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Objective: Some individuals demonstrate greater cognitive resilience—the ability to maintain cognitive performance
despite adverse brain-related changes—through as yet unknown mechanisms. We examined whether cortical thickness
in several brain regions confers resilience against cognitive decline in amyloid-positive adults by moderating the effects
of thinner cortex in Alzheimer's disease (AD)-related brain regions and of higher levels of tau.
Methods: Amyloid-positive participants from the Alzheimer's Disease Neuroimaging Initiative with relevant imaging
data were included (n = 160,
observations = 473). Risk factors included an AD brain signature and cerebrospinal fluid phosphorylated tau. Cognitive
measures were episodic memory and executive function composites. Mixed effects models tested whether region-
specific cortical thickness moderated relationships between markers of AD risk and memory or executive function.
Results: Cross-sectionally, thicker cortex in 8 regions minimized the negative impact of thinner cortex/smaller volume
in AD signature regions on executive function. Longitudinally, higher baseline thickness in a composite of these
8 regions predicted less memory decline (p = 0.007) and weakened negative effects of phosphorylated tau on memory
decline (p = 0.014), independent of baseline cognition and risk markers.
Interpretation: We identified 8 cortical regions that appear to confer cognitive resilience cross-sectionally and longitu-
dinally in the face of established indicators of AD pathology. Brain regions fostering executive function may enable
compensation in later memory performance and confer cognitive resilience against effects of phosphorylated tau and
AD-related cortical changes. These “resilience” regions suggest the value of focusing on brain regions beyond only
those determined to be AD-related and may partially explain variability in AD-related cognitive trajectories.

ANN NEUROL 2025;97:1038-1050

any older adults (10-44%) display significant levels of
Alzheimer’s disease (AD) pathology without known

.. . . 1-6 .. ..
cognitive impairment. Preserved cognitive functioning
despite the presence of AD pathology has been the focus of
a growing literature on cognitive reserve and resilience.” ™
Here, we focus on cognitive resilience, which we define as

the ability to maintain cognitive performance in the face of

adverse brain-related changes.8 Our definition of cognitive
resilience corresponds to the definition of cognitive reserve
proposed by the Collaboratory on Research Definitions for
Reserve and Resilience in Cognitive Aging and Dementia."’

Several conceptual issues must be considered when
investigating neural correlates of cognitive resilience. First,

for resilience to be a useful concept it should provide
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information that is independent of risk. For example,
thicker cortex in certain brain regions may be associated
with less cognitive decline; however, this finding would
not necessarily reflect resilience, because it could be equiv-
alently interpreted as lower risk (ie, thicker cortex)
predicting less cognitive decline. Relatedly, although we
are interested in identifying brain regions in which thicker
cortex confers resilience against AD pathology, it is crucial
that findings do not simply reflect that individuals in ear-
lier disease stages have less progressed atrophy and corre-
spondingly less cognitive decline. Furthermore, cognitive
resilience should not reflect longstanding differences in
individual cognitive abilities, a potential error to which
the “residual method” is often prone."’

An approach to identifying resilience that addresses
some of the issues described above is to test for an interac-
tion between a risk factor and a factor that may confer resil-
ience against that risk factor by attenuating negative effects
of risk.*”!" Importantly, this moderating effect is indepen-
dent of expected main effects of the risk factor on cogni-
tion. This is particularly relevant when examining
neurobiological substrates of risk and resilience that they
evolve with disease progression. Prior work using this
approach has shown that thicker cortex in a composite of
AD-related brain regions (ie, an AD signature) was associ-
ated with less decline on a global cognitive screener, but
did not confer resilience by moderating the negative effects
of tau on cognitive decline.” This prior study examined the
role of cortical thickness in regions identified a priori and
associated with AD risk (eg, an AD signature); however, it
is possible that cortical thickness in brain regions beyond
those in an AD signature may confer cognitive resilience,
although which specific regions is unknown.

Here, we sought to expand on previous work by identi-
fying new brain regions beyond typical risk-associated regions
that may demonstrate independent resilience effects, account-
ing for putative disease staging and other known factors that
can contribute to resilience (eg, education, age). We hypothe-
sized that thicker cortex in some brain regions would weaken
the negative impacts of risk for AD-related cognitive decline
on cognitive performance cross-sectionally and longitudinally.
Risk metrics included an AD signature and cerebrospinal
fluid (CSF) phosphorylated tau (p-tau). Through a series of
models, we describe how analytic choices affect interpretation
of results, and to what extent they address common concep-
tual issues that arise when studying cognitive resilience.

Methods

Participants
Data were downloaded from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) database (adni.loni.usc.edu)
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in June 2023. The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has
been to test whether biological markers, clinical assessment,
and neuropsychological measures can be combined to mea-
sure the progression of mild cognitive impairment (MCI) and
early AD. Participants with data from ADNI-GO, ADNI-2,
and/or ADNI-3 were included in the present study if they:
(1) had structural imaging and cognitive composite (memory
or executive functioning) data at the same timepoint; and
(2) were amyloid-positive (determined by positron emission
tomography [PET] or CSF) at the timepoint for which they
had imaging and cognitive data. All participants had CSF
p-taul81 data as well as relevant imaging data for at least one
timepoint. Data from ADNI-1 visits were not included given
that the AD signature was created using ADNI-1 data, and
we sought to minimize bias that may arise from the inclusion
of these data. These selection criteria resulted in 160 partici-
pants with 473 observatons across multiple timepoints
(Table 1). Informed consent was obtained from all

TABLE 1. Demographic Characteristics

Full sample (n = 160)
Observations = 473

Age, yr (SD) 74.99 (7.29)

Education, yr (SD) 16.45 (2.64)
APOE-¢4, n (%) 300/473 (63)

Diagnosis, n (%)

CN 123/473 (26)
MCI 246/473 (52)
AD 102/473 (22)
CSF Ap42, pg/mL (SD), 747 (296.46)

349 obs

CSF PTAU, pg/mL
(SD), 349 obs

Florbetapir-PET, SUVR
(SD), 457 obs

33.34 (15.83)

1.37 (0.20)

2871420 (68)

Tau positive, n (%)

Length of follow-up, yr 1.45 (1.53)
(SD)
Observations per 2.81 (1.46)

participant, n (SD)

Abbreviations: AP42 = amyloid-beta 42; AD = Alzheimer’s disease;
CSF = cerebrospinal fluid; MCI = mild cognitive impairment; PET
= positron emission tomography; PTAU = phosphorylated tau; SD

= standard deviation; SUVR = standardized uptake value ratios.
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participants and procedures were approved by the Institu-
tional Review Board of participating institutions.

CSF and PET Imaging Measures of AD Pathology
CSF or PET amyloid-beta (Af)-positivity was used as an
inclusion criterion for this set of analyses. CSF p-taul81
was collected at multiple timepoints and was included in
models as a pathological measure of risk for AD-related
cognitive decline. CSF p-taul81 has been shown to
become abnormal around the same time as amyloid PET
and also predicts tau PET changes, suggesting it may
reflect both amyloid- and tau-related changes.'*'? In the
present analyses, we include CSF p-taul81 as a broad
index of AD pathology and risk for AD-related cognitive
decline. Methods for the collection and processing of CSF
samples have been previously described.'* Established cut-
offs designed to maximize sensitivity in the ADNI study
population were used to classify CSF AP positivity
(defined as AP42 < 977 pg/mL)."”> PET AP data were
processed according to previously published methods."®
Mean standardized uptake value ratios (SUVRs) were
taken from a set of regions including frontal, temporal,
parietal, and cingulate cortices using the whole cerebellum
as a reference region. Established cut-offs to determine AP
positivity were used for florbetapir-PET (SUVR >1.11)
and for florbetaben-PET (SUVR >1.08)."”

Structural Neuroimaging Measures
Processed structural magnetic resonance imaging (MRI)
data were downloaded from the ADNI database in June
2023. ADNI-GO and ADNI-2 data were processed using
FreeSurfer version 5.1, and ADNI-3 data were processed
using FreeSurfer version 6.0 (no FreeSurfer 6.0 data were
available for ADNI-GO and ADNI-2). The Desikan-
Killiany atdas was used for regional parcelladon by all
FreeSurfer versions. In cases where a participant’s MRI data
from the same visit were processed more than once, the
image identification (ID) with the most complete data for
that participant was selected. Quality control variables pro-
duced by FreeSurfer (FRONTQC, TEMPQC, LHIPQC,
or RHIPQC) were used to exclude corresponding regions
with poor data quality. Before analyses, all imaging variables
were residualized for the effects of study protocol (ie,
ADNI-GO, ADNI-2, or ADNI-3). Additional details
regarding image acquisition and processing are provided
elsewhere.'®

We used our methods to calculate AD signature
scores, a measure of risk for AD-related cognitive decline,
as described previously.'” The regions and weights used in
this signature were derived using a data-driven approach
to identify a pattern of regional atrophy specific to a group
with mild AD compared to cognitively unimpaired
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individuals using ADNI-1 data.?**! The resulting signa-
ture is a weighted sum of thickness in 7 cortical regions
(entorhinal cortex, middle temporal gyrus, banks of supe-
rior temporal sulcus, superior temporal gyrus, isthmus cin-
gulate, lateral orbitofrontal cortex, and medial
orbitofrontal cortex), plus hippocampal volume, with sep-
arate weights for left and right hemisphere regions. A
strength of this signature is its use of weightings for each
region of interest (ROI) that reflect each region’s impor-
tance in discriminating between cases and controls. These
weights can help offset any potendal dilution of AD-
related changes across the regions that comprise the signa-
ture. For example, the largest weights are given to the hip-
pocampus and entorhinal cortex with regions that tend to
be impacted later in the disease having smaller weights.
The effects of age and scanner were regressed out of each
ROI. Estimated intracranial volume was additionally
regressed out for hippocampal volume. Standardized resid-
uals of ROIs were then weighted according to their ability
to discriminate between ADNI-1 AD cases and controls
and summed together to form the AD signature scores.
Lower AD signature scores are indicative of lower cortical

thickness or volume in these AD-related regions.

Cognitive Measures

We used two harmonized composite scores (memory,
PHC_MEM; executive functioning, PHC_EXF) gener-
ated by the Alzheimer’s Disease Sequencing Project Phe-
notype Harmonization Consortium (ADSP-PHC).*
These composites are co-calibrated across 10 other studies,
facilitating cross-study comparison and replication, and
incorporate all items available for each participant. The
Consortium now recommends their use over the earlier
ADNI_MEM and ADNI-EF scores, which were based
only on ADNI-1 neuropsychological data, which have
changed considerably in later ADNI phases.

Statistical Analysis

Linear mixed effects models were conducted using the
Ime4 package23 in R**° Winsorization was applied to
all values of MRI and CSF measures that were more than
3 standard deviations above or below the mean. In cross-
sectional models, predictor variables were standardized
according to the grand mean. In longitudinal models,
baseline predictor variables were centered within the base-
line timepoint. All models were tested using memory and
executive functioning composite scores as separate out-
comes. Table 2 displays the series of cross-sectional and
longitudinal models tested and how terms of interest can
be interpreted with respect to associations with cognitive
decline.
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Cross-sectional models

. Term of interest: ROI*ADsignature
Covariates: Prau, Age

Term of interest: ROI*Ptau
Covariates: ADsignature, Age

. Term of interest: ROI*ADsignature*Ptau
Covariates: Age

Longitudinal models

Term of interest: ResComposite_ BL*Time
Covariates: ADsignature_BL, Ptau_BL, Age_BL,
Education

Term of interest: ResComposite_ BL*Time
Covariates: ADsignature_ BL*Time,
Ptau_BL*Time, Age_BL*Time,
Education*Time

Term of interest:
ResComposite_BL*Ptau_BL*Time
Covariates: ADsignature_ BL*Time,
Age_BL*Time, Education*Time

Term of interest:
ResComposite_ BL*ADsignature_ BL*Time
Covariates: Ptau_BL*Time, Age_ BL*Time,
Education*Time

. Term of interest:
ADsignature_BL*Ptau_BL*Time
Covariates: ResComposite_BL*Time,
Age_BL*Time, Education*Time

TABLE 2. Cross-Sectional and Longitudinal Models of Cognitive Resilience

Example interpretation of term of interest

Higher cortical thickness in a given ROI weakens the adverse effect of low
AD signature scores on cognition, at average levels of covariates (p-tau, age).
Pools across all observations, but tests within-timepoint associations.

Higher cortical thickness in a given ROI weakens the adverse effect of high
p-tau on cognition, at average levels of covariates (AD signatures, age). Pools
across all observations, but tests within-timepoint associations.

Low AD signature scores are associated with lower cognitive performance,
particularly at high levels of p-tau, although the impacts of these factors are
weakened at high levels of cortical thickness in a given ROI and average age.
Pools across all observations, but tests within-timepoint associations.

Example interpretation of term of interest

Higher baseline resilience composite scores are associated with less cognitive
decline over time, controlling for levels of baseline risk for AD-related
cognitive decline and education. This interaction can be interpreted as
resilience because the sample comprises individuals at-risk for AD-related
cognitive decline (ie, all are amyloid-positive). However, this model does not
account for the impact of covariates on decline over time. The resilience
composite is correlated with AD signatures, so although the main effect of
atrophy on cognition is controlled for by inclusion of the AD signature term,
it is possible that the resilience composite effect on slope is simply capturing
the effects of less atrophy in the AD signature associated with less decline
over time. This is not ideal for capturing resilience.

Similar interpretation as model 4, but including interactions of other risk
factors and education with time means that the resilience composite effect on
slope is now independent of other covariates” impacts on slope. This model
better identifies resilience that is not simply reflecting the effects of low risk.
The two factors are independent, but have additive contributions to
cognitive change.

Higher baseline resilience composite scores weaken adverse effects of p-tau
on cognition over time, beyond effects of age, education, and AD signatures
on cognition over time. In contrast to model 5, the resilience composite does
not operate through independent and additive contributions to cognitive
change, but through weakening the impact of p-tau on cognitive change.
Explicitly testing the moderating effect of the resilience composite on the
association between pathology and cognitive decline provides stronger
evidence of cognitive resilience than model 5.

Similar interpretation as model 6, but with the resilience composite
modifying the effects of AD signatures on cognition over time.

Higher baseline AD signature scores weaken adverse effects of p-tau on
cognition over time, beyond effects of resilience composite scores, education,
and age over time. This model tests whether higher AD signature scores
confer resilience in the same way as the resilience composite.

Note: All models were tested with memory and executive functioning composite scores as separate outcomes. Example interpretations of interaction
terms that model cognitive resilience are provided, with the hypothesis that higher cortical thickness in ROIs or the resilience composite would confer
resilience. Terms of interest with significant findings are bolded. Note that for each interaction term, there are at least two statistically equivalent inter-
pretations; all interaction terms below are interpreted with the ROI or resilience composite as the primary moderator. Main effects for all variables
specified in interaction terms are not displayed but were included in the model, such that significant interaction terms contribute to resilience against
AD risk over and beyond any main effect of ROI, composite, or risk on cognition. All models additionally included a random intercept to account for
repeated measurements within participants.

Abbreviations: AD = Alzheimer’s disease; BL = baseline; p-tau = phosphorylated tau; ResComposite = resilience composite; ROI = region of

interest.
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One complicating factor in identifying neurobiologi-
cal substrates of cognitive resilience is that measures such
as cortical thickness change with disease progression. We
wanted to avoid the tautological scenario in which
we interpret less severe outcomes of disease (ie, thicker
cortex) as evidence of resilience against disease effects.
Because our measures of risk evolve with disease progres-
sion, they can also serve as putative indices of disease stage
(ie, lower AD signatures and higher levels of p-tau are a
risk factor for future cognitive decline and may also reflect
more advanced disease progression). Therefore, to account
for potential confounding effects of disease staging, we
include both the AD signature and p-tau in all models as
covariates, regardless of the interaction term of interest.
This allows for the identification of ROIs that contribute
to resilience over and beyond the main effects of
AD-related atrophy and level of AD pathology.

Cross-Sectional Models

First, we examined cognitive resilience against cortical
thinning in AD-related regions. We created bilateral ROIs
for each of the 34 Desikan-Killiany cortical parcellations
by averaging together left and right hemisphere data for
each ROI to test if regions within and beyond the AD sig-
nature confer cognitive resilience. Multiple visits per
participant were included in these models, but effects cor-
respond to within-timepoint associations (ie, no interac-
tions with time in these models). Models tested whether
bilateral cortical thickness in each brain region moderated
the relationship between the AD signature and concurrent
cognitive functioning. A significant interaction term
would suggest that, over and above the expected associa-
tion of brain structure and cognitive performance (main
effect), higher cortical thickness in a given ROI contrib-
uted to resilience against risk for AD-related cognitive
decline by modifying the relationship between the AD sig-
nature and cognition. Separate models were used to test
this interaction effect (ROI*ADsignature) for all 34 bilat-
eral cortical ROIs and for the 2 cognitive outcomes (mem-
ory and executive functioning composite scores). Eight of
these 34 ROIs comprise the AD signature itself. Given
that the AD signature is a composite of multiple ROIs
with potentially heterogeneous contributions to risk and
resilience, we included these ROIs in analyses to allow for
the possibility that relatively higher cortical thickness in
one region may confer resilience despite lower cortical
thickness across the AD signature as a whole. In these
cross-sectional models, CSF p-tau and age were included
as time-varying covariates. Because we used linear mixed
models, if a participant did not have all covariates of inter-
est at a given timepoint, they were not included in these
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models. Participant ID was included as a random intercept
to account for repeated measurements within participants.

Next, we explored resilience against CSF p-tau. Spe-
cifically, we tested whether cortical thickness in each brain
region modified the relationship between CSF p-tau and
cognitive performance. We tested this interaction effect
(ROI*p-tau) in the same way as described above and
included the AD signature and age as covariates in these
models (both time-varying).

Longitudinal Models
Finally, for use in longitudinal models, we created a resilience
composite (unweighted average) based on all ROIs that sig-
nificantly moderated the relationship between a form of risk
for AD-related cognitive decline (AD signature or p-tau) and
cognitive performance in the previously described cross-
sectional models. Creation of this composite allowed for
reduction in number of tests conducted. Composite mea-
sures can also increase measurement reliability by increasing
the signal-to-noise ratio and are more easily incorporated into
subsequent analyses. Moreover, we have found in prior work
among an independent sample that use of a composite score
may be more sensitive to cognitive change over time com-
pared to using a smaller subset of regions or individual
ROIs.** The Longitudinal models section of Table 2 lists the
model specifications that incorporate the resilience composite
and to what extent this provides evidence for resilience. For
example, we note that although models 5-7 all assess resil-
ience, models 6 and 7 test for stronger or more direct evi-
dence by explicitly testing whether thicker resilience
composite weakens the (modelled) association between p-tau
and cognitive decline. In all longitudinal models, a random
intercept was included to account for repeated measures
across timepoints. We did not include random slopes in
models as this resulted in unidentifiable models. Importantly,
the random intercept term additionally accounts for differ-
ences in baseline cognitive performance across individuals.
Years of education and baseline values of AD signatures,
p-tau, and age were included in all longitudinal models as
time-invariant main effects. Time was calculated as the inter-
val in years between the first assessment with relevant data
and each follow-up assessment. If available for a participant,
multiple follow-up assessments were included.

A false discovery rate (FDR)-corrected value of
2 < 0.05 was used for each set of analyses to correct for
multiple comparisons.”> For cross-sectional models, FDR
correction was applied to interaction terms of interest sep-
arately for each model (models 1-3) and for each cogni-
tive outcome (memory, executive functioning; groups of
34 tests per model and outcome). For longitudinal
models, FDR correction was applied to interaction terms
of interest in models 5-7 predicting memory and

Volume 97, No. 6



executive functioning outcomes (total of 6 tests). Interac-
tion terms of interest in models 4 and 8 were not adjusted
for multiple comparisons as they represent an illustration
of poor model specification or a sensitivity analysis,

respectively.

Results

Cross-Sectional Models (Models 1-3)

The sample included individuals who self-identified as Asian
(<1%), Black (2.5%), multiracial (3.8%), and White (93.1%).
Most (96.9%) were not Hispanic or Latino. The proportion of
males and females was relatively equal (50.6% female). Figure 1
displays distributions of measures of interest by diagnostic
group. In cross-sectional analyses controlling for p-tau and age,
cortical thickness in 8 bilateral ROIs significantly moderated
the relationship between the AD signature and executive func-
tioning (model 1). Higher cortical thickness in these 8 resilience
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ROIs (lateral occipital, inferior parietal, banks of superior tem-
poral sulcus, isthmus cingulate, inferior temporal, precuneus,
middle temporal, and posterior cingulate) minimized the nega-
tive impact of thinner cortex in AD signature regions on execu-
tive functioning (Fig 2). Five of these 8 ROIs were regions that
were not included in the AD signature. These significant inter-
action effects were independent of main effects of both ROI
and AD signature on executive functioning. No ROlIs signifi-
cantly moderated the cross-sectional relationship between the
AD signature and memory performance. There were no signifi-
cant interactions predicting cross-sectional cognitive perfor-
mance in  model 2  (ROI*Ptau) or model
3 (ROI*ADsignature*Prau). Full results for cross-sectional
models are available in Tables S1 and S2.

Longitudinal Models (Models 4-7)
For use in longitudinal analyses, we created a resilience
composite from these 8 bilateral ROIs that moderated the

~
o

CSF p-tau181 (pg/mL)
o (S

Resilience composite (z)

EXF composite (z)
o N w

'
N

FIGURE 1: Distributions of cerebrospinal fluid (CSF), imaging, and cognitive measures by diagnostic group. #**#*p < 0.0001,
*k#kp < 0,001, **p < 0.01, ns = not significant. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 2: Cortical thickness regions of interest (ROIs) that significantly moderate relationship between Alzheimer's disease
(AD) signatures and executive functioning performance in cross-sectional models. Models control for p-tau, age, and repeated
assessments. Figures display model estimates for higher cortical thickness values (41 standard deviation from the mean)
depicted in blue/solid line, mean cortical thickness values in purple/large dashed line, and low cortical thickness values (—1
standard deviation from the mean) in orange/small dashed line. Lower AD signature values indicate lower cortical thickness in
AD-related regions. Standardized mean difference (SMD) effect sizes are reported for each ROI. [Color figure can be viewed at
www.annalsofneurology.org]
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Effect size

I 0.2
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FIGURE 3: Cortical thickness regions of interest (ROIs) that significantly moderate relationship between Alzheimer's disease
signatures and executive functioning performance. These ROIs comprise the resilience composite used in longitudinal analyses.
Bilateral ROIs are used, only left hemisphere is displayed. Stronger effect sizes (standardized mean difference) of interaction
terms for each ROI are depicted in darker shades of red. [Color figure can be viewed at www.annalsofneurology.org]

cross-sectional relationship between the AD signature and
executive functioning (Fig 3). Resilience composite scores
were positively associated with AD risk  signature
scores (7= 0.83, p < 0.001; Fig S1). That is, thicker cortex
on one was associated with thicker cortex on the other. In
model 4, controlling for AD signature, p-tau, education,
and age as fixed effects, baseline resilience composite scores
significantly moderated the relationship between time and
cognitive performance such that higher baseline resilience
composite scores were associated with less decline in both
memory and executive functioning over time (p <0.001).
However, the resilience composite is correlated with the AD
signature. We controlled for the main effect of the AD sig-
nature at baseline, but not for its impact on cognitive slope
(ie, the ADsignature*Time interaction is not in the model).
This seemingly protective effect of the resilience composite
on slope of cognitive performance is not independent of AD
signature effects on slope of cognitive decline and could,
therefore, reflect that those with worse AD signature scores
(ie, more progressed atrophy) demonstrate greater cognitive
decline. Therefore, we focus on results from model 5, which
additionally accounts for the expected effects of baseline risk
and education on cognitive performance over time (ie, here
the ADsignature*Time and Prau*Time interactions are
included in the model). In model 5, the baseline resilience
composite significantly moderated the relationship between
time and memory performance (p = 0.005, p,q; = 0.030)
such that higher baseline resilience scores were associated
with slower memory decline over time (Fig 4). Importantly,
this was independent of the effects of education and baseline
measures of risk on cognitive decline. In model 5, baseline
AD signature was associated with baseline memory perfor-
mance (p < 0.001), but in contrast to the resilience compos-
ite, it did not significantly impact the slope of memory
performance over time (p = 0.806). Therefore, in this
model specification the resilience composite exerts an addi-
tive (and independent) effect on preserving memory func-
tion among a group of individuals harboring amyloid
pathology. The interaction term of interest in model
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5 (ResComposite_BL*Time) did not significanty predict
executive functioning.

Beyond contributing an additive effect toward
slowing cognitive decline, the resilience composite may
exert an effect by modifying the relationships between risk
factors and cognition over time. We tested this hypothesis
using 3-way interactions in models 6 and 7. In model
6, accounting for the expected effects of education, AD
signature, and age on cognitive change over time, baseline
resilience composite scores significantly moderated the
relationship between baseline p-tau and memory over time
(p =0.013, p.g = 0.039). Higher baseline resilience
composite scores were associated with slower decline in
memory over time, particularly at lower levels of p-tau
(Fig 5A). An alternate and statistically equivalent interpre-
tation is that lower baseline p-tau was associated with
slower decline in memory over time, particularly for those
with high baseline resilience composite scores (see
Fig 5B). The 3-way interaction term from model 6 did
not significantly predict executive functioning. The base-
line resilience composite score did not moderate the
impact of baseline AD signature scores on cognitive per-
formance over time (model 7).

Finally, model 8 tested whether the moderating effect
of baseline resilience composite scores on the relationship
between baseline p-tau and cognitive performance over
time (interaction term of interest in model 6) was specific
to the resilience composite, or if this effect was just captur-
ing the extent of AD-related neurodegeneration. In model
8, baseline AD signature scores did not moderate the rela-
tionship between baseline p-tau and memory (p = 0.343)
or executive functioning (p = 0.808) over time, suggesting
that results from model 6 were specific to the resilience
composite. That is, we did not find a similar, but opposite,
effect of the AD signature as we found for the resilience
composite in model 6. Full results for longitudinal models
are available in Tables S3-S12.

Sensitivity analyses examined whether the moderat-
ing effects of the 8 ROIs identified in cross-sectional
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FIGURE 4: Higher baseline resilience composite scores are
associated with slower memory decline. Model controls for
the effects of risk (Alzheimer's disease [AD] signatures, p-tau,
age) and education over time as well as repeated
assessments within participants (model 5). Estimates for
higher cortical thickness values (+1 standard deviation from
the mean) are depicted in blue/solid line, mean cortical
thickness values in purple/large dashed line, and low cortical
thickness values (—1 standard deviation from the mean) in
orange/small dashed line. Lower AD signature values
indicate lower cortical thickness in AD-related regions. [Color
figure can be viewed at www.annalsofneurology.org]

analyses or the results from longitudinal analyses differed
by sex. In both cross-sectional models and longitudinal
models, the moderating effects of ROIs or the resilience
composite did not significantly differ across men and
women (eg, nonsignificant ROI*ADsignature*Sex interac-
tion term). Table S13 in Supporting information provides
effect sizes for all models within female-only and male-
only sub-samples.

Discussion

Cognitive resilience reflects dynamic relationships that
exist across levels of risk, cognitive performance, and pro-
tective factors. We examined differences in cognitive resil-
ience among at-risk (ie, amyloid-positive) adults by
leveraging a careful selection of models that used interac-
tion terms to test for the presence of cognitive resilience,
with each model contributing insights into different forms
of resilience and with varying degrees of evidence. In
cross-sectional analyses, we identified 8 brain regions
in which higher cortical thickness conferred cognitive resil-
ience by weakening the negative impact of more AD-like
brain signatures on concurrent executive functioning. In
longitudinal analyses, higher cortical thickness in a com-
posite score of these 8 resilience regions contributed to
cognitive resilience as evidenced by (1) associations with

slower memory decline over time among a group of at-risk
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(ie, amyloid-positive) individuals, and (2) weakening of
the adverse effects of CSF p-tau on memory performance
over time.

Interestingly, despite exhibiting a protective effect on
concurrent executive functioning, baseline thickness of the
8 resilience-associated brain regions did not predict subse-
quent slowing of executive functioning decline over time.
Instead, although not associated with concurrent memory
performance, a composite of these 8 regions was associated
with subsequent preservation of memory performance over
time. These results may suggest the role of executive func-
tion abilities in enabling compensation in longitudinal
memory performance. As a higher-order cognitive control
function, executive function is a logical candidate for a
mechanism underlying cognitive resilience. The domain
captures a variety of abilities (eg, inhibition, set shifting,
updating of working memory, organization and monitor-
ing) that are involved in episodic memory tasks and have
been found to mediate age-related differences in episodic
memory performance.”® In line with our findings, several of
the resilience-associated regions identified in the current
study have been previously linked to executive function per-
formance (middle temporal, inferior temporal, and posterior
cingulate regions)*” or compensatory hyperactivation in the
presence of amyloid pathology on a memory task (lateral
occipital region).*® Moreover, although episodic memory is
typically the focus of AD-related cognitive deficits, there is
evidence that executive function deficits may present as early
or even earlier than memory deficits.”” ' By examining spe-
cific cognitive domains as outcomes, our results lend new
insight into individual variability in cognitive trajectories
among individuals on the AD continuum.

Results from our longitudinal models showed that
higher baseline cortical thickness in the resilience composite
was associated with slower memory decline over time, par-
ticularly at lower levels of p-tau. Equivalently, among indi-
viduals with thinner cortex in resilience-associated regions,
even low levels of p-tau may be sufficient to cause memory
decline. Therefore, increased thickness in resilience-related
regions may attenuate the deleterious effect of p-tau accu-
mulation on cognitive decline. It may also be that at higher
levels of p-tau, which in this sample correspond to values
above a cut-off used to identify tau-positivity, this compen-
satory mechanism begins to fail. It should be noted, how-
ever, that the present sample displayed considerable levels
of AD-related pathology, even at lower levels of p-tau (eg,
all were amyloid-positive). Bocancea et al’ reported a simi-
lar breakdown of the protective moderation effects of edu-
cation on the relationship between tau-PET burden and
cognitive decline at higher levels of tau pathology in an
amyloid-positive sample. These findings are in line with
prior work demonstrating that cognitive decline is linked
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FIGURE 5: Baseline resilience composite and baseline cerebrospinal fluid (CSF) p-tau interact on memory performance over time.
A and B depict the same interaction term, with differing primary moderators. Mean and +/— 1 standard deviation values of CSF
p-tau for the longitudinal sample are reported. [Color figure can be viewed at www.annalsofneurology.org]

more consistently to levels of tau than to levels of AB.*?
However, even compensatory mechanisms contributing to
resilience against amyloid accumulation have been shown
to become reduced at high levels.*®

Importantly, our sequential model testing enabled us

to rule out alternate explanations related to cognitive
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resilience. For example, results from longitudinal model
4 tested whether baseline resilience composite scores mod-
erated the rate of cognitive decline over time. However,
because this model did not include interactions with time
for other risk-related covariates, the finding might simply

reflect the effects of low risk or earlier disease stage on
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cognition over time, rather than true resilience. Results
from model 5, in contrast, indicate combined and inde-
pendent impacts of both risk and resilience factors on cog-
nitive performance over time. Therefore, because higher
resilience composite scores were associated with reduced
memory decline over time independent of education and
risk factors, model 5 differentiates resilience from low risk.
Moreover, as these measures of risk for AD-related cogni-
tive decline can also serve as putative indices of disease
stage and are included as main effects in all models (ie,
lower AD signatures and higher p-tau levels are a risk fac-
tor for future decline and may also reflect current disease
progression), these interaction effects reflect evidence of
cognitive resilience against memory decline beyond the
effects of putative disease stage on cognition.

Of note, some of the 8 resilience regions identified
in our study overlap with regions implicated in AD, spe-
cifically regions that show amyloid accumulation relatively
carly in the disease process.”> Three of the 8 resilience
regions (middle temporal, banks of superior temporal sul-
cus, and isthmus cingulate) are included in the AD signa-
ture itself (with different weightings), and the AD
signature was highly correlated with the resilience compos-
ite. Yet, in cross-sectional analyses each individual region
modified the relationship between the overall pattern of
AD-related changes captured by the signature and execu-
tive function performance. To test whether the resilience
composite captures unique variance, we examined whether
the AD signature displayed similar effects compared to the
resilience composite, albeit in the opposite direction. In
contrast to the resilience composite, baseline AD signature
scores did not significantly impact the slope of memory
performance over time nor did the AD signature modify
the negative impact of p-tau on memory performance over
time, consistent with prior work.” However, our data-
driven approach focused on identifying new brain regions
that offset the impacts of cortical thinning in AD related
regions, and accounted for risk-related effects in all models
to differentiate risk from resilience effects. In contrast to
the AD risk signature, we found that higher baseline resil-
ience composite scores did significantly weaken the
negative impact of p-tau on longitudinal memory perfor-
mance. This novel finding highlights the value of focusing
on brain regions beyond those associated with higher risk
for AD. Although some risk-related variance is reflected in
the resilience composite given the partially overlapping
regions with the AD signature, results show that just hav-
ing low risk does not demonstrate the same effects as this
resilience composite. Findings also highlight heterogeneity
within risk-related measures such as the AD signature. It
may be that the average of cortical thickness in AD signa-
tures  obscures

heterogeneity ~ across regions that
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differentially contribute to risk and resilience, as suggested
by our prior work.**

These findings are contextualized by several limita-
tions. We demonstrated cognitive resilience against differ-
ent forms of risk for AD-related cognitive decline,
although there are many other plausible predictors of cog-
nitive resilience or other forms of risk that we did not
assess, and our models were not exhaustive. We also
focused specifically on cortical thickness as a contributor
to cognitive resilience, although future work would benefit
from examining different types of imaging metrics (eg, dif-
fusion in gray and white matter, functional imaging),
genetic, or sociodemographic factors and their relation-
ships to cognitive resilience.”> With regard to imaging
measures, there were differences in FreeSurfer versions
across study protocols, which may result in differences in
group-level estimates of cortical thickness across time.
However, our primary interest was in the moderating
effects of cortical thickness rather than group differences
in means, which minimizes the influence of potential
version-related bias on our results. The AD signature that
we used was developed in the ADNI-1 sample, and some
of the same participants that were used in the develop-
ment of the signature may have contributed data at subse-
quent visits in the present analyses if they met our
inclusion criteria. For this reason, we did not use ADNI-1
data, with the tradeoff of a smaller sample size. Generaliz-
ability of these results may be limited given that the
ADNI sample is largely White, non-Hispanic, and highly
educated. Additional work is required in more representa-
tive samples.

In conclusion, we found evidence that thicker cortex
in several temporal, parietal, occipital, and limbic regions
may confer cognitive resilience by weakening the adverse
effects of risk for AD-related cognitive decline, both con-
currently and longitudinally. The results highlight the
value of focusing on brain regions beyond those associated
with higher risk for AD, as well as variation within
AD-related regions. Higher cortical thickness in these
regions was associated with better concurrent executive
functioning. Moreover, higher thickness in a composite of
these regions predicted slower memory decline over time
and reduced the negative effects of p-tau on memory per-
formance over time, independent of the effects of an AD
brain signature, p-tau, and education. Results suggest that
better executive functioning may enable compensation in
later memory performance. Our findings provide insight
into individual variability in cognitive trajectories among
individuals on the AD continuum and illustrate a clear
analytic framework for studying neuroimaging predictors
of cognitive resilience, with implications for improving
of clinical

prediction progression and elucidating
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additional protective mechanisms against the impacts of

AD pathology.
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