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Abstract 7 

Mechanisms of resilience against tau pathology in individuals across the Alzheimer’s disease 8 

spectrum are insufficiently understood. Longitudinal data are necessary to reveal which factors 9 

relate to preserved cognition (i.e. cognitive resilience) and brain structure (i.e. brain resilience) 10 

despite abundant tau pathology, and to clarify whether these associations are cross-sectional or 11 

longitudinal. We employed a longitudinal study design to investigate the role of several 12 

demographic, biological and brain structural factors in yielding cognitive and brain resilience to 13 

tau pathology as measured with PET.  14 

In this multicenter study, we included 366 amyloid-β-positive individuals with mild 15 

cognitive impairment or Alzheimer’s disease-dementia with baseline [18F]flortaucipir-PET and 16 

longitudinal cognitive assessments. A subset (n=200) additionally underwent longitudinal 17 

structural MRI. We used linear mixed-effects models with global cognition and cortical thickness 18 

as dependent variables to investigate determinants of cognitive resilience and brain resilience, 19 

respectively. Models assessed whether age, sex, years of education, APOE-ε4 status, intracranial 20 

volume (and cortical thickness for cognitive resilience models) modified the association of tau 21 

pathology with cognitive decline or cortical thinning. 22 

We found that the association between higher baseline tau-PET levels (quantified in a 23 

temporal meta-region of interest) and rate of cognitive decline (measured with repeated Mini-24 

Mental State Examination) was adversely modified by older age (Stβinteraction=-0.062, P=0.032), 25 

higher education level (Stβinteraction=-0.072, P=0.011) and higher intracranial volume (Stβinteraction=-26 

0.07, P=0.016). Younger age, higher education and greater cortical thickness were associated with 27 
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better cognitive performance at baseline. Greater cortical thickness was furthermore associated 1 

with slower cognitive decline independent of tau burden. Higher education also modified the 2 

negative impact of tau-PET on cortical thinning, while older age was associated with higher 3 

baseline cortical thickness and slower rate of cortical thinning independent of tau. Our analyses 4 

revealed no (cross-sectional or longitudinal) associations for sex and APOE-ε4 status on cognition 5 

and cortical thickness. 6 

In this longitudinal study of clinically impaired individuals with underlying Alzheimer’s 7 

disease neuropathological changes, we identified education as the most robust determinant of both 8 

cognitive and brain resilience against tau pathology. The observed interaction with tau burden on 9 

cognitive decline suggests that education may be protective against cognitive decline and brain 10 

atrophy at lower levels of tau pathology, with a potential depletion of resilience resources with 11 

advancing pathology. Finally, we did not find major contributions of sex to brain nor cognitive 12 

resilience, suggesting that previous links between sex and resilience might be mainly driven by 13 

cross-sectional differences. 14 
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 21 

Introduction 22 

Of the two neuropathological hallmarks of Alzheimer’s disease (AD), i.e., amyloid-β (Aβ) plaques 23 

and tau neurofibrillary tangles, tau pathology is more strongly associated with clinical disease 24 

severity1-6 and neurodegeneration7-9. Although tau pathological changes, as measured with positron 25 

emission tomography (PET), explain substantial variance in cognitive decline10,11 and brain 26 
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atrophy9,12, considerable interindividual differences remain. Cognitive resilience (CR) and brain 1 

resilience (BR), defined as the relative preservation of function (e.g. cognition) or brain structure 2 

(e.g. cortical thickness) in the face of AD pathology (e.g. tau pathology) 13-15 may explain these 3 

interindividual differences. Research on resilience to AD neuropathology has expanded in the past 4 

decade, given the limited success of pharmacological interventions and, thus, the demand for other 5 

avenues to promote successful cognitive aging. Resilience is a robust finding in the literature, yet 6 

its underlying mechanisms and/or associated factors are insufficiently understood. Current 7 

hypotheses involve several potential mechanisms, including a larger pre-existing neurobiological 8 

capital16, a more efficient use of brain resources17 and/or the additional recruitment of brain 9 

networks through compensatory processes17,18.  10 

Although there is a relatively large body of research on resilience determinants in AD, a 11 

substantial amount of it relies on cross-sectional data. Cross-sectional measures of cognitive 12 

performance and brain structure reflect the current (functional and structural) state of the brain. 13 

This state, however, is determined by each individuals’ premorbid level (e.g. starting at a higher 14 

cognitive level or with more brain capital) and rate of cognitive decline or atrophy over time. For 15 

any factor associated with resilience cross-sectionally (i.e. doing better than expected at any given 16 

point in time), it is unclear through which pathway this is achieved. Longitudinal studies are needed 17 

to gain insight into whether determinants of resilience yield a baseline advantage (i.e., “difference 18 

in intercepts”) or provide a longitudinal advantage (i.e., “difference in slopes”). These two 19 

pathways have also been described as “preserved differentiation” (i.e., intercepts differ but slopes 20 

are similar) versus “differential preservation” (i.e., slopes are [also] different) 19,20. The importance 21 

of longitudinal designs has been recently emphasized in the consensus framework and guidelines 22 

elaborated by the Collaboratory on Research Definitions for Reserve and Resilience in Cognitive 23 

Aging and Dementia (https://reserveandresilience.com/framework/). Disentangling these 24 

relationships is important to fill the gaps in our current knowledge on mechanistic processes 25 

through which CR/BR factors facilitate resilience.  26 

 In the past years, the relationship of demographic (age and sex), genetic (APOE-ε4 27 

genotype), neuroimaging (brain atrophy) and reserve-related (education, intracranial volume 28 

(ICV)) variables with cognitive performance, neuropathology and brain atrophy in AD has been 29 

thoroughly investigated. For example, previous studies showed a negative relationship between 30 

age and tau-PET load in clinically impaired individuals, with younger individuals presenting 31 
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increased tau burden across neocortical regions21-24 and higher tau accumulation rates25,26. Similarly, 1 

females showed increased tau burden (for different biomarkers), particularly at elevated amyloid 2 

levels or in the presence of an APOE-ε4 allele27-29, and faster rates of tau accumulation26. In Aβ-3 

positive individuals with symptomatic AD, APOE-ε4 carriership was associated with greater 4 

entorhinal cortex tau load30,31 but with reduced neocortical tau and cortical thickness30. A higher 5 

level of education has been associated with an increased (and more widespread) tau-PET tracer 6 

uptake in AD individuals with similar cognitive impairment levels32. Nonetheless, to examine 7 

resilience mechanisms more definitively, it is important to investigate the role of these factors in 8 

the mismatch between pathologic burden, brain structure and cognition.  9 

Therefore, in this longitudinal study we investigated whether age, sex, APOE-ε4 status, 10 

education, ICV and cortical thickness (in CR analyses only) relate to cognitive and brain resilience, 11 

with a focus on disentangling longitudinal from cross-sectional effects. Specifically, we evaluated 12 

(i) whether these variables moderate the association of baseline tau burden with longitudinal 13 

cognitive decline or cortical thinning and (ii) in the absence of moderation, whether they are 14 

directly related to rates of change above and beyond the effects of tau, or rather, to cross-sectional 15 

cognition and cortical thickness. 16 

 17 

Materials and methods  18 

Participants 19 

The present longitudinal study comprises a convenience sample from an ongoing multicenter 20 

study33. A total of 371 participants were included across 5 cohorts, i.e. the Swedish BioFINDER-1 21 

study at Lund University (BF1, n=70), the University of California San Francisco AD Research 22 

Center (UCSF, n=30), the Alzheimer Disease Neuroimaging Initiative (ADNI, n=120) and the 23 

Avid Radiopharmaceuticals studies (participants from A05, n=72 and LLCF, n=79). All selected 24 

participants underwent a 18F-flortaucipir PET (tau-PET) scan between November 2014 and May 25 

2019, a medical history assessment and neurological examination, structural MRI and 26 

neuropsychological assessments including the Mini-Mental State Examination (MMSE). We 27 

included Aβ-positive individuals with mild cognitive impairment [MCI], n=152) and AD-type 28 

dementia (n=219) >50 years at time of tau-PET. Aβ-positivity was defined using either CSF or Aβ-29 
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PET, according to previously established thresholds26,33 (Supplementary Table-1). For the CR 1 

analyses, we selected individuals who had at least two MMSE cognitive assessments available, 2 

with the first assessment within 12 months from the tau-PET scan (CR sample, n=366). A sub-3 

sample that underwent at least two MRI scans (with the first scan within 12 months from tau-PET) 4 

was used to investigate brain resilience (BR sub-sample, n=200, all but 5 overlapped with the CR 5 

sample). Written informed consent was obtained from all participants within each study and studies 6 

were approved by local institutional review boards for human research at each site. 7 

PET acquisition and processing  8 

Tau-PET images with [18F]flortaucipir were acquired on different PET scanners across cohorts, 9 

including Discovery 690 PET scanner (GE Healthcare) in BioFINDER-1 (http://biofinder.se), 10 

Biograph 6 Truepoint PET/CT scanner (Siemens) in UCSF34 and multiple scanners in the 11 

multicenter ADNI (http://adni.loni.usc.edu) and the AVID Radiopharmaceuticals studies35. At each 12 

site, PET data were reconstructed into 4x5-minute frames within the 80- to 100-minute interval 13 

after bolus injection of the tracer and images were resampled to a standard size (128x128x63 matrix 14 

with voxel size 2x2x2 mm). PET images were then centrally processed at Lund University33, 15 

undergoing motion correction with AFNI 3d volume registration36, calculation of mean time and 16 

rigid coregistration to the skull-stripped MRI scan37. Standardized uptake value ratio (SUVR) 17 

images were calculated by normalizing to uptake in the gray matter of the inferior cerebellum 18 

reference region. The cross-sectional FreeSurfer parcellation of the T1-weighted MRI scan in the 19 

participants’ native space was used to extract mean regional SUVRs in 68 cortical regions-of-20 

interest (ROIs) delineated in the Desikan-Killiany atlas. For our main analyses, we calculated a 21 

measure of tau uptake in a temporal meta-region of interest (temporal meta-ROI) 38 as the volume-22 

weighted average SUVR of amygdala, entorhinal, parahippocampal, fusiform, inferior and middle 23 

temporal regions, and a measure of global tau uptake39 as the volume weighted-average SUVR 24 

across the whole cortex. We selected these two regions as we expect them to provide 25 

complementary information. The temporal meta-ROI captures tau in earlier stages, however, with 26 

the possibility to become saturated in more advanced cases, whereas the global composite is at risk 27 

of signal dilution across the entire cortex, especially in individuals in the lower tau-PET range. We 28 

used partial volume (PV)-uncorrected data in the analyses reported in the main text, and PV-29 

corrected data in sensitivity analyses. Briefly, we used the Geometric Transfer Matrix40 partial 30 
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volume correction with a 5mm FWHM Gaussian kernel across all the FreeSurfer ROIs. 1 

Furthermore, in a secondary analysis, we explored regional effects using tau-PET SUVR across all 2 

68 cortical ROIs. 3 

MRI acquisition and processing  4 

As described in previous studies26,33, structural T1-weighted MRI scans were acquired on a 3-T 5 

Tim Trio or Skyra scanner (Siemens) in BioFINDER-1, a 3-T Tim Trio or Prisma scanner 6 

(Siemens) at UCSF and multiple scanners in the multicenter ADNI and AVID 7 

Radiopharmaceuticals studies. MP-RAGE images were processed centrally (at Lund University) 8 

with a previously described30 FreeSurfer-based image analysis pipeline 9 

(http://surfer.nmr.mgh.harvard.edu/; v6.0). Briefly, images underwent correction for intensity 10 

homogeneity, removal of non-brain tissue and segmentation into gray matter and white matter. 11 

Cortical thickness was calculated as the distance from the GM/WM boundary to the corresponding 12 

pial surface. Cortical thickness was extracted for the Desikan-Killiany atlas-based regions of 13 

interest41. Segmented data were visually inspected for accuracy and segmentation errors were 14 

corrected. Cross-sectional measures of cortical thickness and ICV were calculated from the 15 

processed baseline MRI scans. Two MRI measures of cortical thickness, comparable to the tau-16 

PET composite ROIs, were used as predictors in the CR models (i.e. cortical thickness as 17 

determinant of CR). An “AD-signature” ROI was calculated by averaging cortical thickness across 18 

bilateral entorhinal, fusiform, inferior and middle temporal cortices38. A measure of global cortical 19 

thickness was calculated as the surface area-weighted average across all cortical ROIs39. 20 

Additionally, we explored regional effects in a secondary analysis using cortical thickness in all 68 21 

cortical ROIs.  22 

For the study of brain resilience, we used longitudinal MRI scans collected for the 23 

individuals in the BR sub-sample to derive longitudinal cortical thickness measures. These 24 

longitudinal variables serve as outcomes in the BR models (i.e. see Statistical analysis section). 25 

Images were processed with the longitudinal FreeSurfer pipeline42. We calculated the two 26 

composite measures described above, AD-signature and global cortical thickness, for all available 27 

time points.  28 
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Cognitive data 1 

We selected MMSE43 for global cognition, the only test that was consistently administered across 2 

all included cohorts. All available longitudinal MMSE scores were collected for the participants in 3 

the CR sample (i.e., with at least one follow-up after the baseline assessment). We considered the 4 

MMSE score closest in time to the tau-PET scan as baseline (median time lag: 0.0±2.2 months, 5 

IQR: 1 month, range: -12–+9 months). 6 

Cognitive resilience and brain resilience 7 

We operationalized CR and BR as the degree to which either cognition or cortical thickness showed 8 

relative preservation over time given the degree of tau pathology observed at baseline. Our 9 

operationalization closely follows the definitions of cognitive reserve/brain maintenance proposed 10 

by the Collaboratory on Research Definitions for Reserve and Resilience in Cognitive Aging and 11 

Dementia (https://reserveandresilience.com/framework/), however, we call it “resilience” for two 12 

reasons. First, we aim to conceptualize resilience as the “response” of the brain (or rather the 13 

relative lack of response in the measured outcomes) to accruing neuropathology, while remaining 14 

agnostic to the underlying mechanism. Second, resilience is a “relative” term that implies a 15 

continuum, which is in line with how our statistical models (explained below) infer resilience as 16 

the deviation in outcome from a normative curve of “expected decline/cortical thinning” for a given 17 

level of pathology. Furthermore, in this manuscript we investigate resilience to tau pathology, 18 

hence, the use of “resilience” in later sections of this manuscript refers to tau pathology specifically. 19 

To examine the role of different variables, i.e. age, sex, APOE-ε4 status, education, ICV and cross-20 

sectional cortical thickness (for cognition), we followed the recommended analyses in the 21 

framework. First, we assessed whether the effect of tau load on rate of change in cognition (in CR) 22 

or cortical thickness (in BR) was moderated by the possible determinant. In absence of moderation, 23 

we further investigated whether the determinant/predictor of interest was associated with the rate 24 

of change in cognition or cortical thickness “over and above” tau pathology.  25 

Determinants 26 

Socio-demographic and genetic variables were collected at the time of enrollment in each cohort. 27 

For the current study, age (in years) was defined as the age at the time of the tau-PET scan and 28 

self-reported sex was a dichotomous variable (female/male). Education represents the number of 29 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



9 

years of formal education. APOE-ε4 status was defined as a binary variable indicating the presence 1 

or absence of at least one ε4-allele. Intracranial volume (expressed in dm3) was generated through 2 

FreeSurfer (i.e. estimated eTIV) from the baseline MRI. Cortical thickness (as a determinant in CR 3 

analyses) was measured as the baseline cortical thickness (in mm) in the AD-signature composite 4 

region. 5 

Statistical analysis 6 

All statistics were done using R (v4.0.3, The R Foundation for Statistical Computing) and statistical 7 

significance was set at p<0.05, two-sided. 8 

Primary analyses 9 

We used linear mixed-effects models to investigate the association of determinant variables with 10 

cognitive and brain resilience, as these models can handle differences in follow-up times among 11 

participants. To examine determinants of CR, we fitted (separate) models with longitudinal MMSE 12 

as outcome and age, sex, APOE-ε4 status, education, ICV and AD-signature cortical thickness as 13 

predictors-of-interest. First, a full model was assessed that included a three-way interaction 14 

between time (defined as years from each participant’s tau-PET scan), tau-PET SUVR and the 15 

predictor-of-interest, as well as all the lower-order and cross-sectional terms (see models in 16 

Supplementary Table-2). The three-way interaction term (time*tau*predictor) tests whether the 17 

predictor-of-interest moderates the effect of tau load at baseline on cognitive decline, in other 18 

words, whether the association between baseline tau-PET and rate of change in cognition is 19 

different at different levels of the hypothesized CR determinant variable. In the absence of a 20 

moderation effect (defined as a statistically non-significant [i.e., p>0.05] three-way interaction 21 

coefficient), we subsequently removed this term and instead assessed the association of each 22 

predictor-of-interest with cognitive decline in the presence of tau, by evaluating the time*predictor 23 

interaction term. Moreover, in the final models, we also evaluated the cross-sectional association 24 

of each predictor with cognition, by examining its conditional main effect (i.e. the association of 25 

the predictor with MMSE for an average tau-PET level at baseline). We fitted separate models for 26 

temporal meta-ROI tau-PET and global tau-PET. Similarly, we investigated the association of age, 27 

sex, APOE-ε4 status, education and ICV with brain resilience in the BR sub-sample, fitting linear 28 

mixed-effects models with longitudinal cortical thickness as outcome variable and following the 29 

same approach described for CR. We fitted separate models for temporal and global composite 30 
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regions, i.e. we used AD-signature cortical thickness in models that included the temporal meta-1 

ROI tau-PET as measure of pathology, and global cortical thickness in models with global cortical 2 

tau-PET. All CR and BR models were adjusted for cohort (i.e., they included a time*cohort term) 3 

and were fitted with the restricted maximum likelihood estimation using the lme4 package in R. 4 

The full models included a random intercept per patient and we tested whether the inclusion of a 5 

random slope for time was the best fit to the data using the likelihood ratio test (note that this was 6 

the case for all except the BR models with longitudinal global cortical thickness as outcome 7 

variable). Confidence intervals were calculated with Wald statistics using the Satterthwaite 8 

approximation for denominator degrees of freedom. Models were initially fitted with continuous 9 

predictors centered (except time). In order to have a more comparable effect size across 10 

determinants, we estimated standardized coefficients by standardizing (i.e. z-scoring) dependent 11 

variables (i.e. MMSE and cortical thickness) and continuous predictors (i.e. tau SUVR, age, 12 

education, ICV, cortical thickness) using the mean and standard deviation of each variable at 13 

baseline. 14 

For visualization purposes, we estimated the annual change in MMSE (points per year) and 15 

the annual change in cortical thickness (mm per year) for each individual via a linear regression 16 

fitted across their respective repeated measurements over time. These individual-level slopes were 17 

used in descriptive figures and to display interactions (where indicated in the figure legend). To 18 

visualize model-estimated interactions stratified for different tau burden and determinant levels, 19 

we used the fitted models to predict trajectories of decline for representative values (i.e. 20 

low/intermediate/high, selected as the mean value within tertiles of each variable). 21 

Secondary analyses 22 

Additionally, we performed a regional analysis in which we explored possible interactions of our 23 

determinants of interest with regional tau pathology across all 68 cortical ROIs from the Desikan-24 

Killiany atlas (i.e. we repeated the primary analysis with tau-PET in each ROI). To assess localized 25 

effects on CR, we fitted (separate) linear mixed-effects models with MMSE as outcome and a 26 

three-way interaction between time, tau-PET uptake in a given ROI and the predictor of interest, 27 

adjusted for cohort, including random intercepts and random slopes. For the BR analyses, we paired 28 

the outcome with the tau-PET ROI, therefore using as outcome variable longitudinal cortical 29 

thickness in the same ROI. We applied a correction for multiple comparisons per outcome (CR/BR) 30 
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across all predictors and regions, using the Benjamini-Hochberg procedure with a false discovery 1 

rate Q value of 5%44. We present the regions that survived the multiple comparison correction in 2 

the main text and report all uncorrected results in supplementary material. 3 

Sensitivity analyses 4 

We reanalyzed the main models with several variations: using PV-corrected tau-PET data, 5 

adjusting additionally for sex, follow-up time and diagnosis (MCI or AD) alongside cohort, and 6 

restricting the sample to only those individuals followed for more than 18 months. These analyses 7 

were performed and plotted in the form of specification curves45 and their main purpose is to assess 8 

whether the primary results are robust to these methodological decisions.  9 

Data availability  10 

The data that support the findings of this study are available from the corresponding author, upon 11 

reasonable request. 12 

Results 13 

Participant characteristics 14 

Characteristics of the CR sample participants are presented in Table-1, while the BR sample 15 

participants are presented in Supplementary Table-3. Additionally, histograms/bar plots of 16 

relevant variables stratified per cohort are shown in Supplementary Figure-1. Raw associations 17 

of the determinant variables with tau-PET burden, cognitive decline rate and cortical thinning rate 18 

are illustrated in Supplementary Figure-2. The CR sample included a total of 366 individuals 19 

across all cohorts (average age 73.2[8.5] years, 49.5% male, average MMSE score 24.2[4.2]), of 20 

which 41.3% were diagnosed with MCI and 58.7% with AD dementia. The BR sub-sample 21 

demographics were broadly representative of the larger CR sample (average age 72.5[8.8)] years, 22 

52.5% males, average MMSE score 24.9[4.1]), although individuals with longitudinal MRI were 23 

in less advanced disease stages (i.e., 56.5% MCI and 43.5% AD dementia participants) and 24 

therefore showed less pathology and decline (Supplementary Table-3). Median follow-up was 18 25 

months (range: 8-72 months) for the CR sample (i.e. MMSE follow-up) and 18 months (range:9-26 

63 months) for the BR sub-sample (i.e. MRI follow-up) (Supplementary Figure-3). 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



12 

Cognitive resilience 1 

Linear mixed-effects models with a three-way interaction between time, tau and each predictor 2 

tested whether the variables under investigation moderate the relationship between tau pathology 3 

and cognitive decline, as well as their main cross-sectional effects at average levels of tau burden 4 

(i.e. conditional main effects). Tau uptake in the temporal meta-ROI showed a significant negative 5 

association with cognitive decline (p<0.001 in all models, Figure-1). Significant interaction terms 6 

indicated that older age (stβ[95%CI]=-0.062[-0.118 – -0.006], p=0.032), higher education 7 

(stβ[95%CI]=-0.072[-0.127 – -0.017], p=0.011) and higher ICV (stβ[95%CI]=-0.07[-0.126 – -8 

0.014], p=0.016) were associated with a stronger (more negative) effect of temporal meta-ROI tau 9 

burden on longitudinal decline in MMSE (Table-2, Figure-2 A,C,E;. these effects were 10 

additionally plotted as a function of tau level in Figure-2 B0,D,E). All three variables also 11 

moderated the association of global tau-PET SUVR with cognitive decline (Supplementary 12 

Table-4). These models additionally revealed a conditional main effect of age (stβ[95%CI]=-0.16[-13 

0.265 – -0.054], p<0.01) and education (stβ[95%CI]=0.217[0.114 – 0.319], p<0.001) on cross-14 

sectional (i.e. baseline) levels of cognitive performance. Thus, at a given level of tau pathology 15 

(i.e. average level), being older at the time of the tau-PET was associated with worse cognitive 16 

performance (Figure-2B). In contrast, higher education was associated with better cross-sectional 17 

cognition (Figure-2D), while higher ICV was not related to cognitive performance at baseline 18 

(Figure-2F). There was no significant interaction with tau burden for cortical thickness, sex and 19 

APOE-ε4 status. In models in which these interaction terms were removed, greater cortical 20 

thickness was related to better cross-sectional cognition and slower longitudinal cognitive decline, 21 

above and beyond tau. Sex and APOE-ε4 status did not contribute to (cross-sectional nor 22 

longitudinal) cognition independent of tau (Table-2).  23 

 Using linear mixed models we explored interactions of predictors-of-interest with regional 24 

tau burden across 68 ROIs on cognitive decline. After multiple comparison correction, age 25 

interacted with tau burden in the left isthmus and posterior cingulate cortex, as well as left frontal 26 

and parietal regions (ROIs and statistics reported in Figure-4, Supplementary Table-6), 27 

indicating a greater impact of regional tau on cognitive decline in older individuals (Figure-4B). 28 

The regional analysis additionally revealed a positive interaction effect of APOE-ε4 status with tau 29 

burden in the entorhinal cortex, with carriers of the ε4-allele having an attenuated effect of regional 30 
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tau on global cognitive decline (Figure-4C). For the other ROIs and factors investigated, no 1 

associations were found that survived FDR correction (Supplementary Table-6, Supplementary 2 

Figure-4).  3 

Brain resilience 4 

Linear mixed-effects models with longitudinal cortical thickness as outcome and a three-way 5 

interaction (time*tau*predictor) investigated moderating determinants of BR. Tau uptake in the 6 

temporal meta-ROI was significantly negatively associated with cortical thinning in the AD-7 

signature composite region (p<0.001 in all models, Supplementary Figure-5). Models fitted for 8 

each determinant-of-interest revealed a significant moderation effect of education (stβ[95%CI]=-9 

0.037[-0.065 – -0.008], p=0.013) on the relationship between temporal meta-ROI tau and AD-10 

signature cortical thinning (Table-3). Higher education was associated with a stronger effect of tau 11 

burden on atrophy (Figure-3). None of the other investigated variables moderated this relationship. 12 

In models that estimated main effects (i.e. after removing the three-way interaction term), older 13 

age was related to thinner cross-sectional AD-signature cortex (stβ[95%CI]=-0.49[-0.613 – -14 

0.366], p<0.001) and to accelerated cortical thinning (stβ[95%CI]=-0.051[-0.083 – -0.02], p<0.01) 15 

independent of temporal meta-ROI tau. None of the other variables showed a statistically 16 

significant association with longitudinal cortical thinning or cross-sectional cortical thickness 17 

(Table-3). Results of analyses with global tau burden were consistent with these findings 18 

(Supplementary Table-5). 19 

In the region-wise analysis, after multiple comparison correction, none of the predictors 20 

investigated showed a localized interaction between cortical tau burden and cortical thinning in the 21 

same region (Supplementary Table-7, Supplementary Figure-6). 22 

Sensitivity analyses 23 

We performed a series of sensitivity analyses and report the results in Supplementary Figures-24 

7,8. Main effects reported in the manuscript remained the same when using partial volume 25 

corrected tau-PET data, and when additionally adjusting our linear mixed-effect models for sex or 26 

diagnosis, demonstrating the robustness of the results.  27 
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Discussion 1 

The current study investigated determinants of cognitive and brain resilience to tau pathology in 2 

symptomatic AD using a longitudinal design. The primary analyses revealed that, in our sample of 3 

Aβ-positive MCI and AD-type dementia individuals, older age, higher education and higher 4 

intracranial volume exacerbated the impact of (temporal and neocortical) tau burden on subsequent 5 

decline in global cognition. In other words, and as depicted in Figure-2B,D,F, this interaction 6 

signifies that the differential association of these determinant variables with rate of cognitive 7 

decline becomes (more) negative with increasing levels of tau pathology. Younger age and higher 8 

education were, however, associated with better cognitive performance at baseline. Greater cortical 9 

thickness at baseline was associated with both better cross-sectional cognition and slower 10 

longitudinal cognitive decline, contributing to these outcomes above and beyond tau pathology. 11 

Education also moderated the effect on longitudinal cortical thinning, with higher education 12 

enhancing the negative impact of tau load on subsequent brain atrophy. While there was no 13 

evidence for age as a moderator in BR models, older age was associated with lower cortical 14 

thickness at the time of the tau-PET scan, and with faster cortical thinning over time. Importantly, 15 

we did not find major contributions of sex and APOE-ε4 status to neither brain nor cognitive 16 

resilience. 17 

Determinants of resilience can facilitate the preservation of cognition/brain structure 18 

through two pathways. Firstly, they may provide a baseline (cross-sectional) advantage, likely 19 

reflecting a combination of genetic and developmental factors that results in higher pre-morbid 20 

cognitive performance (for CR) and thicker neocortex (for BR). This initial advantage may lead to 21 

a longer runway of decline, simply because there is a greater quantity of cognitive ability and brain 22 

integrity to lose. Secondly, protective factors could act by modifying the rate of change in the 23 

outcome, potentially involving more active mechanisms of preservation (e.g. compensatory 24 

mechanisms). These two hypothetical models are represented in Figure-5A,B. An initial difference 25 

in intercepts in the outcome variable that is preserved over time (i.e. with advancing pathology) 26 

constitutes the “preserved differentiation” model, while a differential rate of decline for low vs. 27 

high levels of the determinants represents the “differential preservation” model19,20. We further 28 

propose two additional theoretical scenarios (Figure-5C,D) based on the current findings. In the 29 

“enhanced differentiation” model, an initial difference in intercepts is enhanced over time given 30 
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also a (positive, i.e. protective) differential association of the determinant with the decline rate (e.g. 1 

the relationship observed for age). On the other hand, a positive association with the intercept but 2 

a negative association with the rate of decline would suggest a “reduced differentiation” model 3 

(e.g. education).  4 

Education 5 

One of our main findings is the adverse moderating role of education on the impact of tau pathology 6 

on longitudinal decline in global cognition. Education is widely known in the resilience literature 7 

as it has been consistently associated to better outcomes in AD and is, therefore, the most 8 

commonly used proxy to index the related construct of cognitive reserve16,17,46. Multiple studies 9 

have related a higher educational attainment to reduced risk of dementia47,48 and mortality49, to 10 

delayed symptom onset50 and to an attenuated effect of neuropathology on cognitive performance51, 11 

suggesting an initial protective effect in the disease continuum. This protective effect seems to be, 12 

however, reversed with advancing disease trajectory, with higher education being associated with 13 

steeper declines49,52-54. While previously described for brain atrophy49, the current study shows this 14 

paradoxical effect with tau pathology quantified with in vivo tau-PET imaging. In line with 15 

previous literature, our results revealed a positive association between education and cross-16 

sectional cognition at similar levels of tau (i.e. difference in intercepts), but a detrimental 17 

interactive association between education and tau burden on cognitive decline (i.e. also a difference 18 

in slopes). Higher educational attainment strengthened the (negative) effect of tau pathology on 19 

rate of decline. In other words, higher educated individuals seem to be on an accelerated decline 20 

path compared to lower educated individuals at similar tau pathology levels. Our results are 21 

consistent with a study in which education similarly adversely moderated the impact of brain 22 

atrophy on cognitive change55. Given the positive baseline association but the negative moderation 23 

effect, the association of education with cognition and decline in the presence of tau pathology can 24 

be best summarized as “reduced differentiation” (Figure-5D). We note, however, that the current 25 

literature remains somewhat mixed, as other studies did not find an interactive association between 26 

education, neuropathology and cognitive trajectories56,57. Our results suggest, together with 27 

extensive literature, that education may be a protective factor in earlier phases of the disease, e.g. 28 

likely before substantial accumulation and spread of tau pathology, but not in advanced disease 29 

stages. This protection is presumably achieved through a combined effect of genetics, 30 
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developmental and life-style factors, given that education is highly correlated with variables such 1 

as premorbid IQ58,59, socioeconomical status60, more favorable lifestyle choices or better access to 2 

healthcare61, resulting in a higher premorbid level of cognitive performance and in a compression 3 

of morbidity. 4 

Education also modified the association of tau burden with cortical thinning, though the 5 

role of education in brain resilience is less straightforward. According to our results, education 6 

enhanced the negative impact of tau pathology on longitudinal brain atrophy. In other words (and 7 

as observed in Figure-3B), a higher educational level was associated with faster cortical thinning 8 

at higher levels of tau pathology. This association is reminiscent of a differential preservation 9 

scenario (Figure-5B), given that there was no difference in intercepts but there was a differential 10 

association with rate of cortical thinning (with the higher educated however declining faster at 11 

higher levels of pathology). The lack of an association with atrophy rate at low levels of pathology 12 

are in line with studies that have disputed education being related to slower rates of gray matter 13 

volume loss in normative aging62,63. Nonetheless, our results suggest a detrimental association at 14 

high levels of tau pathology. This is in contrast to a study64 that found a protective effect of 15 

education on the cross-sectional metabolic neuronal function in response to pathological tau. Still, 16 

previous literature on the relationship between education, pathology and brain atrophy remains 17 

scarce.  18 

Intracranial volume 19 

Alongside education, intracranial volume has received ample attention as a measure of premorbid 20 

brain size16,65, as it is presumed to reflect maximal neurobiological capital available (e.g. number 21 

of neurons or synapses) before the emergence of neuropathology and associated brain changes. 22 

Previous literature has suggested a protective role of ICV in cognitive resilience to AD, with some 23 

studies showing more positive clinical outcomes with larger premorbid brain size66. In our models, 24 

a larger ICV was associated with a more negative impact of tau burden on cognitive decline. 25 

Furthermore, at average levels of tau, ICV was not associated with baseline cognition, in contrast 26 

to other studies that have shown an association between ICV and higher premorbid cognition in 27 

the presence of brain atrophy16,49. Our results are, therefore, most suggestive of an inverted version 28 

of the differential preservation pattern shown in Figure-5B.  29 
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Sex 1 

Sex differences in AD neuropathology burden and its subsequent clinical manifestation have been 2 

previously reported. Women, and more specifically amyloid-positive or APOE-ε4 carriers, show 3 

higher burden of pathological tau and faster accumulation rates measured with either CSF67,68 or 4 

tau-PET69 than men. Furthermore, female sex has also been associated with a faster CSF tau-5 

mediated cognitive decline and hippocampal atrophy over time70. Another study, though, suggested 6 

that at similar levels of tau-PET burden, women showed higher cortical thickness across the 7 

neocortex, indicative of a protective role in brain resilience39. In the current study, while there was 8 

an overall difference in tau burden in line with previous literature, with females showing more tau-9 

PET signal than males (Supplementary Figure-3), sex was not a determinant of either cognitive 10 

or brain resilience. In other words, our models did not support a moderation by sex of tau burden 11 

on either cognitive decline or cortical thinning. Furthermore, we did not observe cross-sectional 12 

nor longitudinal associations with the two outcomes.  13 

Age and cortical thickness 14 

Age and cortical thickness also contributed to CR, in line with expectations. Younger age and 15 

higher cortical thickness at the time of tau-PET were associated with better baseline cognition and 16 

slower rate of decline among individuals with similar pathological tau burden. Also longitudinally, 17 

younger age attenuated the impact of tau burden on cognitive decline rate. This moderation was 18 

also observed in the regional analysis, where younger age attenuated the effects of tau pathology 19 

in left-hemisphere cingulate and parietal regions on global cognition decline. Our results also 20 

suggest that age also plays a role in preserving brain structure in the face of tau pathology. While 21 

we previously reported on the baseline association of age with brain resilience39, in this study we 22 

extend those findings by showing a longitudinal additive (but not interactive) effect of age in BR. 23 

Despite the robust negative cross-sectional association of age with tau burden24,25 in cognitively 24 

impaired populations, indicative of more severe tau pathology in individuals with earlier disease 25 

onset, we found that younger age was associated with both higher baseline cortical thickness and 26 

slower rate of cortical thinning at similar levels of tau burden. The association of age and cortical 27 

thickness with both longitudinal cognition and atrophy is best conceptualized by the enhanced 28 

differentiation model (Figure-5C). These findings are not surprising, as age and cortical thickness 29 

likely capture aging-related and other pathological-processes71 that result in a faster atrophy rate 30 
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and worsened cognition and subsequent decline. Furthermore, younger individuals may present 1 

more preserved cellular repair mechanisms72 contributing to their increased resilience level. 2 

APOE-ε4 status 3 

While we found no significant differential associations with resilience between the APOE genotype 4 

groups (ε4 carriers vs. ε4 non-carriers) in our main analyses, APOE-ε4 carriers showed an 5 

attenuated effect of local tau in multiple medial-temporal regions (of which the entorhinal cortex 6 

survived FDR-correction) on cognitive decline in the region-wise analysis. This seems 7 

counterintuitive as carriers of an ε4 allele have been reported to harbor more tau pathology in the 8 

entorhinal cortex compared to non-carriers30,73. However, the same study showed that ε4 non-9 

carriers tend to have more widespread tau pathology in neocortical regions such as the parietal 10 

lobe30. We speculate that the observed interaction effect could reflect that, at high entorhinal cortex 11 

tau burden, the APOE-ε4 negative group likely also has more widespread tau pathology resulting 12 

in accelerated cognitive decline (Supplementary Figure-9).  13 

 14 

Strengths of this study include the availability of longitudinal cognitive and neuroimaging data to 15 

investigate and disentangle longitudinal vs. cross-sectional effects of different determinants and 16 

their role in cognitive and brain resilience to tau pathology. There are also several limitations. First, 17 

we used MMSE to measure cognition, as this was the only test available across cohorts. The MMSE 18 

is prone to ceiling effects and shows a curvilinear sensitivity to change74. Other neuropsychological 19 

tests with better psychometric properties could be used in the future to replicate these findings. 20 

Nonetheless, our sample consists of clinically impaired individuals potentially reducing the ceiling 21 

effect. Second, both a strength and a limitation is the inclusion of the BR sub-sample. Including 22 

individuals with at least two MRI scans allowed investigation of moderators of and factors 23 

associated with cortical thinning over time beyond tau pathology. However, this sub-sample is 24 

smaller than the main CR sample, resulting in possible differences in cognitive or pathological 25 

severity. Third, selecting MCI and AD individuals means excluding subjects with substantial 26 

neuropathology that were still cognitively unimpaired, leading to a potential selection bias towards 27 

less resilient participants. Furthermore, we did not select based on tau burden level, which means 28 

that our sample spans a wide range of tau load. While this is desired to ensure sufficient variance 29 

in the tau-PET variable, it means that we likely included subjects with no tau pathology. However, 30 
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including only Aβ-positive cognitively impaired participants maximizes the probability of tau 1 

pathology being incipient/present. Additionally, compared to previous literature, this study 2 

includes a well-characterized sample regarding the underlying neuropathology with in vivo 3 

longitudinal assessments of brain atrophy and cognitive performance. Fourth, we used cross-4 

sectional tau burden instead of longitudinal tau accumulation, a missing element to have a fully 5 

longitudinal design. Nonetheless, cross-sectional tau-PET uptake mirrors closely Braak staging of 6 

post-mortem tau neuropathology75 and is also predictive of tau accumulation rate25,35. Additionally, 7 

we quantified tau burden in both a temporal ROI (capturing tau pathology in intermediated Braak 8 

stages) and a global composite ROI (reflecting the later-stage spread of tau pathology to neocortex). 9 

Fifth, this study’s results suggest differential associations between the determinants and the degree 10 

of resilience with increasing levels of tau pathology, but we note that our sample included relatively 11 

few individuals in the high tau-PET range. Therefore, replication in larger populations with a wider 12 

range of tau-PET burden over longer time periods is needed. Similarly, we acknowledge that the 13 

available follow-up duration was relatively short on average, with differences among individuals. 14 

Nonetheless, we investigated that individuals with longer follow-up did not bias the results. Sixth, 15 

the relatively small sample of each cohort precluded proper investigation of effect heterogeneity 16 

across studies. Nonetheless, we note that all models were covaried for cohort. Seventh, we 17 

acknowledge that, although comparable across cohorts, the measure of years of education is not 18 

ideal as it does not accurately represent the quality and complexity of educational experience. 19 

Finally, we recognize that the relationship of the determinants with pathology and the outcomes of 20 

this study are complex (i.e., while some variables, e.g., age, APOE-e4 carriership, increase the risk 21 

of AD, they may behave differently as prognostic factors within symptomatic AD), challenging the 22 

interpretation of the results and the translation of these findings outside of symptomatic AD. 23 

Understanding the relation (or lack thereof) of the factors investigated in this study with 24 

future cognitive decline and brain atrophy in AD has implications for clinical trials. With the advent 25 

of tau-targeted therapeutics, ongoing and future trials recruit individuals that already harbor (some) 26 

tau pathological changes in the brain. Being able to more accurately predict progression and 27 

decline, especially for the duration of the trial, is important in order to observe the potential benefits 28 

of medication on clinical outcomes and chose appropriate covariates in the efficacy analyses. 29 
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Conclusion 1 

In this longitudinal multi-cohort study of a clinically impaired sample with underlying AD 2 

neuropathology, we found that age, education, ICV and cortical thickness play a role in cognitive 3 

resilience, while age and education contribute to brain resilience. Of note, we show that level of 4 

education is positively associated with baseline cognitive performance while it negatively 5 

moderates the impact of tau burden (measured with in vivo tau-PET) on cognitive decline, in line 6 

with the paradoxical effect that has previously been documented with brain atrophy55. While 7 

previous literature suggested a role of sex in cognitive/brain resilience, we did not find major 8 

contributions of sex to neither of the two resilience phenotypes, suggesting that previous links 9 

might be driven by cross-sectional differences. 10 

 11 

Acknowledgements  12 

Research of Amsterdam Alzheimer Center is part of the Neurodegeneration program of Amsterdam 13 

Neuroscience. The Amsterdam Alzheimer Center is supported by Alzheimer Nederland and 14 

Stichting VUmc funds. Wiesje van der Flier holds the Pasman chair.  15 

 16 

Funding  17 

This project has received funding from the European Research Council (ERC) under the European 18 

Union’s Horizon 2020 research and innovation programme (grant agreement No. 949570, PI: Rik 19 

Ossenkoppele) and Alzheimer Nederland (PI: Rik Ossenkoppele), and from Regionalt 20 

Forskningsstöd (Doktorand-2021-0883), the Swedish federal government under the ALF 21 

agreement (2018-ST0030). 22 

Work at Lund University was supported by the Swedish Research Council (2016-00906), the Knut 23 

and Alice Wallenberg foundation (2017-0383), the Marianne and Marcus Wallenberg foundation 24 

(2015.0125), the Strategic Research Area MultiPark (Multidisciplinary Research in Parkinson’s 25 

disease) at Lund University, the Swedish Alzheimer Foundation (AF-939932), the Swedish Brain 26 

Foundation (FO2021-0293), The Parkinson foundation of Sweden (1280/20), the Cure Alzheimer’s 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



21 

fund, the Konung Gustaf V:s och Drottning Victorias Frimurarestiftelse, the Skåne University 1 

Hospital Foundation (2020-O000028), Regionalt Forskningsstöd (2020-0314) and the Swedish 2 

federal government under the ALF agreement (2018-Projekt0279). At Lund University, doses of 3 

18F-flutemetamol injection were sponsored by GE Healthcare and the precursor of 18F-flortaucipir 4 

was provided by AVID radiopharmaceuticals. 5 

The UCSF center was supported by National Institutes of Health/National Institute of Aging grants 6 

NIH/NIA P30-AG062422 (to GDR), R01-AG045611 (to GDR), K99AG065501 (to RLJ), 7 

Rainwater Charitable Foundation (to GDR, WJJ), Alzheimer’s Association (to RLJ, AARF:16-8 

443577).  9 

FB is supported by the NIHR biomedical research centre at UCLH. 10 

 11 

Competing interests  12 

D. Bocancea, A.L. Svenningsson, R. Smith, R. La Joie, H. Rosen report no competing interests. 13 

OH has acquired research support (for the institution) from ADx, AVID Radiopharmaceuticals, 14 

Biogen, Eli Lilly, Eisai, Fujirebio, GE Healthcare, Pfizer, and Roche. In the past 2 years, he has 15 

received consultancy/speaker fees from AC Immune, Amylyx, Alzpath, BioArctic, Biogen, 16 

Cerveau, Fujirebio, Genentech, Novartis, Roche, and Siemens.  17 

MJP is an employees of Avid Radiopharmaceuticals a wholly owned subsidiary of Eli Lilly and 18 

Company and a minor stockholder in Eli Lilly. 19 

FB is in the Steering committee or iDMC member for Biogen, Merck, Roche, EISAI and Prothena, 20 

consultant for Roche, Biogen, Merck, IXICO, Jansen, Combinostics, has research agreements with 21 

Merck, Biogen, GE Healthcare, Roche, and is Co-founder and shareholder of Queen Square 22 

Analytics LTD. 23 

GDR receives research support from Avid Radiopharmaceuticals, GE Healthcare, and Life 24 

Molecular Imaging, and has received consulting fees or speaking honoraria from Axon 25 

Neurosciences, Avid Radiopharmaceuticals, GE Healthcare, Johnson & Johnson, Roche, Eisai, 26 

Genentech, Merck. He is an associate editor of JAMA Neurology. 27 

 28 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



22 

Supplementary material  1 

Supplementary material is available at Brain online. 2 

References 3 

1. Johnson KA, Schultz A, Betensky RA, et al. Tau positron emission tomographic imaging 4 

in aging and early Alzheimer disease. Annals of Neurology. 2016/01/01 2016;79(1):110-119. 5 

doi:https://doi.org/10.1002/ana.24546 6 

2. Schöll M, Lockhart Samuel N, Schonhaut Daniel R, et al. PET Imaging of Tau Deposition 7 

in the Aging Human Brain. Neuron. 2016/03/02/ 2016;89(5):971-982. 8 

doi:https://doi.org/10.1016/j.neuron.2016.01.028 9 

3. Cho H, Choi JY, Lee HS, et al. Progressive Tau Accumulation in Alzheimer Disease: 2-10 

Year Follow-up Study. Journal of nuclear medicine : official publication, Society of Nuclear 11 

Medicine. Nov 2019;60(11):1611-1621. doi:10.2967/jnumed.118.221697 12 

4. Ossenkoppele R, Smith R, Ohlsson T, et al. Associations between tau, Aβ, and cortical 13 

thickness with cognition in Alzheimer disease. Neurology. Feb 5 2019;92(6):e601-e612. 14 

doi:10.1212/wnl.0000000000006875 15 

5. Nelson PT, Braak H, Markesbery WR. Neuropathology and cognitive impairment in 16 

Alzheimer disease: a complex but coherent relationship. J Neuropathol Exp Neurol. Jan 17 

2009;68(1):1-14. doi:10.1097/NEN.0b013e3181919a48 18 

6. Nelson PT, Jicha GA, Schmitt FA, et al. Clinicopathologic correlations in a large Alzheimer 19 

disease center autopsy cohort: neuritic plaques and neurofibrillary tangles "do count" when staging 20 

disease severity. J Neuropathol Exp Neurol. Dec 2007;66(12):1136-46. 21 

doi:10.1097/nen.0b013e31815c5efb 22 

7. Harrison TM, La Joie R, Maass A, et al. Longitudinal tau accumulation and atrophy in 23 

aging and alzheimer disease. Annals of Neurology. 2019;85(2):229-240. 24 

doi:https://doi.org/10.1002/ana.25406 25 

8. Gordon BA, McCullough A, Mishra S, et al. Cross-sectional and longitudinal atrophy is 26 

preferentially associated with tau rather than amyloid β positron emission tomography pathology. 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



23 

Alzheimer's & Dementia: Diagnosis, Assessment & Disease Monitoring. 2018/01/01/ 1 

2018;10:245-252. doi:https://doi.org/10.1016/j.dadm.2018.02.003 2 

9. La Joie R, Visani AV, Baker SL, et al. Prospective longitudinal atrophy in Alzheimer's 3 

disease correlates with the intensity and topography of baseline tau-PET. Sci Transl Med. Jan 1 4 

2020;12(524)doi:10.1126/scitranslmed.aau5732 5 

10. Ossenkoppele R, Smith R, Mattsson-Carlgren N, et al. Accuracy of Tau Positron Emission 6 

Tomography as a Prognostic Marker in Preclinical and Prodromal Alzheimer Disease: A Head-to-7 

Head Comparison Against Amyloid Positron Emission Tomography and Magnetic Resonance 8 

Imaging. JAMA Neurol. 2021;78(8):961-971. doi:10.1001/jamaneurol.2021.1858 9 

11. Sperling RA, Mormino EC, Schultz AP, et al. The impact of amyloid-beta and tau on 10 

prospective cognitive decline in older individuals. Ann Neurol. Feb 2019;85(2):181-193. 11 

doi:10.1002/ana.25395 12 

12. Lagarde J, Olivieri P, Tonietto M, et al. Tau-PET imaging predicts cognitive decline and 13 

brain atrophy progression in early Alzheimer's disease. J Neurol Neurosurg Psychiatry. May 14 

2022;93(5):459-467. doi:10.1136/jnnp-2021-328623 15 

13. Arenaza-Urquijo EM, Vemuri P. Resistance vs resilience to Alzheimer disease: Clarifying 16 

terminology for preclinical studies. Neurology. Apr 10 2018;90(15):695-703. 17 

doi:10.1212/wnl.0000000000005303 18 

14. Bocancea DI, van Loenhoud AC, Groot C, Barkhof F, van der Flier WM, Ossenkoppele R. 19 

Measuring Resilience and Resistance in Aging and Alzheimer Disease Using Residual Methods. 20 

A Systematic Review and Meta-analysis. 2021;97(10):474-488. 21 

doi:10.1212/wnl.0000000000012499 22 

15. Kremen WS, Elman JA, Panizzon MS, et al. Cognitive Reserve and Related Constructs: A 23 

Unified Framework Across Cognitive and Brain Dimensions of Aging. Review. Frontiers in aging 24 

neuroscience. 2022-May-27 2022;14doi:10.3389/fnagi.2022.834765 25 

16. van Loenhoud AC, Groot C, Vogel JW, van der Flier WM, Ossenkoppele R. Is intracranial 26 

volume a suitable proxy for brain reserve? Alzheimer's research & therapy. 2018/09/11 27 

2018;10(1):91. doi:10.1186/s13195-018-0408-5 28 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



24 

17. Stern Y. Cognitive reserve. Neuropsychologia. Aug 2009;47(10):2015-28. 1 

doi:10.1016/j.neuropsychologia.2009.03.004 2 

18. Cabeza R, Albert M, Belleville S, et al. Maintenance, reserve and compensation: the 3 

cognitive neuroscience of healthy ageing. Nature Reviews Neuroscience. 2018/11/01 4 

2018;19(11):701-710. doi:10.1038/s41583-018-0068-2 5 

19. Salthouse TA, Mitchell DR. Effects of age and naturally occurring experience on spatial 6 

visualization performance. Dev Psychol. 1990;26(5):845-854. doi:10.1037/0012-1649.26.5.845 7 

20. Tucker-Drob EM. Cognitive Aging and Dementia: A Life-Span Perspective. Annual 8 

Review of Developmental Psychology. 2019;1(1):177-196. doi:10.1146/annurev-devpsych-9 

121318-085204 10 

21. Schöll M, Ossenkoppele R, Strandberg O, et al. Distinct 18F-AV-1451 tau PET retention 11 

patterns in early- and late-onset Alzheimer's disease. Brain : a journal of neurology. Sep 1 12 

2017;140(9):2286-2294. doi:10.1093/brain/awx171 13 

22. Pontecorvo MJ, Devous MD, Sr., Navitsky M, et al. Relationships between flortaucipir PET 14 

tau binding and amyloid burden, clinical diagnosis, age and cognition. Brain : a journal of 15 

neurology. Mar 1 2017;140(3):748-763. doi:10.1093/brain/aww334 16 

23. Lowe VJ, Wiste HJ, Senjem ML, et al. Widespread brain tau and its association with ageing, 17 

Braak stage and Alzheimer's dementia. Brain : a journal of neurology. Jan 1 2018;141(1):271-287. 18 

doi:10.1093/brain/awx320 19 

24. Ossenkoppele R, Leuzy A, Cho H, et al. The impact of demographic, clinical, genetic, and 20 

imaging variables on tau PET status. Eur J Nucl Med Mol Imaging. Jul 2021;48(7):2245-2258. 21 

doi:10.1007/s00259-020-05099-w 22 

25. Jack CR, Jr., Wiste HJ, Weigand SD, et al. Predicting future rates of tau accumulation on 23 

PET. Brain : a journal of neurology. 2020;143(10):3136-3150. doi:10.1093/brain/awaa248 24 

26. Smith R, Strandberg O, Mattsson-Carlgren N, et al. The accumulation rate of tau aggregates 25 

is higher in females and younger amyloid-positive subjects. Brain : a journal of neurology. 26 

2020;143(12):3805-3815. doi:10.1093/brain/awaa327 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



25 

27. Buckley RF, Mormino EC, Rabin JS, et al. Sex Differences in the Association of Global 1 

Amyloid and Regional Tau Deposition Measured by Positron Emission Tomography in Clinically 2 

Normal Older Adults. JAMA Neurol. 2019;76(5):542-551. doi:10.1001/jamaneurol.2018.4693 3 

28. Sundermann EE, Panizzon MS, Chen X, et al. Sex differences in Alzheimer’s-related Tau 4 

biomarkers and a mediating effect of testosterone. Biology of Sex Differences. 2020/06/19 5 

2020;11(1):33. doi:10.1186/s13293-020-00310-x 6 

29. Babapour Mofrad R, Tijms BM, Scheltens P, et al. Sex differences in CSF biomarkers vary 7 

by Alzheimer disease stage and <em>APOE</em> ε4 genotype. Neurology. 2020;95(17):e2378-8 

e2388. doi:10.1212/wnl.0000000000010629 9 

30. Mattsson N, Ossenkoppele R, Smith R, et al. Greater tau load and reduced cortical thickness 10 

in APOE ε4-negative Alzheimer’s disease: a cohort study. Alzheimer's research & therapy. 11 

2018/08/07 2018;10(1):77. doi:10.1186/s13195-018-0403-x 12 

31. Ramanan VK, Castillo AM, Knopman DS, et al. Association of Apolipoprotein E ɛ4, 13 

Educational Level, and Sex With Tau Deposition and Tau-Mediated Metabolic Dysfunction in 14 

Older Adults. JAMA Netw Open. Oct 2 2019;2(10):e1913909. 15 

doi:10.1001/jamanetworkopen.2019.13909 16 

32. Hoenig MC, Bischof GN, Hammes J, et al. Tau pathology and cognitive reserve in 17 

Alzheimer's disease. Neurobiology of Aging. 2017/09/01/ 2017;57:1-7. 18 

doi:https://doi.org/10.1016/j.neurobiolaging.2017.05.004 19 

33. Ossenkoppele R, Rabinovici GD, Smith R, et al. Discriminative Accuracy of 20 

[18F]flortaucipir Positron Emission Tomography for Alzheimer Disease vs Other 21 

Neurodegenerative Disorders. Jama. Sep 18 2018;320(11):1151-1162. 22 

doi:10.1001/jama.2018.12917 23 

34. Ossenkoppele R, Schonhaut DR, Schöll M, et al. Tau PET patterns mirror clinical and 24 

neuroanatomical variability in Alzheimer’s disease. Brain : a journal of neurology. 25 

2016;139(5):1551-1567. doi:10.1093/brain/aww027 26 

35. Pontecorvo MJ, Devous MD, Kennedy I, et al. A multicentre longitudinal study of 27 

flortaucipir (18F) in normal ageing, mild cognitive impairment and Alzheimer's disease dementia. 28 

Brain : a journal of neurology. Jun 1 2019;142(6):1723-1735. doi:10.1093/brain/awz090 29 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



26 

36. Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance 1 

neuroimages. Comput Biomed Res. Jun 1996;29(3):162-73. doi:10.1006/cbmr.1996.0014 2 

37. Avants BB, Tustison N, Song G. Advanced normalization tools (ANTS). Insight j. 3 

2009;2(365):1-35.  4 

38. Jack CR, Wiste HJ, Weigand SD, et al. Defining imaging biomarker cut points for brain 5 

aging and Alzheimer's disease. https://doi.org/10.1016/j.jalz.2016.08.005. Alzheimer's & 6 

Dementia. 2017/03/01 2017;13(3):205-216. doi:https://doi.org/10.1016/j.jalz.2016.08.005 7 

39. Ossenkoppele R, Lyoo CH, Jester-Broms J, et al. Assessment of Demographic, Genetic, 8 

and Imaging Variables Associated With Brain Resilience and Cognitive Resilience to Pathological 9 

Tau in Patients With Alzheimer Disease. JAMA Neurol. 2020:10.1001/jamaneurol.2019.5154. 10 

doi:10.1001/jamaneurol.2019.5154 11 

40. Rousset OG, Ma Y, Evans AC. Correction for partial volume effects in PET: principle and 12 

validation. Journal of Nuclear Medicine. 1998;39(5):904-911.  13 

41. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system for subdividing the 14 

human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage. Jul 1 15 

2006;31(3):968-80. doi:10.1016/j.neuroimage.2006.01.021 16 

42. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for 17 

unbiased longitudinal image analysis. NeuroImage. 2012/07/16/ 2012;61(4):1402-1418. 18 

doi:https://doi.org/10.1016/j.neuroimage.2012.02.084 19 

43. Tombaugh TN, McIntyre NJ. The mini-mental state examination: a comprehensive review. 20 

Journal of the American Geriatrics Society. Sep 1992;40(9):922-35. doi:10.1111/j.1532-21 

5415.1992.tb01992.x 22 

44. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful 23 

Approach to Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). 24 

1995;57(1):289-300.  25 

45. Simonsohn U, Simmons JP, Nelson LD. Specification curve analysis. Nature Human 26 

Behaviour. 2020/11/01 2020;4(11):1208-1214. doi:10.1038/s41562-020-0912-z 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



27 

46. Stern Y, Arenaza-Urquijo EM, Bartrés-Faz D, et al. Whitepaper: Defining and investigating 1 

cognitive reserve, brain reserve, and brain maintenance. Alzheimer's & Dementia. 2 

2020;16(9):1305-1311. doi:https://doi.org/10.1016/j.jalz.2018.07.219 3 

47. Robitaille A, van den Hout A, Machado RJM, et al. Transitions across cognitive states and 4 

death among older adults in relation to education: A multistate survival model using data from six 5 

longitudinal studies. https://doi.org/10.1016/j.jalz.2017.10.003. Alzheimer's & Dementia. 6 

2018/04/01 2018;14(4):462-472. doi:https://doi.org/10.1016/j.jalz.2017.10.003 7 

48. Lamballais S, Zijlmans JL, Vernooij MW, Ikram MK, Luik AI, Ikram MA. The Risk of 8 

Dementia in Relation to Cognitive and Brain Reserve. Journal of Alzheimer's Disease. 9 

2020;77:607-618. doi:10.3233/JAD-200264 10 

49. van Loenhoud AC, Groot C, Bocancea DI, et al. Association of Education and Intracranial 11 

Volume With Cognitive Trajectories and Mortality Rates Across the Alzheimer Disease 12 

Continuum. Neurology. 2022:10.1212/WNL.0000000000200116. 13 

doi:10.1212/WNL.0000000000200116 14 

50. Amieva H, Mokri H, Le Goff M, et al. Compensatory mechanisms in higher-educated 15 

subjects with Alzheimer's disease: a study of 20 years of cognitive decline. Brain : a journal of 16 

neurology. Apr 2014;137(Pt 4):1167-75. doi:10.1093/brain/awu035 17 

51. Rentz DM, Mormino EC, Papp KV, Betensky RA, Sperling RA, Johnson KA. Cognitive 18 

resilience in clinical and preclinical Alzheimer’s disease: the Association of Amyloid and Tau 19 

Burden on cognitive performance. Brain imaging and behavior. 2017;11(2):383-390.  20 

52. Wilson RS, Li Y, Aggarwal NT, et al. Education and the course of cognitive decline in 21 

Alzheimer disease. Neurology. Oct 12 2004;63(7):1198-202. 22 

doi:10.1212/01.wnl.0000140488.65299.53 23 

53. Scarmeas N, Albert SM, Manly JJ, Stern Y. Education and rates of cognitive decline in 24 

incident Alzheimer’s disease. Journal of Neurology, Neurosurgery &amp; Psychiatry. 25 

2006;77(3):308. doi:10.1136/jnnp.2005.072306 26 

54. Clouston SAP, Smith DM, Mukherjee S, et al. Education and Cognitive Decline: An 27 

Integrative Analysis of Global Longitudinal Studies of Cognitive Aging. The journals of 28 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



28 

gerontology Series B, Psychological sciences and social sciences. Aug 13 2020;75(7):e151-e160. 1 

doi:10.1093/geronb/gbz053 2 

55. Mungas D, Gavett B, Fletcher E, Farias ST, DeCarli C, Reed B. Education amplifies brain 3 

atrophy effect on cognitive decline: implications for cognitive reserve. Neurobiology of Aging. 4 

2018/08/01/ 2018;68:142-150. doi:https://doi.org/10.1016/j.neurobiolaging.2018.04.002 5 

56. Wilson RS, Yu L, Lamar M, Schneider JA, Boyle PA, Bennett DA. Education and cognitive 6 

reserve in old age. Neurology. 2019:10.1212/WNL.0000000000007036. 7 

doi:10.1212/wnl.0000000000007036 8 

57. Bauer CE, Brown CA, Gold BT. Education does not protect cognitive function from brain 9 

pathology in the ADNI 2 cohort. Neurobiol Aging. Jun 2020;90:147-149. 10 

doi:10.1016/j.neurobiolaging.2019.11.017 11 

58. Boyle R, Knight SP, De Looze C, et al. Verbal intelligence is a more robust cross-sectional 12 

measure of cognitive reserve than level of education in healthy older adults. Alzheimer's research 13 

& therapy. 2021/07/12 2021;13(1):128. doi:10.1186/s13195-021-00870-z 14 

59. Deary IJ, Strand S, Smith P, Fernandes C. Intelligence and educational achievement. 15 

Intelligence. 2007;35(1):13-21.  16 

60. Sirin SR. Socioeconomic status and academic achievement: A meta-analytic review of 17 

research. Review of educational research. 2005;75(3):417-453.  18 

61. Cutler DM, Huang W, Lleras-Muney A. When does education matter? The protective effect 19 

of education for cohorts graduating in bad times. Social Science & Medicine. 2015;127:63-73.  20 

62. Nyberg L, Magnussen F, Lundquist A, et al. Educational attainment does not influence 21 

brain aging. Proceedings of the National Academy of Sciences. 2021;118(18):e2101644118.  22 

63. Habeck C, Gazes Y, Razlighi Q, Stern Y. Cortical thickness and its associations with age, 23 

total cognition and education across the adult lifespan. PLoS One. 2020;15(3):e0230298.  24 

64. Hoenig MC, Bischof GN, Onur Ö A, et al. Level of education mitigates the impact of tau 25 

pathology on neuronal function. Eur J Nucl Med Mol Imaging. Aug 2019;46(9):1787-1795. 26 

doi:10.1007/s00259-019-04342-3 27 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



29 

65. Satz P. Brain reserve capacity on symptom onset after brain injury: A formulation and 1 

review of evidence for threshold theory. Neuropsychology. 1993;7(3):273-295. doi:10.1037/0894-2 

4105.7.3.273 3 

66. Wolf H, Julin P, Gertz H-J, Winblad B, Wahlund L-O. Intracranial volume in mild 4 

cognitive impairment, Alzheimer's disease and vascular dementia: evidence for brain reserve? 5 

https://doi.org/10.1002/gps.1205. International journal of geriatric psychiatry. 2004/10/01 6 

2004;19(10):995-1007. doi:https://doi.org/10.1002/gps.1205 7 

67. Buckley RF, Mormino EC, Chhatwal J, et al. Associations between baseline amyloid, sex, 8 

and APOE on subsequent tau accumulation in cerebrospinal fluid. Neurobiol Aging. Jun 9 

2019;78:178-185. doi:10.1016/j.neurobiolaging.2019.02.019 10 

68. Hohman TJ, Dumitrescu L, Barnes LL, et al. Sex-Specific Association of Apolipoprotein 11 

E With Cerebrospinal Fluid Levels of Tau. JAMA Neurol. 2018;75(8):989-998. 12 

doi:10.1001/jamaneurol.2018.0821 13 

69. Buckley RF, Scott MR, Jacobs HIL, et al. Sex Mediates Relationships Between Regional 14 

Tau Pathology and Cognitive Decline. Annals of Neurology. 2020;88(5):921-932. 15 

doi:https://doi.org/10.1002/ana.25878 16 

70. Koran MEI, Wagener M, Hohman TJ. Sex differences in the association between AD 17 

biomarkers and cognitive decline. Brain imaging and behavior. Feb 2017;11(1):205-213. 18 

doi:10.1007/s11682-016-9523-8 19 

71. Morrison JH, Baxter MG. The ageing cortical synapse: hallmarks and implications for 20 

cognitive decline. Nature reviews Neuroscience. Mar 7 2012;13(4):240-50. doi:10.1038/nrn3200 21 

72. Kirkwood TBL. Understanding the Odd Science of Aging. Cell. 2005/02/25/ 22 

2005;120(4):437-447. doi:https://doi.org/10.1016/j.cell.2005.01.027 23 

73. Therriault J, Benedet AL, Pascoal TA, et al. Association of Apolipoprotein E ε4 With 24 

Medial Temporal Tau Independent of Amyloid-β. JAMA Neurol. Apr 1 2020;77(4):470-479. 25 

doi:10.1001/jamaneurol.2019.4421 26 

74. Philipps V, Amieva H, Andrieu S, et al. Normalized Mini-Mental State Examination for 27 

Assessing Cognitive Change in Population-Based Brain Aging Studies. Neuroepidemiology. 28 

2014;43(1):15-25. doi:10.1159/000365637 29 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023



30 

75. Fleisher AS, Pontecorvo MJ, Devous MD, Sr., et al. Positron Emission Tomography 1 

Imaging With [18F]flortaucipir and Postmortem Assessment of Alzheimer Disease 2 

Neuropathologic Changes. JAMA Neurol. Jul 1 2020;77(7):829-839. 3 

doi:10.1001/jamaneurol.2020.0528 4 

 5 

Figure Legends 6 

Figure 1 Association of baseline tau-PET burden with rate of cognitive decline, stratified per 7 

determinant of interest. For visualization purposes, annual change in MMSE (points/year) was 8 

calculated for each participant through an individual-level regression of all available MMSE 9 

observation on time (in years). Continuous determinants were divided in tertiles.  10 

 11 

Figure 2 Cognitive resilience moderating determinants. This figure illustrates the statistical 12 

interaction of age (first row), education (second row) and ICV (third row) with temporal meta-ROI 13 

tau-PET burden on rate of cognitive decline. Model-predicted associations and trajectories for 14 

representative values (low, intermediate, high) are shown, where the three levels of tau burden and 15 

of determinants variables were defined as the average value within the tertiles for each variable 16 

(note that the linear mixed models with continuous predictors were used to predict the decline 17 

trajectories; the tertile mean representative values were selected as that allowed plotting of raw 18 

individual trajectories within each level of tau burden). Older age at baseline (A, B), higher 19 

education (C, D) and higher ICV (E, F) adversely modified the negative effect of tau-PET burden 20 

on rate of cognitive decline. Temporal meta-ROI tau uptake levels: higher = 2.2 SUVR, 21 

intermediate = 1.6 SUVR, lower = 1.2 SUVR. Age levels: higher = 82 years old, intermediate = 74 22 

years old, lower = 64 years old. Education levels: higher = 18 years, intermediate = 15 years, lower 23 

= 11 years. ICV levels: higher = 1.64 dm3, intermediate = 1.45 dm3, lower = 1.29 dm3. Bars with 24 

star in panels A, C and E indicate regions of temporal meta-ROI tau-PET uptake values for which 25 

age, education and ICV were significantly associated with rate of cognitive decline, as derived 26 

from a Johnson-Neyman analysis on simplified models of MMSE slopes regressed onto the 27 

interaction between tau burden and each determinant. Note that this figure shows model-predicted 28 

relationships, in contrast to Figure 1 that plots relationships based on the raw data. 29 
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 1 

Figure 3 Brain resilience moderating determinants. This figure illustrates the statistical 2 

interaction of education with temporal meta-ROI tau-PET burden on rate of cortical thinning in the 3 

AD-signature composite region. Model-predicted associations and trajectories for representative 4 

values (low, intermediate, high) are shown, where the three levels of tau burden and of education 5 

were defined as the average value within the tertiles for each variable (note that the linear mixed 6 

models with continuous predictors were used to predict the decline trajectories; the tertile mean 7 

values were selected as that allowed plotting of raw individual trajectories within each level of tau 8 

burden). (A, B) Higher education adversely modified the negative effect of tau-PET burden on rate 9 

of cognitive decline. Temporal meta-ROI tau uptake levels: higher = 2.1 SUVR, intermediate = 1.5 10 

SUVR, lower = 1.2 SUVR). Education levels: higher = 18 years, intermediate = 16 years, lower = 11 

12 years. Bar with star in panel A indicate regions of temporal meta-ROI tau-PET uptake values 12 

for which education was significantly associated with rate of cortical thinning, as derived from a 13 

Johnson-Neyman analysis on simplified models of cortical thinning slopes regressed onto the 14 

interaction between tau burden and education.  15 

 16 

Figure 4 Regional interaction effects of investigated determinants with localized tau-PET 17 

uptake on rate of global cognitive decline. (A) Significant associations (p<0.05 uncorrected and 18 

FDR<0.05 corrected for multiple comparisons) between regional tau tracer binding and rate of 19 

change in MMSE. (B) Coefficients of the three-way interaction of age with local tau burden and 20 

time from (separate) linear mixed models across the 68 Desikan-Killiany atlas-based cortical 21 

regions of interest. Older age at baseline was associated with a strengthened negative effect of tau 22 

burden in the regions highlighted in blue on cognitive decline. (C) Coefficients of the three-way 23 

interaction of APOE-e4 genotype with local tau burden and time from (separate) linear mixed 24 

models across the 68 cortical ROIs. APOE-e4 positivity was associated with an attenuated effect 25 

of tau burden in the entorhinal cortex (region highlighted in red) on cognitive decline.  26 

 27 

Figure 5 Theoretical scenarios depicting the relationship of the determinant variable 28 

(low/high) and rates of cognitive decline/atrophy. (A) Preserved differentiation is observed if an 29 

existing baseline difference in intercepts is preserved over time (i.e. slopes for the low/high groups 30 
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are the same). (B) Differential preservation is observed, on the other hand, when, rather than a 1 

difference in intercepts, there is a differential association of the determinant with the decline rate. 2 

(C) Enhanced differentiation depicts the scenario in which the initial difference in intercepts is 3 

further enhanced (the lines diverge further) given also a “protective” relationship of the determinant 4 

with the slope. (D) Reduced differentiation illustrates the opposite case, in which the group starting 5 

higher at baseline declines faster with accumulating tau pathology, closing the gap between the two 6 

lines. 7 

  8 
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Table 1 Demographic and clinical characteristics of the total sample (CR sample)  1 
 CR sample  

Total N 366 

Study, n (%)  

ADNI  120 (32.8%) 

AVID 147 (40.1%) 

BF1 69 (18.9%) 

UCSF 30 (8.2%) 

Diagnosis, n (%)  

Mild cognitive impairment 151 (41.3%) 

AD-type dementia 215 (58.7%) 

Age (years) 73.22 ± 8.47 

Sex (% males) 49.5% 

APOE-ε4 status (% e4+)a 62.6% 

APOE genotype, n (%)a ε2/ε3 n = 5 (1.4%) 

ε2/ε4 n = 12 (3.4%) 

ε3/ε3 n = 115 (33%) 

ε3/ε4 n = 146 (41.8%) 

ε4/ε4 n = 71 (20.4%) 

Education (years)b 15.0 ± 3.3 

ICV (dm3) 1.46 ± 0.16 

MMSE, baseline score 24.15 ± 4.17 [range: 7–30] 

MMSE, annual change (points/year) −2.23 ± 2.99 

Temporal meta-ROI tau, SUVR 1.66 ± 0.42 

Global tau (SUVR) 1.38 ± 0.32 

AD-signature cortical thickness (mm) 2.51 ± 0.23 

Global cortical thickness (mm) 2.20 ± 0.12 

Follow-up (months)c 18 (12, 30) [range: 5–72] 

Follow-up (visits)c 3 (2, 3) [range: 2–8] 

Time lag tau PET – first MMSE (months) 0 (−1, 0) [range: −12, 9] 

Mean ± SD. Characteristics of the BR sub-sample is presented in Supplementary Table 2. 2 
 aAPOE-ε4 status available for 349/366 of individuals. 3 
bEducation available for 363/366 of individuals. 4 
cMedian (IQR) 5 
  6 
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Table 2 Results of linear mixed-effect models investigating determinants of cognitive resilience to tau burden in the temporal 1 
meta-ROI 2 

 Cognitive resilience (MMSE) 

 Time*Tau*Variable β (CI) Time*Variable β (CI) Variable β (CI) 

Varia
ble 

Unstandar
dized 

Standar
dized 

t p-
val 

Unstandar
dized 

Standar
dized 

t p-
val 

Unstandar
dized 

Standar
dized 

t p-
val 

Age b −0.072 

(−0.138 – 

−0.007) 

−0.062 

(−0.118 – 

−0.006) 

−2.1
56 

0.0
32 

−0.042 

(−0.072 – 

−0.012) 

−0.085 

(−0.146 – 

−0.024) 

−2.7
29 

0.00
7 

−0.079 

(−0.13 – 

−0.027) 

−0.16 

(−0.265 – 

−0.054) 

−2.9
63 

0.00
3 

Sex a −0.726 

(−1.853 – 
0.400) 

−0.073 

(−0.187 – 
0.04) 

−1.2
64 

0.2
08 

−0.273 

(−0.74 – 
0.193) 

−0.066 

(−0.178 – 
0.046) 

−1.1
48 

0.25
2 

−0.218 

(−1.036 – 
0.6) 

−0.052 

(−0.249 – 
0.144) 

−0.5
22 

0.60
2 

Educa

tion b 
−0.215 

(−0.380 – 

−0.051) 

−0.072 

(−0.127 – 

−0.017) 

−2.5
61 

0.0

11 
−0.008 

(−0.081 – 
0.064) 

−0.007 

(−0.064 – 
0.051) 

−0.2
22 

0.82

4 

0.273 

(0.144 – 
0.403) 

0.217  

(0.114 – 
0.319) 

4.14

4 

<0.0

01 

APOE

-ε4 

status 
a 

0.754 

(−0.389 – 
1.897) 

0.076 

(−0.039 – 
0.191) 

1.29

2 

0.1

98 

0.086 

(−0.396 – 
0.568) 

0.021 

(−0.095 – 
0.136) 

0.34

9 

0.72

7 

0.228 

(−0.616 – 
1.071) 

0.055 

(−0.148 – 
0.257) 

0.52

9 

0.59

7 

ICV b −4.383 

(−7.917 – 
−0.85) 

−0.070 

(−0.126 – 
−0.014) 

−2.4
31 

0.0
16 

−1.786 

(−3.261 – 
−0.312) 

−0.068 

(−0.124 – 
−0.012) 

−2.3
75 

0.01
8 

1.145 

(−1.415 – 
3.705) 

0.043 

(−0.054 – 
0.141) 

0.87
7 

0.38
1 

AD-
signat
ure a 

0.533 

(−1.8 – 
2.866) 

0.012 

(−0.041 – 
0.066) 

0.44
8 

0.6
55 

2.686 
(1.555 – 
3.817) 

0.147 
(0.085 – 
0.209) 

4.65
5 

<0.0
01 

7.296 
(5.428 – 
9.164) 

0.399 
(0.297 – 
0.501) 

7.65
7 

<0.0
01 

β = model coefficient, CI = 95% Confidence Intervals, ICV = Intracranial volume. Model with interaction: Outcome ~ Time + Tau + Variable + 3 
Cohort + Time*Tau + Time*Variable + Time*Cohort + Tau*Variable + Time*Tau*Variable + (Time | ID). Model without interaction: Outcome ~ Time + 4 
Tau + Variable + Cohort + Time*Tau + Time*Variable + Time*Cohort + (Time | ID). Sex [female as reference] and APOE-e4 status [e4- as reference] 5 
were two-level factors. Time (years), temporal meta-ROI tau (SUVR), age at baseline (years), educational level (years of education), ICV (dm3) 6 
and AD-signature cortical thickness (mm) were centered and used in continuous form, each in their respective units (for the unstandardized 7 
coefficients) or standardized (z-scored) with respect to baseline standard deviation in the total group (for the standardized coefficients).   8 
aThe “Time*Variable β” and “Variable β” coefficients are main effects from models where the non-significant interaction term was removed. 9 
bThe “Time*Variable β” and “Variable β” coefficients are conditional main effects from the full model. These coefficients therefore represent the 10 
relationship between each variable and longitudinal decline or cross-sectional cognition, respectively, at average levels of tau PET.  11 
  12 
  13 
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Table 3 Results of linear mixed-effect models investigating determinants of brain resilience to tau burden in the temporal 1 
meta-ROI 2 

 Brain resilience  (AD-signature cortical thickness) 

 Time*Tau*Variable β (CI) Time*Variable β (CI) Variable β (CI) 

Varia
ble 

Unstandar
dized 

Standar
dized 

t p-
val 

Unstandar
dized 

Standar
dized 

t p-
val 

Unstandar
dized 

Standar
dized 

t p-
val 

Agea 0.001 

(−0.001 – 
0.002) 

0.009 

(−0.021 – 
0.038) 

0.56
6 

0.5
72 

−0.001 

(−0.002 – 
0) 

−0.051 

(−0.083 – 

−0.02) 

−3.1
82 

0.0
02 

−0.012 

(−0.015 – 

−0.009) 

−0.49 

(−0.613 – 

−0.366) 

−7.7
74 

<0.0
01 

Sexa 0.003 

(−0.029 – 
0.034) 

0.005 

(−0.055 – 
0.066) 

0.17
7 

0.8
6 

−0.006 
(−0.018 – 
0.006) 

−0.027 
(−0.083 – 
0.029) 

−0.9
42 

0.3
48 

0.01 

(−0.044 – 
0.064) 

0.047 

(−0.205 – 
0.299) 

0.36
3 

0.71
7 

Educat
ionb 

−0.006 

(−0.011 – 

−0.001) 

−0.037 

(−0.065 – 

−0.008) 

−2.5
17 

0.0
13 

−0.002 

(−0.004 – 
0) 

−0.023 

(−0.052 – 
0.006) 

−1.5
69 

0.1
19 

0.003 

(−0.007 – 
0.012) 

0.04 

(−0.095 – 
0.176) 

0.58
1 

0.56
2 

APOE-

ε4 

statusa 

−0.004 

(−0.036 – 
0.028) 

−0.008 

(−0.068 – 
0.053) 

−0.2
44 

0.8
07 

−0.004 

(−0.016 – 
0.009) 

−0.017 

(−0.075 – 
0.041) 

−0.5
79 

0.5
64 

0.02 

(−0.035 – 
0.076) 

0.095 

(−0.164 – 
0.354) 

0.72 0.47
2 

ICVa 0.032 

(−0.061 – 
0.124) 

0.010 

(−0.019 – 
0.039) 

0.66
9 

0.5
04 

0.014 

(−0.025 – 
0.054) 

0.011 

(−0.019 – 
0.042) 

0.71
5 

0.4
75 

−0.052 

(−0.215 – 
0.111) 

−0.04 

(−0.166 – 
0.086) 

−0.6
23 

0.53
4 

β = model coefficient, CI = 95% Confidence Intervals, ICV = Intracranial volume. Model with interaction: Outcome ~ Time + Tau + Variable + 3 
Cohort + Time*Tau + Time*Variable + Time*Cohort + Tau*Variable + Time*Tau*Variable + (Time | ID). Model without interaction: Outcome ~ Time + 4 
Tau + Variable + Cohort + Time*Tau + Time*Variable + Time*Cohort + (Time | ID). Sex [female as reference] and APOE-e4 status [e4- as reference] 5 
were two-level factors. Time (years), temporal meta-ROI tau (SUVR), age at baseline (years), educational level (years of education) and ICV 6 
(dm3) were centered and used in continuous form, each in their respective units (for the unstandardized coefficients) or standardized with 7 
respect to standard deviation in the total group at the time of tau-PET (for the standardized coefficients).   8 
aThe “Time*Variable β” and “Variable β” coefficients are main effects from models where the non-significant interaction term was removed. 9 
bThe “Time*Variable β” and “Variable β” coefficients are conditional main effects from the full model. These coefficients therefore represent the 10 
relationship between each variable and longitudinal cortical thinning or cross-sectional thickness, respectively, for an individual of average level of 11 
tau.  12 
 13 

 14 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad100/7086183 by U
C

 - San Francisco user on 07 April 2023


