Aβ into 5 phases: neocortex
(phase 1), allocortex (phase 2), diencephalon and striatum
(phase 3), brainstem (phase 4), and cerebellum (phase 5).6

Typically, patients with AD have a Thal phase of 3 or
higher, while individuals without dementia younger than
70 years exhibit minimal or no Aβ pathology (Thal phase
lower than 3).6-8 However, with increasing age, the average
Thal phase in individuals without dementia increases and
reaches Thal phases observed in patients with AD, converg-
ing at around 100 years.7,8 These observations suggest
that Aβ pathology may not inevitably lead to neurodegen-
eration and dementia, challenging the amyloid-cascade
hypothesis.9,10 However, whereas the Thal phase reflects
the spatiotemporal progression of Aβ accumulation across
brain regions, it does not consider the actual abundance of
Aβ pathology (ie, Aβ load) in affected regions.

In this study, we quantified Aβ load in 4 neocortical areas,
3 parahippocampal regions, and 5 hippocampal subregions in
the medial temporal lobe (MTL) in 95 centenarians from the
longitudinal 100-plus Study. We examined whether Aβ distri-
bution patterns (Thal phase) and abundance in centenarians
differ from 38 patients with AD, and whether these measures
correlate with cognitive performance close to death. The short
interval between cognitive testing and brain donation, as avail-
able in the 100-plus Study, provides a unique opportunity to
assess whether Aβ pathology in older adults should be con-
sidered a benign consequence of aging.

Methods
The 100-plus Study
The 100-plus Study includes self-reported cognitively
healthy Dutch centenarians (median Mini-Mental State
Examination [MMSE] score at baseline, 26/30; IQR, 23-28).11

At baseline and annual follow-up house visits, we: (1) collect
lifetime history, including educational history; (2) assess
cognitive performance; (3) collect blood samples, allowing
apolipoprotein E (APOE) genotyping (detailed in the
eMethods in Supplement 1); and (4) discuss optional post-
mortem brain donation. The study was approved by the
VUmc Medical Ethics Committee (registration 2016.440)
and followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) reporting guidelines.
All participants provided written informed consent.

Cognitive Assessment of Centenarians
To minimize time between assessment of cognitive
performance11 and neuropathology, we selected cognitive
performance from the last study visit (median time interval,
10 [IQR, 5-13] months). Some test scores were missing due to
sensory or motor difficulties, changes in the test battery over
time, or fatigue, leading to missing scores for the last tests in
the battery. Missing scores were imputed, as previously
described and detailed in the eMethods in Supplement 1.12,13

Aβ pathology was associated with performance on 13 tests with
scores available for more than 50% of centenarians prior to
imputation: Visual Association Test (VAT)14; Rivermead
Behavioral Memory Test immediate and delayed recall15; Con-
sortium to Establish a Registry for Alzheimer's Disease (CERAD)
10-word list immediate and delayed recall16; D-A-T Letter
Fluency and Animal Fluency17; Digit Span backward (DSB)18

and Digit Span forward18; Key Search19; Trail Making Test A and
B20; and Clock Drawing (CD)21 (eTable 1 in Supplement 1). We
included 72 centenarians who had more than 50% of tests and
at least 1 test per domain available prior to imputation. A com-
posite global cognition score was calculated by averaging nor-
malized z scores on the 13 individual tests. Additionally, global
cognition was measured for all 95 centenarians using the
MMSE,22 Researcher Impression of Dementia,11 and ability to
complete the test battery (eMethods in Supplement 1).23

Patients With AD
We compared Aβ pathology between 95 centenarians and 38 pa-
tients with AD obtained from the Netherlands Brain Bank. Pa-
tients with AD were selected based on: (1) clinical dementia di-
agnosis; (2) intermediate or high AD neuropathologic change2;
(3) APOE genotype available; and (4) formalin-fixed paraffin-
embedded tissue available for Aβ load quantification in the neo-
cortical regions or the MTL. Because no AD case had all 4 neo-
cortical regions and the MTL available, 2 independent AD cohorts
were composed: 1 for the neocortex (n = 27) and 1 for the MTL
(n = 11) (eFigure 1A in Supplement 1; Table).

Postmortem Brain Tissue and Neuropathological Evaluation
Brain donation, tissue processing, and neuropathological
evaluation are detailed in the eMethods in Supplement 1 and

Key Points
Question Older individuals without dementia often have Thal
phases for amyloid-beta (Aβ) distribution similar to those
observed in patients with Alzheimer disease; raising the question
whether Aβ pathology in older individuals without dementia is a
benign consequence of aging.

Findings In this observational study of centenarian brains, higher
Aβ loads were associated with lower cognitive performance
measured approximately 10 months prior to brain donation, which
particularly affected executive functioning.

Meaning Accumulation of Aβ should not be regarded as a benign
consequence of aging; these findings support the amyloid-cascade
hypothesis and suggest that therapies aimed at reducing Aβ may
be of relevance for the older population.
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included Thal phase (or the National Institute on Aging—
Alzheimer's Association amyloid score),2,6 Braak NFT stage,24

CERAD neuritic plaques (NP) score,25 Thal CAA stage and
type,5,26 TAR DNA–binding protein (TDP)-43 stage,27 and
hippocampal sclerosis (HS) (eMethods in Supplement 1).

Quantitative Aβ Load
Formalin-fixed paraffin-embedded sections of middle fron-
tal gyrus, inferior parietal lobe, temporal pole, occipital pole
(all 8 μm), and the MTL at the level of the lateral geniculate
nucleus (6 μm) were stained for Aβ (eMethods and eFigure 1A
in Supplement 1), scanned at 20 × magnification (Olympus
VS200 slide scanner and software version 3.3), and analyzed
in QuPath version 0.4.2.28 The MTL was segmented in 5 hip-
pocampal and 3 parahippocampal subregions: dentate gyrus,
cornu ammonis (CA) 4, CA3, CA2, CA1/subiculum, presubicu-
lum, entorhinal cortex (EC), and fusiform gyrus cortex (eFig-
ure 1B, eFigure 2, and eMethods in Supplement 1). In the
neocortical sections, all gray matter was annotated as a single
region of interest (eFigure 1C in Supplement 1). A pixel classi-
fier was trained to accurately detect different types of Aβ dep-
osition with varying intensities (eFigures 1D through H and
eMethods in Supplement 1). Aβ load was calculated as the per-
centage of region of interest positive for Aβ immunoreactiv-
ity (eFigure 3 in Supplement 1) and further categorized into Aβ
negative (0%) or Aβ positive (more than 0%). Moreover, the
centenarian cohort was divided into no, low, or high load using

the minimum observed Aβ load in the frontal cortex of the AD
cohort, the most frequently and severely affected region.

Statistical Analysis
AnalyseswereperformedinRstudioversion4.3.2(PositPBC)and
GraphPad Prism version 10.2.0 (GraphPad Software). Aβ loads in
centenariansandpatientswithADwerecomparedusingKruskal-
WallistestswithDunnmultiplecomparisonsversion1.3.6.χ2 Test
compared APOE genotypes (grouped as protective [ε2/2 and
ε2/3], neutral [ε3/3], or risk increasing [ε2/4 and ε3/4]) across cen-
tenarians with no, low, or high Aβ load, and across centenarians
with no CAA, CAA type 1, or CAA type 2. Associations between
Aβ pathology and cognitive scores were examined using robust
linear regression models (MASS version 7.3-60) to reduce outlier
impact and address nonnormal residuals, with estimated
Pvaluesextractedfrom tvalues(sfsmiscv1.1.19).Modelsweread-
justed for sex, age at death, and education (years). All variables
were normalized to z scores to ensure comparability of regression
coefficients across different associations. Additional models in-
cluded copathologies (Braak NFT stage, TDP-43 stage, and HS)
as covariates, since these are known to associate with cognitive
performanceincentenarians.12 Lastly,resilientcentenarianswere
defined as those with high Aβ load (described above) and cogni-
tionscoresinthetop25%ofallcentenariansinthisstudy(eTable1
in Supplement 1). All P values were corrected for multiple test-
ing using the Benjamini-Hochberg method, significance was set
at P < .05.

Table. Characteristics of the Centenarian and 2 Alzheimer Disease (AD) Cohorts

Characteristic Centenarians AD neocortex AD MTL

No. 95 27 11

Sex, No. (%)

Female 71 (75) 14 (52) 4 (36)

Male 24 (25) 13 (48) 7 (64)

Age at death, y, median (IQR)
[minimum-maximum]

103.5 (102.3-104.7)
[100.4-111.8]

86.0 (79.5-90.5)
[77.0-96.0]

84.0 (71.5-86.0)
[53-100]

NIA-AA amyloid score, median (IQR)
[minimum-maximum]

2 (1-3) [0-3] 3 (3-3) [2-3] 3 (3-3) [2-3]

Thal phase 3 (1-4) [0-5] 5 (5-5) [3-5] 4 (3-5) [3-5]a

Braak NFT stage, median (IQR)
[minimum-maximum]

III (III-IV) [I-V] V (V-VI) [IV-VI] V (IV-VI) [IV-VI]

CERAD-NP score, median (IQR)
[minimum-maximum]

1 (0-2) [0-3] 3 (2-3) [1-3] 3 (2-3) [1-3]

Thal CAA stage, median (IQR)
[minimum-maximum]

1 (1-1) [0-3] 1 (1-2) [1-2] 1 (1-2) [0-2]

Thal CAA type, No. (%)

NA 22 (23) 0 2 (18)

1 46 (48) 15 (56) 6 (55)

2 27 (28) 12 (44) 3 (27)

APOE ε, No. (%)

2/2 2 (2) 0 0

2/3 18 (19) 1 (4) 0

3/3 67 (71) 10 (37) 5 (45)

2/4 2 (2) 0 1 (9)

3/4 6 (6) 12 (44) 3 (27)

4/4 0 4 (15) 2 (18)

Abbreviations: APOE, apolipoprotein
E; CAA, cerebral amyloid angiopathy;
CERAD-NP, Consortium to Establish a
Registry for Alzheimer’s Disease
neuritic plaques score; MTL, medial
temporal lobe; NA, not applicable;
NIA-AA, National Institute on Aging
and Alzheimer Association; NFT,
neurofibrillary tangle.
a The Thal phase was unknown for 4

patients with AD in the MTL cohort,
but could be extrapolated to be 4 or
more based on their NIA-AA amyloid
score of 3. These cases were
excluded from the median and IQR
calculations, which may affect the
cohort’s descriptive statistics.
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Figure 1. Amyloid-Beta (Aβ) Pathology in Centenarians
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Thal amyloid-β (Aβ) phase (A), Thal CAA stage (B), Thal CAA-type (C), and
CERAD-neuritic plaque (NP) score in 95 centenarians (D). Proportion of the
centenarian cohort (n = 95) exhibiting Aβ positivity (Aβ load > 0%) vs Aβ
negativity (Aβ load = 0%) in a given brain region (E). Quantitative Aβ load
across different brain regions. Boxplots illustrate median, IQR, and the
minimum and maximum observed Aβ load values. Kruskal-Wallis tests with
Dunn multiple comparisons test were performed to test differences between
centenarians and patients with Alzheimer disease (AD). Images representative
for the first quartile, median, and third quartile of Aβ load in the frontal cortex in

both the centenarian and AD cohorts are given in eFigure 3 in Supplement 1.
Note that different AD cohorts were used for panel F (n = 27) and panel G
(n = 11) (see the Table). CA1/sub indicates cornu ammonis 1/subiculum; CA2,
cornu ammonis 2; CA3, cornu ammonis 3; CA4, cornu ammonis 4; DG, dentate
gyrus; EC, entorhinal cortex; FG, fusiform gyrus; Presub, presubiculum.
aP � .001.
bP � .05.
cP � .01.
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Figure 2. Majority of the Centenarians Resistant to Alzheimer Disease (AD)–Associated Levels of Amyloid-Beta (Aβ) Load
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Each column represents 1 brain donor and their Aβ load in different brain
regions (A), Thal Aβ phase (B), Thal cerebral amyloid angiopathy (CAA) stage
(C), Thal CAA type (D), Consortium to Establish a Registry for Alzheimer’s
Disease neuritic plaques score (CERAD NP) score (E), and apolipoprotein E
(APOE) genotype (F). Donors were sorted per cohort (centenarians and AD)
and within cohorts on Aβ load in the frontal cortex, or the fusiform gyrus for the
AD cases with missing Aβ load in the frontal cortex. The minimum Aβ load in the
frontal cortex of the AD cohort was set as a threshold, dividing the centenarians
into 9 (9%) centenarians with no Aβ, 53 (56%) centenarians with low Aβ load,

and 33 (35%) centenarians with high Aβ load. The exact Thal phase was
unknown for 4 patients with AD. Based on the National Institute on Aging
amyloid stage being 3, the Thal phase could be extrapolated to be 4 or more. In
this plot, their Thal phase was plotted as 4.5. Gray cells indicate missing Aβ load
information. CAA indicates cerebral amyloid angiopathy; CA1/sub, cornu
ammonis 1/subiculum; CA2, cornu ammonis 2; CA3, cornu ammonis 3; CA4,
cornu ammonis 4; CERAD-NP, Consortium to Establish a Registry for
Alzheimer’s Disease neuritic plaques score; NA, not applicable.
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Results

Aβ Pathology in Centenarians
The 95 centenarians (Table) spanned all Thal phases
(median, 3; IQR, 1-4). Remarkably, only 9 centenarians (9%)
had Thal phase 0, while most had at least some Aβ pathology
(91%) (Figure 1A). CAA was present in 73 centenarians (77%),
mainly at stage 1 (68%; median, 1; IQR, 1-1; Figure 1B), of which
46 centenarians had CAA type 1 (48%) and 27 centenarians had
CAA type 2 (28%) (Figure 1C). Moreover, 54 centenarians had
NPs (57%) (median CERAD-NP score, 1, IQR, 0-2; Figure 1D).

In Aβ-positive centenarians (ie, Thal phase equal to or more
than 1), a similar spatiotemporal distribution of cortical Aβ load
was observed as in patients with AD: Aβ load was the highest
and most frequent in the frontal cortex, followed by the pari-
etal, temporal, and occipital cortices (Figure 1E and F). In the
MTL, Aβ loads were on average 10-fold lower compared with
the neocortex (Figure 1F and G). Specifically, the fusiform gy-
rus and EC (affected in Thal phase 2) were most severely and
frequently affected, followed by CA1/subiculum (phase 2), pre-
subiculum (phase 3), dentate gyrus (phase 3), and CA2 (no de-
fined phase), while CA4 (phase 4) and CA3 (no defined phase)
were rarely affected. All Aβ measures, except CAA type 2,
strongly intercorrelated (eFigure 4 in Supplement 1). Com-
pared with patients with AD, centenarians had lower Aβ loads
across all neocortical and MTL subregions, except in CA2.

Most Centenarians Had Low Aβ Load
Using the minimum Aβ load in the frontal cortex of the AD co-
hort (5.17%) as a threshold, centenarians were divided into those
with (1) no Aβ load (9 of 95 [9%]), (2) low Aβ load (53 of 95 [56%]),

and (3) high Aβ load (33 of 95 [35%]) (Figure 2A). By definition,
centenarians with no Aβ load had Thal phase 0, Thal CAA stage
0, and a CERAD-NP score of 0 (Figure 2B-E). Of the 53 centenar-
ians with low Aβ load, 20 had a Thal phase of 3 or more (38%),
42 had a CAA stage of 1 or more (79%), and 22 had a CERAD-NP
score of 1 or more (42%). Nearly all centenarians with high Aβ
loads had a Thal phase of 3 or more (100%), a CAA stage of 1 or
more (94%), and a CERAD-NP score of 1 7 or more (97%).

APOE genotype (Table) was similarly distributed between
low and high Aβ–load centenarians, but centenarians with no Aβ
load were enriched for protective APOE-ε2 genotypes (Figure 2F;
eTable 2 in Supplement 1). Moreover, centenarians with a pro-
tective APOE-ε2 genotype (n = 20) were either not affected by
CAA (n = 8; 40%) or affected with predominantly CAA type 1
(n = 10; 50%), while all ε4-positive centenarians (n = 8) were af-
fected by CAA type 1 (n = 5; 63%) or CAA type 2 (n = 3; 38%)
(eTable 3 in Supplement 1).

Aβ Pathology Association With Lower Cognitive
Performance in Centenarians
Cognitiveperformancewasavailablefor72centenarians(eTable1
in Supplement 1). Centenarians with no (n = 7) or low (n = 45) Aβ
load had higher executive functioning (DSB and CD) and global
cognition(MMSEandcompositeglobalcognition)comparedwith
centenarians with high Aβ load in the frontal cortex (n = 20;
Figure 3). The median level of cognitive performance was high-
est inthe7centenarianswithnoAβpathology.Similartothefron-
tal cortex, higher Aβ load across the other neocortical regions as-
sociated with lower executive functioning (DSB, CD, and Key
Search tests) and global cognition (composite global cognition,
MMSE, and ability to complete the test battery (Figure 4A;
eFigure 5A and B in Supplement 1 and eTable 4 in Supplement 2).

Figure 3. Lower Cognitive Performance in Centenarians With High Amyloid-Beta (Aβ) Load
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Comparison of cognitive performance between 7 centenarians with no Aβ
pathology, 45 centenarians with low Aβ load, and 20 centenarians with high Aβ
load in the frontal cortex (Figure 2A). Performance on the digit span backward,
clock drawing test, global composite cognition, and Mini-Mental State
Examination (MMSE) were compared between groups with Kruskal-Wallis test
(all P < .05). For the MMSE, all 95 centenarians were included: 9 had no Aβ load,

53 had low Aβ load, and 33 had high Aβ load.
aNot significant.
bP � .05, after Bonferroni correction.
cP � .01, after Bonferroni correction.
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This led to the question of whether memory is more sen-
sitive to hippocampal Aβ load, given that executive function-
ing is specifically sensitive to neocortical Aβ load. However,
similar to the neocortex, hippocampal Aβ load also affected
executive functioning and global cognition. More specifi-
cally, Aβ load in CA1/subiculum and EC was associated with
lower DSB scores, while all 5 centenarians whose CA3 was Aβ
positive performed poorly on the CD, Trail Making Test B, com-
posite global cognition, and MMSE (Figure 4B; eFigure 5C in
Supplement 1). Compared with the other 67 centenarians for
whom cognitive performance was available, these 5 centenar-
ians had higher Thal phase (median 5 vs 2), Braak NFT stage
(median IV vs III), CERAD-NP score (median 2 vs 1), and TDP-43

stage (median 3 vs 0), and higher prevalence of HS (80% vs
17%), while CAA stage and type did not differ (eFigure 4 and
eFigure 6 in Supplement 1).

Traditional staging systems correlated with several of the
tests that associated with Aβ load; higher Thal phase was asso-
ciated with lower CD scores, higher CAA stage was associated
with lower CD and DSB scores, and higher CERAD-NP scores were
associated with lower MMSE scores (Figure 4C; eFigure 7 in
Supplement 1). Centenarians with CAA type 1 (n = 34) had lower
memoryandexecutivefunctioning,asindicatedbytheVAT,DSB,
and CD scores (eFigure 8 in Supplement 1). Intriguingly, having
CAA type 2 (n = 17) associated with higher memory and flu-
ency performance on the VAT, Rivermead Behavioral Memory

Figure 4. Amyloid-Beta (Aβ) Pathology Association With Cognitive Performance in Centenarians
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Test–delayed recall, and Animal Fluency, also when compared
with centenarians without CAA (n = 21).

Associations between lower cognitive performance and
higher Aβ loads in all neocortical regions, CA1/subiculum, and
CA3, as well as higher CAA stages and the presence of CAA type
1, remained after adjusting for copathologies of NFT, TDP-43,
and HS (eFigure 9 in Supplement 1), despite collinearity be-
tween Aβ pathology and these copathologies (eFigure 4 in
Supplement 1). After adjusting for copathologies, the associa-
tions between Thal phase and CERAD score with lower cog-
nitive performance were no longer significant.

Resilience to Aβ Pathology Observed in 5 Centenarians
Intriguingly, 5 of the 20 centenarians with high Aβ load scored
among the top 25% of all 72 centenarians on the DSB, CD,
MMSE, or composite global cognition (Figure 3; eTable 5
in Supplement 1). Compared with the 15 centenarians
with high Aβ load and lower cognition, these resilient cente-
narians had significantly lower Braak NFT (median III vs IV;
P = .05) and TDP-43 stages (median 0 vs 2; P = .05), as well as
depletion of CAA type 1 (20% vs 93%) and enrichment of CAA
type 2 (60% vs 7%; P = .01). The resilient and affected cente-
narians had comparable Thal phase, Aβ load in the frontal cor-
tex, CERAD-NP score, Thal CAA stage, HS, APOE genotype, age
at death, sex, and education. Interestingly, the time between
cognitive assessment and brain donation was significantly
shorter for resilient centenarians than for affected centenar-
ians (8 months vs 12 months; P = .05).

Discussion
In this study, we demonstrate that accumulation of Aβ
pathology in the centenarian brain is not a benign conse-
quence of aging. Two-thirds of the centenarians had no or
negligible Aβ loads, in some cases despite high Thal phases,
and maintained high cognitive performance. Overall, higher
Aβ loads, especially in the neocortex, were associated with
lower performance on executive functioning and global cog-
nition, also when accounting for copathologies. Only 5 cen-
tenarians maintained high levels of cognitive performance,
despite having high Aβ loads, but these individuals had
lower levels of tau pathology.

Our results suggest that executive functioning may
be particularly sensitive to Aβ accumulation. This aligns
with previous associations between Aβ accumulation,
determined by cerebrospinal fluid or positron emission
tomography, and lower executive functioning in younger
cohorts without dementia.29-31 These studies suggested that
Aβ-related decline in executive functioning precedes tau-
related decline in memory,30,31 possibly through changes in
myelin,32 loss of synaptic proteins,33 or alternations in net-
work connectivity.31 Mouse models demonstrated that
Aβ accelerates tau pathology and neuronal death, with Aβ
maturation influencing disease progression.34,35 This
mechanism was recently confirmed in patients with AD, in
which Aβ was found to promote tau spreading via neuronal
hyperconnectivity.36

It is intriguing that hippocampal Aβ load, especially in
the CA3 subregion, was associated with executive function-
ing rather than memory, as might be expected given the hip-
pocampus’s function.37 Given the strong correlation
between neocortical and hippocampal Aβ load, we cannot
exclude that advanced neocortical Aβ accumulation drives
the association between hippocampal Aβ load and lower
executive functioning. Moreover, levels of NFT, TDP-43,
and HS copathologies correlated with Aβ pathology, such
that they may have contributed to changes in cognitive
performance.12 Nevertheless, the association between
Aβ load and cognitive performance remained after adjusting
for copathologies, which may suggest that Aβ indepen-
dently affects cognition. However, this should be inter-
preted with caution, given that Aβ has been shown to have a
disease-modifying role, for example through accelerating
tau pathology.38-40 This is supported by the 5 resilient
centenarians who maintained high levels of cognition
despite high Aβ loads; they had lower NFT- and TDP-43
stages. Further studies should determine whether these
centenarians were assessed just before the initiation of
advanced tau-accumulation, as suggested by the shorter
time between cognitive testing and brain donation, or if
they are resilient to high Aβ loads through other, potentially
genetic, mechanisms that provide resistance against
advanced tau pathology.

NPS and CAA, specifically CAA type 1 involving capillar-
ies, also correlated with lower cognitive performance, sug-
gesting that these pathologies may contribute to the overall as-
sociation between Aβ load and lower cognitive performance.
Our observation that noncapillary CAA type 2 was associated
with higher cognitive performance, even compared with ab-
sence of CAA, contradicts studies linking CAA of any type to
cognitive decline at old age.41,42 Assuming that CAA type 2 it-
self is not protective, we speculate that it may reflect ongoing
Aβ drainage, as suggested by the increase in CAA following an-
tiamyloid immunotherapies.43,44 In contrast to CAA type 1,
which strongly correlated with increased levels of nearly all
neuropathological substrates, CAA type 2 did not correlate with
neuropathology, suggesting that it may be a benign or even a
protective feature of healthy aging. Contradicting previous re-
ports, CAA type 1 was enriched among APOE-ε2 carriers, sug-
gesting a potential differential interaction between APOE geno-
types and CAA type in centenarians compared with younger
cohorts.26,45,46 This warrants further investigations, espe-
cially given the growing attention to the role of APOE on the
adverse effects of antiamyloid immunotherapies.47

Limitations
In this study, we used the 6F/3D antibody to visualize Aβ
pathology, ensuring consistency with standard protocols
of the Netherlands Brain Bank for assessment of Aβ pathol-
ogy and Thal phase throughout the years. Although the 4G8
antibody is recommended for Thal phase assessment
and has higher immunoreactivity for diffuse plaques,6,48-50

6F/3D has been shown to yield similar Thal phases as 4G8,48

and we observe a substantial amount of diffuse plaques
(eFigure 1E and eFigure 3 in Supplement 1). Second, in
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determining Aβ loads, we did not consider specific Aβ
isoforms (eg, Aβ40, Aβ42), plaque maturation (eg, AβN3pE,
AβpSer8),51 or different types of Aβ depositions (eg, CAA,
cored plaques, diffuse plaques), which may differentially
affect cognitive performance. Therefore, future studies
should address this, especially in light of therapeutics that
target specific Aβ isoforms, such as donanemab targeting
AβN3pE.52 Third, we acknowledge that collinearity among
Aβ loads and the loads of copathologies, rather than staging,
may affect the associations between Aβ pathology and
cognitive performance. Braak NFT stage and TDP-43 stage
strongly correlated with cognition in centenarians,12

suggesting that determining quantitative loads of copathol-
ogy in different brain regions might not change the results.
Nevertheless, future studies should use mediation analysis
to disentangle their independent and synergistic effects
on cognitive decline. Lastly, to ensure that our results
would not be skewed toward cognitive status of the
best-performing centenarians, we used the multiple impu-
tation by chained equations imputation method to account
for missing cognitive data for those centenarians who
did not finish the test battery. This is widely accepted to
account for missing neuropsychological data, particularly in
the context of AD research.53,54

Conclusions

Overall, our findings indicate that accumulation of Aβ
pathology should not be considered a benign consequence
of aging, and that keeping Aβ load within limits is a
hallmark of maintained cognitive health until extreme ages.
Increased levels of Aβ load specifically affected the execu-
tive functioning domain, which aligns with observations
in younger cohorts, suggesting that the pathophysiology
underlying Aβ–associated cognitive decline is preserved
with increasing age. Only a small fraction of centenarians
maintained high cognitive abilities, despite having high lev-
els of Aβ pathology: these had significantly lower levels of
NFTs and TDP-43 compared with centenarians with high Aβ
load and lower cognitive abilities. The few centenarians in
whom Aβ pathology reached even the CA3 subregion of the
hippocampus had higher NFT stages and lower cognitive
performance. These findings suggest an interaction
between Aβ and NFT pathologies, consistent with the amy-
loid cascade hypothesis. Taken together, our results demon-
strate that higher levels of Aβ pathology affect cognition
and suggest that emerging therapies aimed at reducing Aβ
accumulation may also benefit the oldest of the old.
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