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Abstract
Background and Objectives
Amyloid pathology, vascular disease pathology, and pathologies affecting the medial temporal
lobe are associated with cognitive trajectories in older adults. However, only limited evidence
exists on how these pathologies influence cognition in the oldest old. We evaluated whether
amyloid burden, white matter hyperintensity (WMH) volume, and hippocampal volume (HV)
are associated with cognitive level and decline in the oldest old.

Methods
This was a longitudinal, observational community-based cohort study. We included partici-
pants with 18F-florbetapir PET and MRI data from the 90+ Study. Amyloid load was measured
using the standardized uptake value ratio in the precuneus/posterior cingulate with eroded
white matter mask as reference. WMH volume was log-transformed. All imaging measures were
standardized using sample means and SDs. HV and log–WMH volume were normalized by
total intracranial volume using the residual approach. Global cognitive performance was
measured by the Mini-Mental State Examination (MMSE) and modified MMSE (3MS) tests,
repeated every 6months. We used linear mixed-effects models with random intercepts; random
slopes; and interaction between time, time squared, and imaging variables to estimate the
associations of imaging variables with cognitive level and cognitive decline. Models were
adjusted for demographics, APOE genotype, and health behaviors.

Results
The sample included 192 participants. The mean age was 92.9 years, 125 (65.1%) were female,
71 (37.0%) achieved a degree beyond college, and the median follow-up time was 3.0 years. A
higher amyloid load was associated with a lower cognitive level (βMMSE = −0.82, 95% CI −1.17
to −0.46; β3MS = −2.77, 95% CI −3.69 to −1.84). A 1-SD decrease in HV was associated with a
0.70-point decrease in the MMSE score (95% CI −1.14 to −0.27) and a 2.27-point decrease in
the 3MS score (95%CI −3.40 to −1.14). Clear nonlinear cognitive trajectories were detected. A
higher amyloid burden and smaller HV were associated with faster cognitive decline. WMH
volume was not significantly associated with cognitive level or decline.

Discussion
Amyloid burden and hippocampal atrophy are associated with both cognitive level and cog-
nitive decline in the oldest old. Our findings shed light on how different pathologies contributed
to driving cognitive function in the oldest old.
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Introduction
As the general population ages, the number of the oldest old,
individuals older than 90 years, is rapidly increasing.1 The
oldest old are particularly vulnerable to cognitive decline,
dementia, and disability,2-5 which can lead to functional im-
pairments and decreased quality of life and become a signif-
icant concern for public health. Therefore, understanding the
factors that contribute to cognitive decline in this population
is important.

Extracellular β-amyloid is present in Alzheimer disease (AD),
and its deposition is hypothesized to set off a cascade of
pathologic changes. Previous studies have reported that am-
yloid burden is associated with poorer cognition, faster cog-
nitive decline, and higher risk of dementia.6-9 White matter
hyperintensities (WMHs), which are thought to show areas of
cerebral small vessel disease, are commonly seen in the oldest
old.10,11 The causes of WMH observed on MRI are heter-
ogenous, and the clinical symptoms are for the most part only
weakly correlated with volume of WMH.11 For example, it
was shown that volume of WMH is associated with worse
cognitive function but the magnitude of association was
weak.10,12 Age-related hippocampal atrophy, which can be
due to a variety of pathologic processes but is not specific to
any single one, occurs with increasing age and is also related to
cognitive decline.13,14

Extensive research has demonstrated amyloid and vascular
pathologies, along with consequent neurodegeneration, to be
associated with cognitive decline in younger populations.15-17

While not exclusively focused on the oldest old, several pre-
vious studies have established clear relationships of amyloid
pathology and MRI volumetric measures with cognition in
older adults aged 75+ or 80+.18-22 For example, a previous
study found that both global AD pathology and hippocampal
atrophy, derived from postmortem neuropathologic examina-
tion and MRI scans, were associated with accelerated cognitive
decline among older adults with an average age of 80.4 years
at baseline and of 90.4 years at death.19 However, it has been
suggested that the associations between brain neuropathologies
and cognition become weaker with increasing age,23 and it is
not entirely clear how these associations will manifest in the
oldest old aged beyond 90 years. In addition, evidence is limited
on how different pathologies interact with each other in re-
lation to cognitive trajectories in this population. Only 1 pre-
vious study (n = 122), a cross-sectional analysis of data from the
Innovative Medicine Initiative European Medical Information

Framework for AD (EMIF-AD) 90+ Study in the Netherlands,
examined the association of amyloid aggregation, WMH vol-
ume, and hippocampal atrophy with cognition in the oldest
old.24 Furthermore, research on nonlinear cognitive trajectories
in the oldest old and their relationships with these pathologies
remains relatively unexplored.

In this article, we use longitudinal data from the 90+ Study in
the United States, to evaluate whether amyloid burden,WMH
volume, and hippocampal volume (HV) are associated with
cognition at baseline or associated with the rate of cognitive
decline. We also evaluated interactions between these differ-
ent imaging variables and considered potential nonlinear
cognitive trajectories because the rate of cognitive declinemay
increase with advancing age.25

Methods
Study Population
The 90+ Study is an ongoing longitudinal study of aging and
dementia in individuals aged 90 years and older. Participants
were originally recruited from survivors from the Leisure
World Cohort Study (LWCS) in 2003.26 Open recruitment
for oldest-old participants beyond the LWCS who had no
contraindications to brain imaging and resided within 100
miles of the study location was subsequently initiated through
community outreach, earned media, direct mailings, and re-
ferrals.27 In this study, we included participants who had 18F-
florbetapir PET andMRI imaging completed within 6months
of each other.

Standard Protocol Approvals, Registrations,
and Patient Consents
The 90+ Study and its imaging substudy were approved by the
Institutional Review Board of the University of California,
Irvine. All participants provided written informed consent to
participate in the studies.

MRI Acquisition and Processing
All participants were scanned using the same GE Discovery
750 W 3T scanner (General Electric Healthcare, Waukesha,
WI). The protocol included a 3D T1-weighted inversion re-
covery fast-spoiled gradient recalled echo sequence based on
the Alzheimer’s Disease Neuroimaging Initiative 3 protocol,
acquired with a 1-mm isotropic resolution, with an echo time
(TE) of 4 milliseconds, a repetition time (TR) of 10 milli-
seconds, an inversion time (TI) of 400 milliseconds, and a flip
angle of 11°. The protocol also included a 2D fluid-attenuated

Glossary
3MS =modifiedMMSE;AD = Alzheimer disease;CIND = cognitive impairment-no dementia; EMIF-AD = EuropeanMedical
Information Framework for AD; HV = hippocampal volume; LWCS = Leisure World Cohort Study; MMSE = Mini-Mental
State Examination; SUVr = standardized uptake value ratio; TE = echo time; TI = inversion time; TIV = total intracranial
volume; TR = repetition time; WMH = white matter hyperintensity.
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inversion recovery sequence, acquired with 5-mm slices, a TE
of 137 milliseconds, a TR of 11,000 milliseconds, and a TI of
2,250 milliseconds. Hippocampal volumes were estimated
using an atlas-based diffeomorphic registration approach,28

and WMH volumes were calculated using the Bayesian proba-
bilistic approach.29 WMH volume was log-transformed to nor-
malize variance. All imaging measures were standardized by
calculating the Z-scores using the sample means and SDs. HV
and log–WMH volume were normalized by total intracranial
volume (TIV) using the residual approach to correct for differ-
ences in cranium size.30 That is, we first regressed log–WMH
volume and HV against TIV and then used residuals from the
first regression model as the TIV-corrected volumes.

Amyloid PET Acquisition and Processing
All participants were scanned using the same ECAT high-
resolution research tomograph (CTI/Siemens, Knoxville,
TN) PET scanner. Participants were administered 10 mCi
(370 MBq) of 18F-florbetapir and scanned using two
5-minute emission frames from 50 to 60 minutes after in-
jection, followed by a 5-minute transmission scan that was
used for attenuation correction. PET scans were recon-
structed using 4 iterations of the 3D ordinary Poisson ordered
subset expectation maximization algorithm with 5-mm
smoothing. The 2 frames were realigned, averaged, and reg-
istered to a common amyloid PET atlas using diffeomorphic
registration. Additional 6-mm 3D Gaussian smoothing was
applied, and standardized uptake value ratios (SUVrs) were
calculated using a region consisting of the posterior cingulate
and precuneus, normalized to an eroded white matter mask.31

The precuneus and posterior cingulate regions were selected
for our SUVr calculation because (1) these are areas of early
accumulation of amyloid; (2) global atrophy is considerable in
this population and these regions are often affected at later
stages of AD; and (3) our preliminary work had suggested
that SUVrs calculated using this region had a high sensitivity
and specificity for amyloid stage found at autopsy.32 SUVr was
also standardized using the sample mean and SD.

Clinical and Cognitive Assessment
Participants were followed longitudinally with assessments
every 6 months on average. At each assessment, participants
completed neurologic evaluation administered by a trained
physician or nurse practitioner and a neuropsychological test
battery.33 Global cognitive performance was measured by the
Mini-Mental State Examination (MMSE) and modified
MMSE (3MS) tests.34 Based on the global cognitive perfor-
mance and functional assessment in the neurologic evalua-
tion, examiners assessed the cognitive status of participants
applying Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition criteria.35 Participants without dementia were
classified as normal or cognitively impaired, no dementia
(CIND).

Assessment of Covariates
We controlled for covariates considered as potential con-
founders, which plausibly influence both imaging biomarkers

and cognition. We conceptualized 3 sets of covariates. Our
“base model” included age, sex (female or male), and race/
ethnicity (White or other). Our “intermediate model” was
further adjusted for the number of APOE-e4 alleles (0, 1, or 2)
and education (lower than college, some college or a college
degree, and beyond a college degree). In fully adjusted
models, we further controlled the history of depression, hy-
pertension, diabetes, stroke, high cholesterol, and heart
disease.

Statistical Analyses
The study baseline was defined as the time of the closest visit
to theMRI scan. To assess the association of imaging variables
with cognitive level and rate of cognitive decline, we fit linear
mixed-effects models with random intercepts and slopes.
Because the time intervals between consecutive visits varied
and were not necessarily exactly 6 months, we used follow-up
time since baseline in years as the time scale. All models were
adjusted for practice effects using an indicator for the first visit.
A linear, quadratic, or cubic term for time was selected based
on the likelihood-ratio test. For both outcomes (MMSE and
3MS), the model including both quadratic time effect and
quadratic interactions with imaging measures conferred a
better fit based on the likelihood-ratio test. Therefore, a linear
mixed model with time, quadratic time, amyloid, WMH vol-
ume, HV, interactions between both linear and quadratic time
and imaging variables, and covariates with random intercepts
and random slopes for both linear and quadratic time was
used in the primary analysis. The estimates of imaging vari-
ables represent their effect on cognitive level. The estimates of
interactions between time and imaging variables reflect their
effect on longitudinal cognitive trajectories. We tested for the
presence of longitudinal effects using likelihood-ratio tests. In
addition, we performed an additional analysis to examine the
interactions between imaging variables that are significantly
associated with cognitive decline.

To better understand the relationship among the imaging
variables, we calculated the Spearman correlation coefficient
for each pair. In addition to the model with all imaging vari-
ables in the same model, we separately estimated the associ-
ation for each imaging variable in our secondary analyses.

We conducted 4 sensitivity analyses. First, we considered
different TIV normalization approaches for volumetric mea-
sures to investigate the robustness and potential impact of
normalization for regional volumes.36 In addition to the re-
sidual approach adopted in the primary analysis, we also
considered the adjustment approach that adjusted for TIV as a
covariate in the regression model examining associations be-
tween imaging measures and cognition. Second, we also
assessed the influence of model specification by only in-
cluding a term for linear time. Third, we excluded 12 partic-
ipants who had dementia at baseline. Finally, we stratified the
primary analysis in participants with high and low levels of
amyloid burden, defined by the top and bottom 50th
percentile.

Neurology.org/N Neurology | Volume 103, Number 3 | August 13, 2024
e209665(3)

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.n
eu

ro
lo

gy
.o

rg
 b

y 
U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a-

-I
rv

in
e 

on
 3

 O
ct

ob
er

 2
02

4

http://neurology.org/n


All statistical analyses were performed using R version 4.2.1.
Linear mixed models were fit using R package lme4.

Data Availability
Qualified researchers who meet the criteria for access to
deidentified data from the 90+ Study can obtain access to all
deidentified data used for this study.37

Results
Study Sample Characteristics
Demographic and imaging measures at baseline are presented
in Table 1. Participants (n = 192) had an average age of 92.9
years, 125 (65.1%) were female, and 71 (37.0%) achieved a
degree beyond a bachelor’s degree. Participants completed a
median of 5 visits (a total sample of 1,090 observations) over
a median of 3.0 years of follow-up. Overall, 123 participants
(64.1%) had normal cognition at baseline, 57 (29.7%) had
CIND, and 12 (6.3%) had a diagnosis of dementia. 23 par-
ticipants (11.0%) had at least 1 APOE e4 allele while 15
participants (7.8%) did not provide genetic data. These par-
ticipants were more likely to have CIND at baseline and had
shorter follow-up time (eTable 1).

Associations of Amyloid Burden,WMHVolume,
and HV With Cognitive Level
Neuroimaging and cognitive associations are presented in
Table 2. Details on the model selection for a linear, quadratic,
or cubic term for time variables are shown in eTable 2. A
higher amyloid burden was associated with lower cognitive
scores (βMMSE = −0.82, 95% CI −1.17 to −0.46; β3MS = −2.77,
95% CI −3.69 to −1.84). A 1-SD decrease in HV was asso-
ciated with a 0.70-point decrease in the MMSE score (95% CI
−1.14 to −0.27) and a 2.27-point decrease in the 3MS score
(95% CI −3.40 to −1.14). WMH volume was not associated
with cognitive level (βMMSE = −0.18, 95% CI −0.52 to 0.16;
β3MS = −0.40, 95% CI −1.29 to 0.50).

Associations of Amyloid Burden,WMHVolume,
and HV With Cognitive Decline
To better illustrate nonlinear effects of imaging measures,
predicted cognitive trajectories for a 92.9-year-old (sample
mean) woman with a college degree (most frequent cate-
gories) at varying degrees of amyloid load,WMH volume, and
HV are shown in Figure 1. A clear nonlinear pattern in cog-
nitive trajectories was detected by the model selection pro-
cedure. Longitudinally, a higher amyloid burden and smaller
HV were associated with a faster decline in both MMSE
and 3MS (Table 2, Figure 1). By contrast, WMH volume
was not associated with the rate of cognitive decline. In the
additional analysis of interaction effect between amyloid
load and HV using the likelihood-ratio test, we did not find
statistically significant 3-way interactions of amyloid, HV,
and time variables (χ2MMSE = 6.19, p-value = 0.10; χ

2
3MS =

3.24, p-value = 0.36), suggesting that the effects of amyloid
or HV on cognitive decline might be independent of each
other.

Secondary Analyses
Amyloid burden was positively associated with WMH
volume, but the magnitude was small (Spearman r = 0.18,
p-value = 0.01; Figure 2). WMH volume was negatively
associated with HV (Spearman r = −0.15, p-value = 0.04).
We did not find significant correlation between amyloid
burden and HV (Spearman r = 0.02, p-value = 0.75). As-
sociations of each imaging variable with cognitive level and

Table 1 Demographic, Clinical, and Pathologic
Characteristics of the Analytical Sample at
Baseline

Characteristic N (%)a

Age, y, mean (SD) 92.9 (2.6)

Sex

Female 125 (65.1)

Male 67 (34.9)

Education

Lower than college 41 (21.4)

College degree 80 (41.7)

Beyond a college degree 71 (37.0)

No. of APOE «4 alleles

0 154 (80.2)

1 20 (10.4)

2 3 (1.6)

Missing 15 (7.8)

Race/ethnicity

White 178 (92.7)

Other 14 (7.3)

Cognitive status

Normal 123 (64.1)

CIND 57 (29.7)

Dementia 12 (6.3)

Follow-up time, y, median (interquartile) 3.0 (1.2–4.2)

No. of cognitive visits, median (interquartile) 5 (3–8)

SUVr, mean (SD) 0.76 (0.07)

WMH,b mean (SD) 15.7 (14.8)

Log-WMH, mean (SD) 2.2 (1.4)

HV,b mean (SD) 5.6 (0.7)

TIV,b mean (SD) 1,170.8 (123.7)

Abbreviations: CIND = cognitive impairment, no dementia; HV = hippo-
campal volume; SUVr = standardized uptake value ratio; TIV = total in-
tracranial volume; WMH = white matter hyperintensity.
a Percentages may not sum to 100 because of rounding.
b Unit is mm3.

Neurology | Volume 103, Number 3 | August 13, 2024 Neurology.org/N
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cognitive decline in separate models were similar to those
in the same model: Only amyloid burden and HV were
significantly associated with cognitive level and cognitive
decline (Table 3).

Sensitivity Analyses
Alternative TIV normalization approaches did not sub-
stantially change the results (eTable 3). We found that re-
sults were comparable with a linear term for time only
(eTable 4, eFigure 1). Only amyloid burden and HV were
significantly associated with cognitive decline (βMMSE =
−0.68, 95% CI −1.03 to −0.33 and β3MS = −2.22, 95% CI
−3.20 to −1.44 for amyloid load; βMMSE = 0.59, 95% CI
0.24–0.94 and β3MS = 1.97, 95% CI 0.99–2.95 for HV;
eTable 4). After we excluded participants with dementia
at the baseline neurologic evaluation, the associations
remained similar (eTable 5). Among participants with high
levels of amyloid burden, amyloid burden was associated
with lower MMSE and 3MS scores (βMMSE = −1.39, 95% CI
−2.23 to −0.55 and β3MS = −4.62, 95% CI −7.01 to −2.23)
and a faster decline in the 3MS score (eTable 6, eFigure 2).
However, among participants with low levels of amyloid
burden, these associations attenuated to null.

Discussion
In this study, we evaluated the association between 3 imaging
measures and cognitive function at the time of imaging and
cognitive trajectories in an oldest-old cohort. We found that
amyloid burden and hippocampal atrophy were both associ-
ated with worse cognition and faster cognitive decline, al-
though we did not detect statistically significant associations
between volume of WMH and cognition. The association
between amyloid and cognition was likely driven by high
levels of amyloid burden.

Our results for amyloid burden and HV are consistent with
previous studies describing the links of amyloid aggregation
and hippocampal atrophy with cognition among the oldest
old. Previous work found that amyloid abnormality, as defined
by amyloid-β positivity, was associated with a decline in
cognitive functioning, especially memory and processing
speed.38 This suggests that elevated levels of brain amyloid
could negatively affect cognitive aging even in the oldest old.
In a previous publication, also using data from the 90+ Study,
the authors showed a negative association between hippo-
campal atrophy and rate of cognitive decline while assuming

Table 2 Parameter Estimates of the Linear Mixed-Effects Model for the Effect of Time and Imaging Biomarkers on
Cognitive Level and Cognitive Decline

MMSE 3MS

Base model
(n = 192)

Intermediate model
(n = 177)

Full model
(n = 174)

Base model
(n = 191)

Intermediate model
(n = 177)

Full model
(n = 174)

Estimate
(SE) p Value

Estimate
(SE) p Value

Estimate
(SE) p Value

Estimate
(SE) p Value

Estimate
(SE) p Value

Estimate
(SE) p Value

Linear time −0.26 (0.18) 0.14 −0.11 (0.17) 0.54 −0.10 (0.16) 0.53 −0.57 (0.49) 0.25 −0.22 (0.49) 0.66 −0.35 (0.48) 0.48

Quadratic time −0.17 (0.05) <0.01 −0.20 (0.05) <0.01 −0.21 (0.04) <0.01 −0.56 (0.16) <0.01 −0.63 (0.16) <0.01 −0.59 (0.15) <0.01

Baseline age −0.15 (0.07) 0.03 −0.16 (0.07) 0.02 −0.12 (0.07) 0.09 −0.23 (0.18) 0.21 −0.34 (0.17) 0.05 −0.24 (0.17) 0.17

Amyloid −0.64 (0.18) <0.01 −0.73 (0.18) <0.01 −0.82 (0.18) <0.01 −2.24 (0.48) <0.01 −2.53 (0.47) <0.01 −2.77 (0.47) <0.01

WMH −0.09 (0.18) 0.60 −0.10 (0.17) 0.55 −0.18 (0.17) 0.30 −0.27 (0.48) 0.58 −0.21 (0.45) 0.65 −0.40 (0.45) 0.38

HV 0.96 (0.18) <0.01 0.81 (0.17) <0.01 0.70 (0.18) <0.01 3.00 (0.48) <0.01 2.43 (0.46) <0.01 2.27 (0.47) <0.01

Amyloid × linear
time

0.19 (0.16) <0.01 0.15 (0.15) <0.01 0.12 (0.14) <0.01 0.59 (0.43) <0.01 0.61 (0.43) <0.01 0.59 (0.41) <0.01

Amyloid ×
quadratic time

−0.15 (0.05) −0.14 (0.05) −0.14 (0.04) −0.48 (0.15) −0.47 (0.15) −0.47 (0.15)

WMH× linear time −0.08 (0.14) 0.67 −0.09 (0.13) 0.63 −0.12 (0.12) 0.44 −0.28 (0.38) 0.59 −0.34 (0.37) 0.53 −0.42 (0.36) 0.49

WMH ×
quadratic time

0.00 (0.04) 0.00 (0.04) 0.02 (0.03) 0.01 (0.13) 0.04 (0.13) 0.08 (0.12)

HV × linear time 0.15 (0.15) 0.02 0.07 (0.14) 0.02 0.05 (0.13) 0.01 1.06 (0.42) <0.01 0.76 (0.42) <0.01 0.69 (0.41) <0.01

HV × quadratic
time

0.06 (0.05) 0.08 (0.04) 0.09 (0.04) 0.05 (0.15) 0.11 (0.15) 0.17 (0.14)

Abbreviations: 3MS = modified MMSE; HV = hippocampal volume; MMSE = Mini-Mental State Examination; SE = standard error; WMH = white matter
hyperintensity.
The base model included time, time squared, amyloid, WMH volume, HV, and interactions between both linear and quadratic time and imaging biomarkers,
baseline age, sex, and race/ethnicity. The intermediate model further controlled for APOE genotype and education. The full model further adjusted for
hypertension, diabetes, stroke, depression, high cholesterol, and heart disease. p Values for interaction between each imaging variable and linear and
quadratic time variables were obtained from the likelihood-ratio test.
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linear decline rates.39 In addition, a previous study in-
vestigated the determinants of cognitive functioning in the
EMIF-AD 90+ Study and found that both amyloid burden
and hippocampal atrophy were linked to lower cognitive
level.24 Our results expand on these findings in a sample larger
than the combined previous samples, with longer follow-up,
and we also examined interactions between neuroimaging
measures in relation to cognitive decline. Our findings in-
dicate that amyloid pathology is linked to cognitive decline in
this population and hippocampal atrophy is still associated
with cognitive decline even when accounting for amyloid
pathology. In addition, we found no evidence for an in-
teractive effect between amyloid burden and hippocampal
volume on cognition, suggesting that hippocampal volume
may influence cognition independently of amyloid pathology.
Together with the fact that amyloid burden and hippocampal
volume were not correlated in our sample, this suggests hip-
pocampal atrophy may be attributable to aging processes and
other pathologies beyond amyloidosis.40 Furthermore, we
found that among those with low amyloid levels, there was no
significant association between amyloid burden level and
cognition. This likely indicates that the participants in this
group were “amyloid negative” and likely also had lower levels
of tau. Given that high amyloid burden is potentially associ-
ated with underlying tau burden,41 this underscores the po-
tential significance of tau pathology in the relationship
between amyloid and cognition.

However, WMH volume did not have an association with
either cognitive level or cognitive decline, which is in-
consistent with some previous studies.24,39 For example, a
previous study found an association of WMH with cognitive
decline in the oldest old, albeit with a less pronounced

predictive effect compared with younger population.39 This
discrepancy may be attributed to a larger sample compared
with the previous work39 and potentially weaker associations
betweenWMH volume and cognitive outcomes in the oldest-
old population than in younger populations.10 Thus, it is still
unclear whether previous studies detected a causal relation-
ship, systematic study biases, or chance. Furthermore, it has
been shown that the significance of WMH varies based on the
length of follow-up time. A recent meta-analysis focusing on
cognitively normal populations found that only meta-
analyzed estimates from studies with long (more than 5
years) follow-up demonstrated a significant association and
the effect size was greater than in studies with short follow-up
periods.42 This suggests the importance of conducting studies
with extended follow-up durations when investigating the
impact ofWMHon cognition. In addition, the limited variability
of WMH volume within our analytical sample (Figure 2) might
also explain the lack of an association between WMH volume
and cognition because our assessment ofWMHvolumemay not
capture the full spectrum of cerebrovascular disease burden and
pathology and their impacts on cognitive function. Finally, given
that our sample consists of individuals aged 90 years and older, it
is possible that these individuals have high cognitive reserve,
which could potentially mask the association between WMH
volume and cognition.

This study contributes to the growing body of literature on
the neurobiological determinants of cognition in the oldest
old. The longitudinal design and the inclusion of multiple
imaging measures of the 90+ Study allowed us to study
complex relationships between brain imaging measures and
cognition in this vulnerable age group. Our findings may
provide insights for future research on identifying potential

Figure 1 Cognitive Trajectories for a 92.9-Year-Old (Mean Age)WomanWith a College Degree Predicted at VaryingDegrees
of Amyloid Load, WMH Volume, and HV

3MS = modified MMSE; HV = hippocampal volume; MMSE = Mini-Mental State Examination; WMH = white matter hyperintensity. Solid vs dashed lines
differentiate low vs highWMHvolume. Blue and red colors represent low and high amyloid burden. Dark and light shades denote high and lowHV. All models
included time, time squared, amyloid,WMH volume, HV, and interactions between both linear and quadratic time and imaging biomarkers, baseline age, sex,
APOE genotype, race/ethnicity, education, hypertension, diabetes, stroke, depression, high cholesterol, and heart disease.
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targets for interventions aimed at enhancing cognitive func-
tion and reducing cognitive decline in the oldest old.

Our study has several limitations. First, although we have a
relatively large cohort compared with previous studies, our
sample size and follow-up time are modest. Future studies
with larger sample sizes and longer follow-up are warranted to
replicate our findings, especially for evaluating associations
between WMH volume and cognition. Furthermore, we only
focused on cross-sectional associations of imaging measures
because we did not have longitudinal measures for amyloid
burden, WMH volume, and HV. Future studies with longi-
tudinal data on imaging measures will provide insights into
the temporal ordering of the changes in brain structure and
cognitive decline as well as the complex interplay between
different factors in cognitive aging. In addition, we did not
include CSF, plasma, or PET data on tau burden, which is an

important factor in the association between amyloid and
cognition. Future studies should consider tau pathology and
investigate the interplay between 2 hallmark pathologies of
AD in cognitive decline. Finally, our study predominantly
involves individuals of White race/ethnicity with relatively
high levels of education and likely high socioeconomic status.
Consequently, the generalizability of our findings may be
constrained. It is crucial for future research to include more
diverse populations to enhance the external validity of our
findings.

In this longitudinal study, we found significant nonlinear as-
sociations of amyloid burden and hippocampal atrophy with
cognitive trajectories. Our findings shed light on how different
pathologies contributed to driving cognitive function in the
oldest old, providing a foundation for future research aimed at
improving cognitive health in this population.

Figure 2 Correlation Among Amyloid Load, WMH Volume, and HV

HV = hippocampal volume; WMH = white matter hyperintensity.
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