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1. Abstract

INTRODUCTION: Elevated tau is temporally proximal to dementia onset but less is known
about factors influencing T+ onset age and time to dementia following T+ in Alzheimer’s
disease. We used sampled iterative localized approximation (SILA) estimated T+ onset age
(ETOA) to investigate factors associated with T+ age and time from T+ to dementia onset in
ADNI.

METHODS: Using SILA-estimated A+ and T+ onset ages derived from '®F-Flortaucipir, '®F-
Florbetapir, and '®F-Florbetaben PET and Cox proportional hazards and accelerated failure time
models, we analyzed APOE, sex, amyloid burden, age, educational attainment, and literacy
associations with ETOA and time from T+ to dementia.

RESULTS: Higher amyloid, APOE-¢4, lower education, and lower literacy associated with
younger ETOA. Older ETOA and higher amyloid associated with shorter time from T+ to
dementia.

DISCUSSION: This work highlights the prognostic value of ETOA and the need to better
characterize factors contributing to ETOA and dementia onset in AD.

Abbreviations

AD: Alzheimer’s disease, AB: amyloid 3, AD dementia: dementia suspected due to AD, ADNI:
Alzheimer’s Disease Neuroimaging Initiative, APOE: Apolipoprotein E, CDR: Clinical Dementia
Rating, CDR-SB: Clinical Dementia Rating — Sum of Boxes, CL: Centiloids, CSF: cerebrospinal
fluid, CU: cognitively unimpaired, FBB: ®F-Florbetaben, FBP: "®F-Florbetapir, FTP: '8F-
Flortaucipir, GMM: Gaussian mixture modeling, HR: hazard ratio, MCI: mild cognitive
impairment, MRI: magnetic resonance imaging, PET: positron emission tomography, ptau181:
phosphorylated tau 181, SDoH: social determinants of health, SILA: sampled iterative local
approximation, SUVR: standardized uptake value ratio
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2. Background

Advances in Alzheimer’s disease (AD) biomarkers and therapies have bolstered the need
for accurate biomarker-informed dementia risk models. Of crucial importance to slowing or
halting disease progression is identifying optimal timing windows for therapeutic intervention.
Current longitudinal biomarker studies often describe the “average” AD progression, which
follows a stereotypic sequence beginning with amyloid 8 (AB) accumulation, followed by tau
aggregation, neurodegeneration, and subsequent cognitive decline and dementia[1]. Recent
studies applying new temporal modeling methods[2—6] that produce person-level estimates
show there is substantial interpersonal heterogeneity in when people become amyloid positive
(A+) and in the time from A+ to dementia onset, even within established risk strata such as
APOE genotype[5,6]. Anchoring dementia risk to individualized A+ onset age estimates has also
shown that APOE-¢4 carriage, female sex, and older age of A+ onset accelerate the time from
A+ onset to dementia[2,5,6]. Compared to amyloid, tau aggregation is believed to be more
proximal to neurodegenerative changes and clinical symptoms [1,7-9], but less is known about
factors that explain when tau positivity (T+) occurs and the time from T+ to dementia. A better
understanding of factors that explain when tau biomarkers become abnormal and accelerate the
time from T+ to dementia is therefore needed to identify maximally effective disease intervention
windows and to inform patient prognosis.

Studies have suggested several factors are associated with tau burden and incidence of T+
and dementia and may therefore influence the onset timing of these AD events. For example,
prior studies indicate amyloid and APOE may affect resistance to tau pathology differently for
females and males, and that educational experiences may additionally impact cognitive
resilience in the presence of tau pathology (see review [10]). Females have also shown higher
tau levels than males, and among A+ individuals females have shown higher regional tau
positron emission tomography (PET) burden for a given level of amyloid burden[11], faster
cognitive decline [12,13], and stronger associations of APOE-€4 carriage with higher levels[14]
and faster accumulation[15] of phosphorylated tau in cerebrospinal fluid (CSF). Beyond
biological factors, social determinants of health (SDoH) have been associated with
neurodegeneration, brain health outcomes, and cognition [16—20], but SDoH are less studied in
the context of amyloid and tau biomarkers. Cognitive resilience studies have reported mixed
effects of education on tau deposition and cognitive decline. For example, several studies have
indicated lower educational attainment is associated with greater dementia risk[18], but other
studies suggest that education is not associated with tau PET binding[21], despite tau
deposition being an established risk factor for cognitive decline. For both biological and SDoH
factors, it remains unclear if these associations are a result of developing tau pathology at an
earlier age, faster progression from T+ to dementia, or a combination of both.

This study builds on our previous work[6,22] that validated sampled iterative localized
approximation (SILA) to model longitudinal amyloid PET accumulation, generate person-level
estimated A+ onset age (EAOA), and recast tau burden, preclinical cognitive decline and
dementia onset and risk in terms of A+ time (i.e., estimated years A+, aka chronicity or amyloid
time). This “biomarker clock” framework also enables intuitive communication about risk in
terms of years from biomarker positivity rather than in measured units such as standard uptake
value ratio (SUVR), which are less interpretable for non-specialists. In this study, we applied
SILA to "®F-Flortaucipir (FTP) tau PET data from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) to derive individualized estimated T+ onset age (ETOA). We then investigated
whether biological and selected SDoH associate with ETOA and the time from ETOA to
dementia. Our aims were to 1) characterize the combined influence of amyloid burden, APOE,
sex, literacy, and educational attainment on ETOA, 2) examine potential predictors of the time
from ETOA to dementia in T+ participants, and 3) compare the heterogeneity in time from EAOA
to dementia with the heterogeneity in time from ETOA to dementia.
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3. Methods

3.1. Study population and inclusion criteria

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu) downloaded from LONI on 30
November 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 serial magnetic resonance imaging (MRI), positron emission tomography (PET), other
biological markers, and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease
(AD). ADNI enrollment inclusion/exclusion criteria have been previously published[23-25].
Participants from the ADNI cohort were included in this study if they had available quality-
checked preprocessed amyloid and tau PET standard uptake value ratio (SUVR) data and had
undergone APOE genotyping. Written consent was obtained before enrollment in accordance
with the Declaration of Helsinki standards and under Institutional Review Board review for each
source study, including the University of Wisconsin Institutional Review Board.

3.2. Demographic characteristics and APOE genotyping

Demographic and APOE data were obtained from demographics and APOE results tables.
Participant sex of female or male, and race and ethnicity were obtained through self-report.
APOQOE genotype, obtained from blood sample analysis[26], was used to index effects of €2 and
€4 allelic dose. Two APOE €2 homozygotes and 18 APOE €2¢4 individuals were included in
depictions of results but were excluded from statistical analysis, due to low participant number.

3.3. Cognitive diagnosis and clinical outcomes

Cognitive diagnoses of cognitively unimpaired, MCI and AD dementia established by the
ADNI as previously described[27] were used for participant summaries but were not further
analyzed. An AD dementia diagnosis required meeting the National Institute of Neurological and
Communicative Disorders and Stroke—Alzheimer’s Disease and Related Disorders Association
criteria for probable AD[28]. The Clinical Dementia Rating (CDR)[29] global score and sum of
boxes were used to investigate dementia onset and clinical progression. For primary analyses,
the age of first CDR global score =1 was used to establish dementia onset and dementia onset
age. Sensitivity analyses also investigated MCI onset and onset age, using the first age for
which two consecutive visits had CDR global score 20.5 as a proxy for MCI. Two abnormal CDR
visits were required because we observed that ~7% (14/190) of those with CDR global scores of
0.5 reverted to 0 at the next observation. Clinical trajectories were depicted continuously using
CDR Sum of Boxes (CDR-SB) scores, using the first observation of CDR-SB=4.5 (equivalent to
CDR global score=1) to define dementia onset and dementia onset age[30].

3.4. Social determinants of brain health

SDoH variables representative of educational experiences were obtained from the
demographics and neuropsychological battery tables. Specifically, we selected education and
literacy measures due to strong evidence that these are associated with dementia
outcomes[31-33]. Further, these variables were available for most ADNI participants with tau
PET data, and are collected across many biomarker studies, allowing for future replication in
additional cohorts. Educational attainment was measured using self-reported years of
completed education; we stratified attainment levels by high school education or less (12 years
completed), some college (13-16 years), and postgraduate education (>16 years). Literacy was
measured using the American National Adult Reading Test (ANART); it should be noted that the
ANART is not an indicator of premorbid intelligence and is instead a proxy for early life
educational quality and literacy-building enrichment in adulthood[31,33]. The ANART is a 50-
item scale that indexes performance by summing a participants’ errors when reading words with
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atypical phonemic pronunciation[34,35]; more total reading errors indicates lower exposure to
literacy enrichment through early life education and adulthood occupation[36,37].

3.5. PET image processing, quantification, and positivity

Imaging biomarker outcomes were obtained from the UC, Berkeley Amyloid PET and Tau
PET analysis tables on LONI. PET images were processed and quantified at the University of
California, Berkeley using previously published MR-guided pipelines with FreeSurfer
parcellations to derive SUVRs in subject space[38,39]. SUVRs from '®F-Florbetapir (FBP; ADNI
GO, 2, 3) and "8F-Florbetaben (FBB; ADNI 3) scans were used to measure brain amyloid
burden, and FTP (ADNI 3) were used to measure tau burden.

3.5.1. Amyloid PET processing and quantification

Cortical amyloid burden was quantified using late-frame FBP (SUVR, 50-70 minutes post-
injection) and FBB (SUVR, 90-110 minutes post-injection) amyloid PET imaging. Cortical SUVR
was averaged across 20 frontal, anterior/posterior cingulate, lateral parietal, and lateral temporal
regions and normalized to a composite reference region comprising the whole cerebellum,
brainstem, and eroded white matter (Supplementary Figure 1A), as this has been shown to
improve longitudinal amyloid PET trajectories in ADNI[40]. Cortical SUVRs were then converted
to Centiloids (CL) using previously published linear transforms[41]. Amyloid CL was included in
statistical models continuously, as specified in Section 3.3, and was stratified into A- (<19 CL),
moderate amyloid (19-75 CL), and high amyloid (>75 CL) groups to depict the effect of amyloid
burden on ETOA and the time from T+ onset to dementia.

3.5.2. Tau PET processing and quantification

Tau burden was quantified using late-frame FTP imaging (SUVR, 80-100 minutes post-
injection) normalized to inferior cerebellar gray matter. Analyses used a meta-temporal FTP
SUVR average across the bilateral entorhinal cortex, amygdala, fusiform gyrus, inferior temporal
gyrus, and middle temporal gyrus (Supplementary Figure 1B).

3.5.3. Amyloid and tau positivity thresholds

We applied Gaussian mixture modeling with two classes separately to baseline amyloid
PET CL and baseline tau PET SUVR values (Supplementary Figure 2A-B). For each PET
biomarker, the positivity threshold was calculated as the mean plus two standard deviations
(SD) above the lower mean component (i.e., the presumed biomarker negative group). This
yielded an A+ threshold of 19 CL and a meta-temporal T+ threshold of 1.36 SUVR
(Supplementary Figure 2C-D).

3.6. Amyloid and tau trajectory modeling and estimated A+ and T+ ages

We applied sampled iterative local approximation (SILA; https://github.com/Betthauser-
Neuro-Lab/SILA-AD-Biomarker) separately to the CL and FTP SUVR data to model longitudinal
biomarker trajectories, derive person-level estimated A+ and T+ onset ages (EAOA and ETOA,
respectively), and estimate amyloid burden (i.e., CL) at ETOA and amyloid and tau burden (i.e.,
CL and FTP SUVR) at CDR observations (Supplementary Figure 2E-F). The details of the SILA
method have been explained previously[6]. Briefly, for each biomarker, SILA was trained on all
participants with longitudinal observations for that biomarker to define an SUVR (or CL) vs.
biomarker time curve with the initial condition that time=0 years at the biomarker positivity
threshold. Basis functions were then used to identify the optimal time shift (At) for each person
that aligns their observed SUVR/CL vs. age data onto the modeled SUVR/CL vs. biomarker time
curve; the optimal solution minimizes the within-subject sum of squared SUVR/CL residuals.
ETOA and EAOA were then calculated for each person by subtracting their mean estimated
biomarker positive times from the mean of their age(s) at scan(s). To verify amyloid trajectories
did not differ by PET tracer, we first applied SILA to FBP and FBB CL data separately and
compared the CL vs. A+ time curves (Supplementary Figure 2G). After seeing strong
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concordance between FBP and FBB trajectories, we applied SILA to the combined FBP and
FBB CL data for final analyses. In addition to estimated biomarker times and onset ages, SILA
was also used to estimate cortical amyloid burden at ETOA by solving the modeled CL vs.
biomarker time function for CL at the time corresponding to ETOA (or last T- scan for T-‘s) for
each participant. This approach was repeated to estimate cortical amyloid and meta-temporal
tau burden at each CDR timepoint.

3.7. Statistical analysis

All statistical analyses were performed using R software version 4.3.2 and the survival
package (3.5-8). Kaplan-Meier curves were plotted with ggsurvfit (1.0.0), ROls were visualized
using ggseg (1.6.5), and participant statistics were summarized using gtsummary (1.7.2); all
other visualizations used ggplot2 (3.5.1), ggh4x (0.2.8), and patchwork (1.2.0). A forward model
selection process was used to identify significant explanatory variables and is described for
Aims 1 and 2 below. A CONSORT diagram summarizing inclusion criteria and datasets for each
aim is provided in Figure 1.

3.7.1. Aim 1: APOE, sex, amyloid, and educational experiences as predictors of ETOA

885 participants comprised the analysis cohort included in Aim 1 (Figure 1). Cox
proportional hazards regression was used to evaluate the effects of biological factors and
educational experiences on T+ risk. The model used ETOA as the event of interest for T+
individuals with right-censoring at age of last FTP scan for participants who remained tau
negative (T-). Biological predictors first included main effects of sex, APOE genotype, and
amyloid burden estimated at ETOA (or censor), and age at baseline FTP scan as a covariate.
Additionally, we tested prespecified exploratory models that included APOE-by-sex and
amyloid-by-sex interactions, as well as ANART total errors and educational attainment main
effects. APOE genotype was modeled as a 4-level categorical variable using an €3¢3 reference
contrast (excluding €2¢2 and €2¢4 genotypes), with APOE-£3¢3 males were the reference group
when testing the interaction of APOE-by-sex. Amyloid was modeled continuously with 0 CL as
the reference value with hazard ratios reported depicting 10 CL increases in amyloid burden.
Age at baseline FTP was modeled continuously and hazard ratios are reported as risk per 10-
year age increments. Starting with main effects, we used forward selection to add model terms
in the order listed above and identify those that significantly explained variance in ETOA. For
each of four selection rounds we assessed goodness of model fit with the likelihood ratio test,
Akaike information criterion (AIC) and Bayesian information criterion (BIC). We excluded terms
that did not significantly decrease the model’s log-likelihood or increased the AIC or BIC, and
arrived at a base model of ETOA = sex + APOE + (amyloid at ETOA) + (age at baseline FTP).
After base model specification, we tested APOE-by-sex and APOE-by-amyloid interactions
separately and in the same model. In 864 participants with data on educational experiences, we
tested main effects of ANART total errors and educational attainment. Because literacy
enrichment starts in early childhood and continues throughout schooling and occupational
experience in adulthood, ANART reading error effects were first evaluated alone, and then with
the effect of high school, college, or postgraduate education added to the model. For each
variable we reported exponentiated hazard ratios with 95% confidence interval [HR (95% CI)]
per risk stratum and calculated P-values using Wald’s test; significant effects met a two-sided
alpha of 0.05. To account for heterogeneous participant follow-up time across the sample, we
conducted a sensitivity analysis using age at each tau scan as a time dependent covariate,
instead of controlling for age at baseline scan. Stratified Kaplan-Meier curves were generated
using survminer[42] to illustrate significant effects identified in the base model and with addition
of educational experiences.
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3.7.2. Aim 2: Effects of biological factors and educational experiences on time from T+
onset to dementia

Aim 2 analyses were restricted to T+ participants (n=178, Figure 1). We included APOE
genotypes represented by at least twenty-nine people (€3¢3 n=59, €3¢4 n=90, €4¢4 n=29) and
included sixteen A-T+ participants who were later excluded in sensitivity analyses. Time to
dementia was estimated as age at first CDR global score 21 minus ETOA for those with CDR
global score 21, and age at last CDR observation minus ETOA for those who remained CDR
global score <1 across all observations (i.e., we right censored time for those who did not
progress to dementia, n=100). Because some participants had dementia (n=36) up to 0.24
years prior to ETOA and the model requires positive time, we applied a linear shift in the time to
event variable, adding 0.24 years. Using an approach similar to Aim 1, we used accelerated
failure time (AFT) models to identify factors that predict the time from T+ onset to dementia.
Specifically, conducting forward model selection, we sequentially tested the main effects of
amyloid burden at ETOA (continuous CL, divided by 10 as in Aim 1), ETOA itself (continuous
years, divided by 10 to reflect 10-year increments in ETOA), APOE genotype (categorical with
€3¢e3 reference group), sex (dichotomous with male reference group), and age at baseline FTP
scan (continuous years, divided by 10 as in Aim 1), retaining predictors that significantly
reduced the model’s log-likelihood and did not increase AIC or BIC. ETOA was included as a
predictor to build on prior work showing that EAOA influences the time from amyloid onset to
dementia[6]. We hypothesized that ETOA similarly affects the time from T+ to dementia. Model
specification yielded a base model of (time from T+ onset to dementia) = (amyloid at ETOA) +
ETOA. After forward selection, we tested APOE-by-sex (€3¢3 males as reference group) and
amyloid-by-sex (males with 0 CL as reference group) interactions in prespecified exploratory
models. Educational attainment and ANART errors were examined sequentially after examining
the interactions. Effects were reported as the difference in time from T+ to dementia across
groups and were expressed in years (e.g., a coefficient of -0.10 represents a 10% faster
progression from T+ to dementia compared to the contrast group). To provide more interpretable
survival time estimates in visualizations, untransformed time to event was used to calculate
median survival times and display Kaplan-Meier curves for significant effects.

3.7.3. Aim 3: Comparison of EAOA and ETOA as predictors of time to dementia

Aim 3A: 888 participants with amyloid, tau, and CDR were included in analysis for Aim 3A
(Figure 1). We used CDR-SB to examine continuous relationships of cognitive decline with
respect to biomarker timelines, and we calculated A+ and T+ time at each CDR timepoint as
(age at CDR — EAOA) and (at age CDR — ETOA), respectively. CDR-SB trajectories were then
plotted for all participants to visualize heterogeneity along chronological age, A+ time, and T+
time. Dementia onset ranges along each timeline were approximated by calculating the range of
participants’ ages and biomarker times at first CDR-SB=4.5.

Aim 3B: To directly compare the effects of biomarker onset age on time from A+ and T+
onset to dementia, we applied accelerated failure time models as in Aim 2 and estimated risk of
dementia at 5-year intervals (5 years through 25 years) after biomarker onset, stratifying risk by
decade of EAOA and ETOA for their respective timelines. Models included 384 A+ participants
and 190 T+ participants, respectively (Figure 1). Dementia was defined as global CDR=1. Time
to event was the difference between age at dementia onset and biomarker onset age, censored
as in Aim 2. Models were also retested for MCI risk (CDR=0.5 at two consecutive observations)
and with MCI or dementia risk stratified by decade of baseline CDR age, as sensitivity analyses.

Analyses and visualizations for Aim 3 were repeated in the A+T+ subset (n=176, Figure 1)
to assess whether times from amyloid and tau onset to dementia were sensitive to disease
severity (i.e., whether including A+T- or A-T+ participants significantly altered the probability
estimates of converting to dementia).


https://doi.org/10.1101/2025.03.11.25323773
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.11.25323773; this version posted March 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

3.8. Data availability

ADNI data are available upon request at https://adni.loni.usc.edu/data-samples/access-
data/. Code for the SILA algorithm is available at https://github.com/Betthauser-Neuro-Lab/SILA-
AD-Biomarker.

4. Results

4.1. Study sample participant demographics

Participant summary statistics and demographic information are provided in Table 1 and
Supplementary Table 1. Across the full sample, participants were 51% (464/905) female with a
mean (SD) baseline age of 71.2 (7.0) years. Forty-three percent (379/905) of participants had
baseline clinical diagnoses of MCI or AD dementia (n=22 missing diagnoses) and 39%
(352/905) were APOE-¢4 carriers. Forty-four percent (399/905) were A+ at or before their last
amyloid PET scan with the A+ group having mean (SD) EAOA of 66.3 (9.9) years. Twenty-two
percent (198/905) were T+ by their last tau PET scan with T+ participants having mean (SD)
ETOA of 72.0 (9.5) years. Most participants identified as non-Hispanic (93%), White (85%), and
were highly educated (46% with postgraduate education). ANART reading errors
(Supplementary Figure 3) averaged 11.6 (9.7) across the cohort and varied significantly across
baseline diagnosis (CU: 10.0 (9.3), MCI: 13.2 (9.8), AD: 16.0 (10.0)) and educational attainment
(high school or less: 20.1 (9.5), some college: 12.7 (9.7), postgraduate: 8.7 (8.4)).

Analysis subsets were demographically representative of the full cohort, but the T+ subset
in Aim 2 had significantly higher ANART reading errors (mean (SD)=13.6 (10.2)), and a lower
proportion of postgraduate-educated participants (34%). In addition, A+ and T+ subsets were
also 1.5-1.7 years older at baseline, had higher rates of cognitive impairment (57% and 78%,
respectively), and higher levels of amyloid at ETOA (66.2 (33.7) and 68.9 (38.3) CL,
respectively). T+ participants had a younger average EAOA (61.6 (9.7) years) compared to the
full cohort.

4.2. Aim 1: Factor effects on ETOA

Forward model selection indicated the best fitting Cox proportional-hazards model
comprised main effects of sex, APOE genotype, and amyloid burden at ETOA, and age at
baseline FTP scan (Figure 2A, Supplementary Table 2). Neither APOE-by-sex, amyloid-by-sex,
nor both interactions together (interaction Wald p=0.22, 0.95, 0.36, respectively) significantly
improved the model (Supplementary Table 2, Models 1.5, 1.6, 1.7).

4.2.1. Amyloid, APOE, sex and age

Median (95% CI) T- survival age evaluated with Kaplan-Meier analysis was 88.2 years
(lower 95% limit=86.1; upper limit was inestimable; Figure 2B). The APOE-¢4 allele showed a
dose-dependent effect on T+ risk and ETOA. Relative to the €3¢3 group, €3¢4 and €4¢€4 groups
had significantly higher T+ risk (HR [95% CI]=1.78 [1.27, 2.51] and 2.71 [1.70, 4.33],
respectively; p<0.001 for both) with median [lower/upper 95% limit] ETOA of 81.9 [80.6, 84.3]
years and 73.9 [71.2, 79.6] years, respectively (Figure 2C). Median T- survival times for €3
homozygotes could not be estimated because this group did not reach 50% T+. While not
significant (p=0.69), the €2¢3 group had lower T+ risk (HR=0.84 [0.36, 1.97]; median T- survival
was inestimable). Higher amyloid burden at ETOA conferred greater T+ risk (Figure 2D,
HR=1.21[1.17, 1.25], p<.001). T- survival stratified by amyloid groups indicated earlier T+ onset
age for those with higher amyloid at T+ onset; median ETOA was 84.2 years (lower 95%
limit=81.9) among participants with 19-75 CL and was 79.3 [77.8, 82.3] years among those with
>75 CL at ETOA. In T+ participants, median (range) of A+ duration was 6.8 (0.7, 9.8) years and
14.3 (9.9, 23.0) years for those with 19-75 CL and >75 CL at ETOA, respectively. Females had
a significantly higher T+ risk than males before but not after controlling for baseline age (Figure
2E, age-adjusted HR [95% Cl]=1.11 [0.80, 1.52], p=0.097). Older baseline age was significantly
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associated with lower T+ risk (HR=0.12 [0.09, 0.17] per 10-year increment, p<0.001). Stratifying
by decade of baseline age indicated participants 75-85 years old at baseline had a greater T+
risk (median ETOA=85.2 years, lower 95% limit=84.3) compared to the younger and older
groups, which did not reach 50% T+. Sensitivity analyses controlling for time dependent age at
tau scan preserved the direction and significance of effects across biological variables and
educational experiences.

4.2.2. Education attainment and literacy exposure

Adding literacy exposure and education attainment variables to the base model significantly
improved ETOA model fits, both when included separately and together in the same model.
Coefficients here are reported from the model including both variables together; see
Supplementary Table 3 for the separate models. Participants with more ANART errors had a
significantly greater T+ risk (HR=1.022 [1.009, 1.036], p<0.001; Supplementary Table 3) and
became T+ earlier (median [lower 95% limit] ETOA in years for 0-20 errors=89.9 [86.5]; 20-30
errors=87.0[81.5]; 30-50 errors=82.8 [77.2]; Figure 3A). ANART effects remained significant
after including education attainment (HR=1.019 [1.004, 1.034], p=0.011). Education was also
significantly associated with ETOA (Figure 3B). Compared to the college-educated reference,
participants with postgraduate education had lower risk of having tau pathology (HR=0.69 [0.49,
0.96], p=0.027; Supplementary Table 3), whereas those with high school education or less did
not differ significantly from the college-educated group (HR=0.83 [0.52, 1.32], p=0.43).

4.3. Aim 2: Factors associated with time from T+ to dementia

The best fitting AFT model included main effects of ETOA and amyloid burden at ETOA on
time from T+ to dementia (Supplemental Table 4). ETOA effects are reported per 10-year
increment and amyloid effects are reported per 10 CL increase. Within the T+ subset (n=190),
median time from T+ to dementia was 7.48 [6.65, 8.82] years, with only one participant
remaining dementia-free 14.1 years after T+ onset who converted to dementia 19.9 years after
T+ onset (Figure 4A). Higher amyloid burden at ETOA was associated with shorter time from T+
to dementia onset (8 [95% CI]=0.046 [-0.079, -0.012], p=0.009; Supplementary Table 4). This
effect was similar when excluding 16 A-T+ individuals from analysis. Stratifying by amyloid CL
showed median times from T+ to dementia were 10.0 [8.89, 14.1] years, 7.48 [lower 95% limit
5.98] years, and 5.76 [3.86, 7.64] years for the A-, moderate amyloid, and high amyloid groups,
respectively (Figure 4B). Older ETOA was also associated with shorter time from T+ to
dementia (B [95% CI]=0.29 [-0.42, -0.15], p<0.001; Figure 4D). Kaplan-Meier curves (Figure 4C)
stratified by ETOA groups depict the ETOA effect on time from T+ to dementia with median
times from T+ to dementia=9.13 [7.87, 10.6], 8.58 [lower 95% limit=6.41], 5.98 [5.76, 7.48], 3.07
[lower limit=2.67] years for ETOA <60 years, 60-70 years, 70-80 years, and >80 years,
respectively. Neither ANART reading errors (p=0.091) nor educational attainment (p=0.58) were
significantly associated with time from T+ onset to dementia (Supplementary Table 5).

4.4. Aim 3: Dementia trajectories with age vs. A+ time vs. T+ time

Observed CDR-SB trajectories as a function of age, A+ time, and T+ time suggested
dementia onset time (i.e., CDR-SB24.5) had the largest range for age followed by A+ time and
then T+ time (Figure 5A). With respect to age, 110/888 individuals had CDR-SB24.5 between
ages 57 and 94 years (a 37-year range). With respect to A+ time, 102/384 A+ participants
developed dementia between 0 and 25 years after A+ onset and only two remained dementia
free >25 years after A+. Eighty-six of 190 T+ participants developed dementia O to 15 years
after T+ onset. These time intervals were consistent when restricting analyses to the 176 A+T+
participants (Supplementary Figure 4).

AFT models showing dementia-free survival rates in 5-year increments after A+ and T+
onset are shown in Supplementary Figure 5. Among the A+ group (n=384), A+ time predicted a
49% (95% Cl=42, 59) probability of remaining dementia-free 20 years after amyloid onset,
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which reduced to 16% [7, 35] probability 25 years after A+ onset. When stratifying the A+ group
by T+/- (Figure 5B), 20-year dementia-free rates after A+ were 73% [62, 87] for T- and 43% [34,
55] for T+ participants, with 25-year dementia-free rates after A+ of 14% [6, 32] for T+
participants (the last T- participant converted to dementia 21.1 years after A+, rendering 25-year
dementia-free rates inestimable). In contrast, dementia-free rates following T+ decreased more
rapidly. In the T+ sample (n=190), the probability of remaining dementia-free was 67% [58, 77] 5
years after T+ onset, and dropped to 0% (95% CI inestimable) by 15 years after T+ onset. For
both amyloid- and tau-based timelines, dementia-free rates declined faster for those with older
biomarker onset age (EAOA and ETOA). Compared to the reference group with EAOA between
70-80 years of age, those who became A+ before 60 years and between 60-70 years had
significantly slower time to dementia (p<0.001 for both). For example, 20 years after A+ onset
the 70-80-year EAOA group had a 23% [9, 61] probability of remaining dementia-free, whereas
the EAOA <60-year group had a 60% [48, 73] probability and the 60-70-year EAOA group had a
48% [36, 65] dementia-free probability.

For ETOA, participants with ETOA between 60-70 years had a significantly longer time from
T+ to dementia compared to the ETOA 70-80 group (p=0.02), and those with ETOA >80 years
of age had a significantly shorter time from T+ to dementia onset (p=0.003). For example,
dementia-free survival rates 5 years after T+ were 75% [59, 95] for the ETOA 60-70 group, 67%
[52, 86] for the ETOA 70-80 group and 43% [25, 73] for the ETOA >80 group. Three participants
with ETOA >80 years developed dementia <5 years after T+ onset; one participant in the 70-80-
year group developed dementia >10 years after T+ onset, and one participant in the <60-year
group developed dementia >14 years after T+ onset. Secondary analyses calculating dementia-
free survival times following T+ stratified by decade of age at baseline CDR, showed no
significant age associations for amyloid and tau timelines (Supplementary Figure 6; all p>0.1),
except for participants >80 years old at baseline who were significantly less likely to remain
dementia-free after T+ onset (p<0.001). Repeating analyses using CDR 20.5 at two consecutive
observations (i.e., time to MCI) indicated higher survival rate variability and no significant
associations (p>0.1) of MCI risk with EAOA or ETOA (Supplementary Figure 7) or baseline age
(Supplementary Figure 8).

5. Discussion

We used tau PET data from ADNI and individual-level estimated meta-temporal T+ onset
ages to investigate associations of biological and selected social factors with T+ onset age and
time from T+ to dementia. We contrasted these results with age and amyloid PET-based
timelines and provided dementia-free survival rates vs. biomarker positive time. We found that
higher amyloid at T+ onset, greater number of APOE-¢4 alleles, and younger age at baseline
tau PET were associated with younger T+ age. Furthermore, we observed that older T+ age and
higher amyloid at T+ onset hastened the time from T+ to dementia. Greater literacy and higher
educational attainment were associated with reduced T+ risk and later T+ onset, but these
factors did not impact the time from T+ to dementia. Across analyses, sex and its interactions
with APOE and amyloid were not significantly associated with either T+ risk or time from T+ to
dementia. Overall, our findings are consistent with hypothesized and observed relationships
between amyloid and tau deposition, and clinical impairment, and provide new information
about the timing and interindividual variability of the timing between key AD events. This study
also demonstrates how anchoring dementia onset to estimated biomarker onset age provides
intuitive dementia risk characterization in terms of years of exposure. These findings have
implications for clinical practice, therapeutic trials, and research investigating factors that modify
AD progression.
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5.1. Contrasting amyloid and tau PET for dementia prognosis

The revised criteria for AD diagnosis and staging supports using amyloid and tau PET for
diagnosis, staging, prognosis, and as indicators for disease modifying AD therapies[1]. Our work
supports this framework and provides additional context on the strengths and limitations of
amyloid and tau PET for disease staging and dementia prognosis. As shown previously and
replicated here with ADNI data (Figure 4A), dementia onset age in A+ people spans several
decades whereas the time from A+ to dementia reduces this timeline to a ~25-30-year
window[2,5,6]. Importantly, individuals can develop dementia throughout this entire timeframe,
with this variability only partially explained by established risk factors such as APOE-¢4, sex,
and agel6]. In contrast to amyloid, our study showed only one participant remained dementia-
free 15 years after T+ onset, halving the time to dementia compared to amyloid time, and only
25% remained dementia-free 10 years after T+ onset (Figure 5B). Compared to amyloid- or
age-based timelines, we observed both a truncated timeline for possible dementia onset and
fewer factors associated with time from T+ to dementia (Figure 5A; Supplementary Tables 4-5).
Thus, when considering prognostic value, T+ onset age derived from quantitative tau PET
provides substantial information about if and when dementia will occur. T+ onset age and T+
time also easily translate to clinical contexts because these time measures describe risk in
years of exposure and the likelihood of dementia within a given timeframe following T+.
Although A+ onset age derived from amyloid PET also has prognostic value and depicts the
extended period of preclinical AD[5,6] and AD risk[43], accurate dementia prognosis with A+
onset age requires additional information such as APOE genotype, tau burden, and other
demographics. Notably, dementia-free survival remained high (~75%) 20 years after A+ for A+T-
participants compared to ~45% for A+T+ participants. Interestingly, higher age of biomarker
positivity, but not age at baseline CDR (i.e., chronological age), was associated with greater
dementia risk and shorter time from biomarker positivity to dementia. These results agree with
prior work[44] and suggest that while age is a risk factor for developing AD pathology and
dementia[10], once these pathologic processes are detectable with biomarkers there is likely a
finite timeframe (i.e., a biomarker clock) within which individuals can remain dementia-free. This
is especially true for tau deposition in AD. When considering the risk of developing AD dementia
during one’s lifetime, it will be important to contrast biomarker-based risk of developing AD
dementia with competing risk of death from other causes, which will aid in clinical decision
making and late-life planning for people on the AD continuum. Our results also highlight the
need to better characterize factors that contribute to when pathological processes begin, and
factors that hasten the progression of disease from biomarker positivity to dementia.

5.2. Factors that affect AD progression

Although information about T+ onset age added certainty to dementia prognosis, there was
still considerable heterogeneity in ETOA and dementia timing, only some of which was
explained by the biological correlates of AD and SDoH we examined. As observed with
EAOA[5,6] (Supplementary Figure 9), ETOA occurred earlier for APOE-¢4 carriers, supporting
prior evidence that APOE modifies both amyloid and tau progression[45,46]. However, ETOA
also varied by four decades within €3€3 and €3¢4 genotypes. Higher amyloid burden was also
related to earlier ETOA and was the only factor other than ETOA to significantly explain
dementia risk following T+ onset. These findings agree with previous work suggesting the
combination of amyloid and tau are strong predictors of preclinical cognitive decline and
dementia[7,47,48]. While it is initially intuitive that higher amyloid burden accelerates disease
progression from T+ to dementia, this relationship is also somewhat counterintuitive since
higher amyloid levels at T+ onset translate to individuals having a longer period from A+ to T+
onset. A potential explanation for these effects is that people with higher amyloid at T+ onset
were younger at A+ on average and were therefore likely to have fewer medical comorbidities
and brain co-pathology which may impart some (relative) resistance to tau pathology. Despite a
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delay in the onset of tau pathology following amyloid deposition, once tau pathology is
established the deleterious effects of combined amyloid and tau pathology seem
insurmountable and result in relatively rapid cognitive decline and dementia. Thus, longer A+
time without tau pathology (i.e., remaining A+T-) is de facto protective against dementia. Despite
these effects, we observed participants with ~50 CL of amyloid converting to T+ both before 60
years and after 90 years of age, as well as participants with high amyloid and ETOA at ~70
years convert to dementia between 2 and 12 years after T+ onset. Future work is needed to
identify factors that explain interpersonal variability in A+ onset age, explicitly test variability in
time from A+ onset to T+ onset, and clarify associations of these events with time to dementia
onset. Additionally, although some studies suggest A+ and APOE-¢4 females have less
resistance to tau[10,49,50] and lower cognitive resilience in the face of tau pathology, our
results support other findings[44] that sex and its interactions with APOE and amyloid are not
related to tau or dementia risk. Since APOE-by-sex and amyloid-by-sex cell sizes were limited,
models may have been underpowered to detect interaction effects.

Beyond amyloid, APOE, and sex, sociodemographic associations with ETOA suggest
education and literacy may influence the timing of T+ onset, and thereby dementia onset,
highlighting the need to further study factors outside of biological correlates of AD pathology.
Notably, these factors are modifiable. Studies widely report education effects on cognitive
decline, with some suggesting that education promotes resilience at similar tau pathology
levels[18,44,51-54], and others suggesting greater education delays onset of AD pathology[55].
In our study, lower education and literacy were associated with greater T+ risk and earlier T+
onset. Since time from T+ to dementia onset was predominantly impacted by ETOA, we
hypothesize education and literacy (or lifestyle/environmental factors that covary with
education[17,33]) could affect cognitive decline by influencing when tau deposition begins. This
aligns with prior work suggesting lower education may affect early amyloid accrual and shorten
the time from A+ onset to neurodegeneration and cognitive decline[55-57]. The mechanisms by
which SDoH impact AD pathology must be elucidated, but it is possible that life course
exposures impact the decades-long progression of AD, and psychosocial and environmental
factors may have indirect effects by influencing a person’s socioeconomic and health behaviors.
For instance, childhood residence in disadvantaged neighborhoods relates to faster cognitive
decline by limiting educational attainment and adulthood occupation (socioeconomic mobility,
intellectual stimulation)[58,59], and midlife residence amid greater air pollution is associated
with higher A+ risk, neuroinflammation, and faster cognitive decline[60—64]. Although more
recent research connects life course exposures with late-life cognition, many AD biomarker
studies have only recently begun collecting SDoH information and often lack diversity across
various SDoH[18,33,65,66]. Availability of newly collected SDoH and exposure data along with
improved representation and AD biomarker characterization will enable more thorough
investigation of how life course environmental and social determinants potentially influence AD
pathophysiology and AD-related dementia risk.

5.3. Strengths and Limitations

One strength of this study is the ability of temporal modeling to estimate when amyloid and
tau biomarkers become abnormal. This enables investigation of factors that influence AD
biomarker onset and time from biomarker onset to dementia without directly observing key
biomarker events. Among the limitations were limited representation among non-White/Hispanic
individuals and participants with high school education or less, which may limit the
generalizability of these findings. Future studies with better representation in these and other
domains are needed to determine the extent to which these findings will generalize across
population groups.
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Figure 1. Selection of analysis datasets per study aim. Flow diagram indicating criteria for
inclusion in study analyses. Final analysis datasets are highlighted in red and labeled per aim.
For Aims 1 and 2, participants with APOE genotypes that were insufficiently represented in the
dataset were excluded from analysis due to small cell size. Abbreviations: A+, amyloid positive
or negative status assessed using '®F-Florbetapir or '®F-Florbetaben PET neuroimaging;
ANART, American National Adult Reading Test; APOE, apolipoprote=in E; CDR, Clinical
Dementia Rating; T+, tau positive or negative status assessed using '®F-Flortaucipir PET
neuroimaging.
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A. ETOA as a function of APOE, amyloid burden, and T+ status
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Figure 2. Distribution of ETOA and factors associated with tau onset age. (A) Estimated
age at T+ in the meta-temporal ROl across APOE genotypes with plot color indicating estimated
amyloid burden at ETOA for T+ cases. Age at censor is shown with gray circles for T-. (B-E)
Kaplan-Meier curves depicting the probability of remaining T- as a function of age across levels
of main effects terms included in the Cox proportional hazards base model. Abbreviations: A-,
amyloid negative status assessed using '®F-Florbetapir or '®F-Florbetaben PET neuroimaging;
APOQE, apolipoprotein E; CL, Centiloids; ETOA, estimated tau onset age; T+, tau positive or
negative status assessed using '®F-Flortaucipir PET neuroimaging.
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Figure 3. SDoH effects on ETOA. Kaplan-Meier curves depicting the probability of remaining
T- as a function of age (top), and participant distributions (bottom) shown across levels of (A)
ANART reading errors and (B) education attainment. SDoH predictors explained significant
variance beyond biological effects in the Cox proportional hazards base model. Education
attainment levels are defined as: high school or less (<12 years), college (13-16 years),
postgraduate (>16 years). Abbreviations: ANART, American National Adult Reading Test; SDoH,
social determinants of health; T-, tau negative status assessed using "8 Flortaucipir PET
neuroimaging.
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Figure 4. Factors associated with time from T+ to dementia onset. (A-C) Kaplan-Meier
curves comparing survival probabilities across levels of significant predictors of dementia onset
risk. Models were evaluated among T+ participants, excluding twelve total participants with
€2¢2, €2¢4, and €2¢3 genotype, and 36 participants with dementia onset before ETOA. (D) Time
from meta-temporal ROI T+ to dementia (or right censored age for CDR<1), shown across
ETOA and estimated amyloid burden at ETOA. Dementia was defined using total CDR scores 2
1; right-censored times are desaturated among participants with CDR<1. Abbreviations: A-,
amyloid negative status; CDR, Clinical Dementia Rating; CL, Centiloids; ETOA, estimated tau
onset age; T+, tau positive status.
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A. CDR-SB as a function of age, A time, and T time

CDR-SB score

20

T+ time (years)

Tau status == T- - T+

B. Dementia-free survival rate anchored to amyloid and tau onset

A+T-

0.501

0.25 1

0.00 1

A+T+ A+ time (years)

|

0.754

0.50 1

0.254

0.00 1

Dementia-free survival rate

T+ A+ time (years)

1.004
%

0.754

0.501

0.254

0.00 1

5 10 15 20 25
T+ time (years)

Biomarker onset age -¢- <60 yrs 60-70 yrs 70-80 yrs + >80 yrs + Overall

23


https://doi.org/10.1101/2025.03.11.25323773
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.11.25323773; this version posted March 13, 2025. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Figure 5. CDR-SB trajectories compared across A+ time and T+ time. (A) Variability in
CDR-SB scores shown across chronological age (top) amyloid time (middle) and tau time
(bottom). CDR-SB trajectories are highlighted in red for participants who were T+ at or before
their last available tau PET scan. (B) 5- through 25-year dementia-free survival rates after A+
onset (n=384 A+) and after T+ onset (n=190 T+). Dementia-free probabilities were calculated
using accelerated failure time models, and were stratified by decade of EAOA (top) and ETOA
(bottom). Survival probabilities at 15 years were inestimable for all ETOA strata except for the
group with ETOA<60 years of age. Abbreviations: A+ time, years after the onset of pathologic

levels of cortical amyloid; CDR-SB, Clinical Dementia Rating Sum of Boxes score; T+ time,

years after the onset of meta-temporal tau pathology.

Table 1. Demographics for participants included in Aim 1 and 2 analyses

Characteristic Aim 1, N = 905 Aim 2, N = 190 P value
Amyloid and tau characteristics
EAOA in A+ participants, mean (SD) 66.3 (9.91) 61.6 (9.71) <0.001"
years
ETOA in T+ participants, mean (SD) 72.0 (9.53) 72.0 (9.67) 0.98
years
Estimated A at ETOA, mean (SD) CL 26.4 (42.8) 68.9 (38.3) <0.001"
A+ at or before final A scan, n (%) 399 (44) 174 (92) <0.0017
A+ at or before ETOA, n (%) 387 (43) 165 (87) <0.001"
T+ at or before final T scan, n (%) 198 (22) 190 (100) <0.001"
Clinical characteristics
Age at baseline, mean (SD) years 71.2 (6.99) 72.9 (6.93) 0.002"
Clinical diagnosis at baseline, n (%) <0.001"
Cognitively unimpaired 504 (57) 42 (22)
Mild cognitive impairment 291 (33) 88 (46)
AD dementia 88 (10.0) 60 (32)
Unknown 22 0
Sex, n (%) 0.64"
Male 441 (49) 89 (47)
Female 464 (51) 101 (53)
APOE genotype, n (%)
€2¢2 2(0.2) 0 (0)
€2¢3 83 (9.2) 6 (3.2)
€2¢4 18 (2.0) 6 (3.2)
€3¢3 468 (52) 59 (31)
€34 272 (30) 90 (47)
g4e4 62 (6.9) 29 (15)
Sociodemographic characteristics
Education level, n (%) 0.010"
High school or less (<12 years) 94 (10) 23 (12)
Postgraduate 418 (46) 65 (34)
Some college (13-16 years) 393 (43) 102 (54)
Total ANART errors, mean (SD) words 11.6 (9.74) 13.6 (10.2) 0.016°
Unknown 21 6
Race, n (%) 0.36*
White 771 (85) 170 (89)
Black or African American 87 (9.6) 12 (6.3)

24


https://doi.org/10.1101/2025.03.11.25323773
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.11.25323773; this version posted March 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Characteristic Aim 1, N = 905 Aim 2, N = 190 P value
Asian 25 (2.8) 2(1.1)
More than one race 14 (1.5) 4(2.1)
Native American or Alaskan Native 2(0.2) 0 (0)
Unknown 6 (0.7) 2(1.1)
Ethnicity, n (%) 0.49%
Hispanic or Latino 57 (6.3) 9 (4.7)
Not Hispanic or Latino 845 (93) 180 (95)
Unknown 3(0.3) 1 (0.5)

Abbreviations: A+, amyloid positivity assessed using '8F-Florbetapir or "®F-Florbetaben PET
neuroimaging; AD, Alzheimer’s disease; ANART, American National Adult Reading Test; APOE,
apolipoprotein E; CL, Centiloids; EAOA, estimated amyloid onset age; ETOA, estimated tau
onset age; SD, standard deviation; T+, tau positivity assessed using '®F-Flortaucipir PET
neuroimaging. EAOA and ETOA are calculated among A+ and T+ participants, respectively.
"One-way analysis of means (not assuming equal variances)

TPearson's Chi-squared test

*Fisher's exact test
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