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Polygenic Effect on Tau Pathology
Progression in Alzheimer’s Disease
Anna Rubinski, PhD ,1# Simon Frerich, MSc ,1,2# Rainer Malik, PhD,1

Nicolai Franzmeier, PhD ,1 Alfredo Ramirez, PhD ,3,4,5,6,7 Martin Dichgans, PhD,1,8,9 and

Michael Ewers, PhD, 1,8 Alzheimer’s Disease Neuroimaging Initiative (ADNI)

Objective: Polygenic variation accounts for a substantial portion of the risk of Alzheimer’s disease (AD), but its effect
on the rate of fibrillar-tau accumulation as a key driver of dementia symptoms is unclear.
Methods: We combined the to-date largest number of genetic risk variants of AD (n = 85 lead single-nucleotide poly-
morphisms [SNPs]) from recent genome-wide association studies (GWAS) to generate a polygenic score (PGS). We
assessed longitudinal tau-positron emission tomography (PET), amyloid-PET, and cognition in 231 participants from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI). Using the PGS, together with global amyloid-PET, we predicted
the rate of tau-PET increases in Braak-stage regions-of-interest and cognitive decline. We also assessed PGS-risk
enrichment effects on the required sample size in clinical trials targeting tau pathology.
Results: We found that a higher PGS was associated with higher rates of tau-PET accumulation, in particular at ele-
vated amyloid-PET levels. The tau-PET increases mediated the association between PGS and faster cognitive decline.
Risk enrichment through high PGS afforded sample size savings by 34%.
Interpretation: Our results demonstrate that the PGS predicts faster tau progression and thus cognitive decline, show-
ing utility to enhance statistical power in clinical trials.
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Alzheimer’s disease (AD) is the major cause of dementia
with an estimated 50 million cases worldwide.1 The

development of tau is a disease-defining pathology that drives
cognitive decline in AD.2 The rates of tau-accumulation and
associated symptomatic worsening vary substantially between
patients3, 4; however, little is known about those factors that
determine the rate of tau progression in AD,5, 6 thus ham-
pering the assessment of treatment efficacy in ongoing clini-
cal trials and the prognosis of dementia in clinical praxis.

Here, we propose to use a polygenic score (PGS) for
the prediction of tau progression in AD, which could be
utilized to select individuals with faster tau progression in
clinical trials. The PGS is a powerful tool to assess an indi-
vidual’s genetic risk for AD by integrating the effects of
multiple single-nucleotide polymorphisms (SNPs) discov-
ered in genome-wide association studies (GWAS).7 Previ-
ous studies demonstrated that PGSs show utility for the
prediction of AD risk8, 9 and age at dementia onset.9, 10
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So far, studies examining the value of a PGS for predicting
tau pathology have been limited to cross-sectional
assessments,10–13 leaving the question unaddressed
whether a PGS is associated with faster rates of fibrillar
tau progression.14

Against this background, our primary aim was to
investigate the value of PGS for the prediction of longitu-
dinal changes in fibrillar tau and thus the rate of cognitive
worsening. Our secondary aim was to test the generaliz-
ability of the abovementioned association between PGS
and the progression of fibrillar tau. In light of previous
studies showing a strong association between elevated
beta-amyloid (Aβ) levels and higher cortical fibrillar tau,15,
16 we primarily focused on Aβ as a modulating factor. As
previous PGSs were associated with higher Aβ,11, 13, 17 we
further tested whether the PGS is associated with faster
fibrillar tau accumulation merely as a consequence of the
effect on Aβ, or by interacting with Aβ and thus modulat-
ing the effects of Aβ on fibrillar tau development. This is
of interest for risk stratification strategies in clinical trials,
because an interaction between PGS and Aβ for predicting
tau progression would render the PGS an important factor
that could inform Aβ-based risk enrichment in clinical tri-
als on AD. Given previous reports of sex-dependent effects
of genetic AD-risk variants on tau-pathology,18, 19 we fur-
ther assessed whether sex modulated the effects of the
PGS on tau-PET.

For the present work, we leveraged two recently
published GWAS that included up to 1.1 million partici-
pants20, 21 and more than doubled the number of known
independent AD risk variants. All analyses were controlled
for APOE ε4, which is the strongest genetic risk factor of
AD dementia.22 We tested the genetic associations in
deeply phenotyped individuals who were longitudinally
assessed with neuropsychological testing and molecular
PET tracers of fibrillar tau and Aβ in the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI),23 one of the
world’s largest multicenter biomarker studies on AD.

Methods
ADNI Participants
We included 231 ADNI participants based on the avail-
ability of longitudinal tau-PET (for follow-up duration see
Table 1) and genotype data (accessed on January
19, 2021). For participants fitting the inclusion criteria,
we further acquired all available amyloid-PET and cogni-
tive measures. Participants were classified by ADNI as
cognitively normal (CN, Mini-Mental State Exanimation
[MMSE] ≥ 24, Clinical Dementia Rating [CDR] = 0, no
memory concerns), mildly cognitively Impaired (MCI,
MMSE ≥ 24, CDR = 0.5, objective memory loss

measured by education adjusted scores on the Wechsler
Memory Scale Memory II, preserved activities of daily
living), or AD dementia following standard diagnostic
criteria.24 Ethnicity was determined based on self-report.
Principal component analysis (PCA) was used to quantify
patterns of population structure via flashPCA.25 Ethical
approval was obtained by ADNI, all participants provided
written informed consent.

Genotyping Procedures and Quality Control
in ADNI
The missing genotypes were first imputed based on the
haplotype reference consortium (HRC) reference panel
v1.126 using Minimac4 on the Michigan imputation
server,27 separately by cohort, as ADNI genotypes were
genotyped on three different Illumina arrays, namely
Human610-Quad (620,901 markers),
HumanOmniExpress (730,525 markers), and
HumanOmni2.5-8 (2,379,855 markers). Prior to the
imputation, strand, positions, and ref/alt assignments
were updated if inconsistent between ADNI genotypes
and the HRC reference panel. SNPs were removed if

TABLE 1. Sample Characteristics

tau-PET (n = 231)

Age, yr 74.41 (55–92)

Sex (M/F) 118 M / 113 F

Diagnosis (CN/MCI/AD) 133CN / 73MCI / 25AD

Aβ status (% positive)a 52.4%

APOE ε4 (% positive) 47.6%

Ethnicity (% white) 88.7%

tau-PET follow-up time, yr 1.88 (0.75–5.37)

tau-PET follow-up visits 2.5 (2–5)

Amyloid-PET follow-up, yrb 5.63 (1.82–10.20)

ADNI-MEM follow-up, yrc 5.52 (0.95–15.07)

ADAS13 follow-up, yrd 5.6 (0.82–15.12)

Unless otherwise indicated, the summary statistics are presented as
mean [range].
aAβ status at baseline is available for 206 participants.
bLongitudinal amyloid-PET data are available for 186 participants.
cLongitudinal ADNI-MEM measures are available for 230
participants.
dLongitudinal ADAS13 measures are available for 224 participants.
Aβ = beta-amyloid; AD = Alzheimer’s disease; ADAS = Alzheimer’s
Disease Assessment Scale; APOE = apolipoprotein E;
CN = cognitively normal; F = female; M = male; MCI = mild cog-
nitive impairment; MEM = episodic memory, N = sample size.
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they had differing alleles, inconsistent allele frequencies
(>0.2 difference), no equivalent in the reference panel, or
if they were palindromic SNPs with a minor allele fre-
quency (MAF) >0.4 (via www.well.ox.ac.uk/�wrayner/
tools/HRC-1000G-check-bim-v4.3.0.zip). SNPs with an
imputation r2 < 0.5 were excluded.

Calculation of the Polygenic Score
We followed the recently developed Polygenic Risk Score
Reporting Standards.28

Genetic Risk Variants. We considered variants associated
with AD or AD related dementias (ADD) at a genome-
wide significant level of p ≤ 5 � 10�8 in the most recent
and largest AD/ADD GWAS including 111,326 cases of
677,663 controls and 90,338 cases of 1,036,225 controls,
respectively.20, 21 After removal of all APOE variants,
combination of the two datasets resulted in a total of
85 independent SNPs (Supplementary Table S1; linkage
disequilibrium [LD] r2 ≤ 0.2 in the European 1000G
populations CEU, GBR, IBS, and TSI).

Generation of Polygenic Score. The PGS was calculated
in PLINK 2.0 (www.cog-genomics.org/plink/2.0/)29 as
the sum over the weighted number of alleles per SNP,
using the respective log(OR) as weights. Stage II log(OR)
were used for SNPs from Bellenguez et al 2022.20 Wig-
htman et al report effect sizes per cohort; hence, we con-
ducted a meta-analysis of all cohorts that used a binary
AD phenotype (rmeta; https://cran.r-project.org/web/
packages/rmeta/index.html). The PGS was then divided
by the number of included variants and finally standard-
ized across all participants.

In addition, for a sensitivity analysis we calculated a
PGS excluding 5 SNPs that are within 500 kb distance to
known frontotemporal dementia (FTD) loci (non-FTD
PGS).30, 31

Image Acquisition and Processing
All MRI and PET data in the ADNI cohort were obtained
on 3 T scanners using standardized scanning protocols
(http://adni.loni.usc.edu/methods/documents/). The tau-
PET was assessed in 6 � 5 minutes blocks, 75–
105 minutes post-injection of [18F]AV1451. Similarly,
amyloid-PET was assessed in 4 � 5 minutes blocks, 50–
70 minutes post injection of [18F]AV45 or in
4 � 5 minutes blocks, 90–110 minutes post injection of
[18F]FBB.

Recorded PET images were co-registered and aver-
aged, and further standardized with respect to the orienta-
tion, voxel size, and intensity by the ADNI PET core.32

Next, we processed T1w images and PET data using

the Advanced Normalization Tools (ANTs) toolbox
(http://stnava.github.io/ANTs/). PET images were rigidly
co-registered to the participant’s T1w image in native
space. Based on the ANTs longitudinal cortical thickness
pipeline, T1w images were bias field corrected, brain
extracted, and segmented into gray matter, white matter,
and cerebrospinal fluid tissue maps. Based on ANTs high-
dimensional warping algorithm, the preprocessed T1w
images were further non-linearly normalized to MNI space.
We then used the derived spatial registration parameters in
order to transform the MindBoggle DKT atlas brain
parcellation33 and reference regions to the individual PET
scans to obtain PET region of interest (ROI) values.

The tau-PET standardized uptake value ratio
(SUVR) values were computed by normalizing the target
ROIs to the mean tracer uptake of the eroded white mat-
ter, based on recent recommendations for longitudinal
tau-PET assessments.34, 35 Summary tau-PET measures
were computed for three a priori established composite
ROIs as defined by the Braak post-mortem staging of tau
pathology (Figure 1A).36 Global tau-PET values were cal-
culated as the mean of cortical tau-PET SUVRs.

Global amyloid-PET values were calculated as the
mean cortical grey matter SUVRs (frontal, lateral tempo-
ral, lateral parietal, and anterior/posterior cingulate)
divided by whole cerebellum.37 Aβ status was determined
based on pre-established cutoffs, that is, 1.11 for
AV45-PET and 1.08 for FBB-PET.38 To obtain compara-
ble quantification of the Aβ levels across tracers, we
converted the global amyloid-PET values to the centiloid
scale.39, 40

Cognitive Assessment
Global cognition was assessed through the extended
Alzheimer’s Disease Assessment Scale (ADAS13), which is
an extension of the 11-item cognitive subscale of the
ADAS,41 including in addition tests of delayed word recall
and number cancellation.42 Memory performance was
assessed using the pre-established composite memory score
ADNI-MEM.43 The ADNI-MEM score includes the Rey
Auditory Verbal Learning Test, the ADAS, the Wechsler
Logical Memory I and II, and the word recall of the
MMSE.43

Statistical Analysis
To ensure that our findings were not affected by outliers,
measurements deviating � 3 standard deviations from the
sample mean were excluded. Including outliers in a sensi-
tivity analysis yielded consistent results. The tau-PET
SUVR measures were log-transformed prior to analysis to
approximate a normal distribution.
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To examine the associations between the PGS and
the rates of change in either tau-PET, amyloid-PET, or
cognition, we first determined the subject-level rate of
change for each of the biomarkers and cognitive perfor-
mance, using a previously established approach.44 To that
end, we used linear mixed-effect regression analyses to
model the rate of change at the subject-level, including
time as the independent variable, with the random terms

being slope and intercept. Using the thus estimated rates
of change as the dependent variables, we tested in univari-
ate linear regression analyses the PGS as the predictor.
Similarly, for cross-sectional data, we tested in separate
regression analyses whether the PGS predicted the differ-
ent biomarkers. Results were corrected for multiple com-
parisons using the false discovery rate (FDR)45 with a
significance level of 0.05.

FIGURE 1: Spatial mapping of Braak stage-specific ROIs and the association between PGS and rate of change in tau-PET and
cognition. Surface rendering of the composite Braak-stage ROIs36 that were used to determine regional tau-PET uptake. Braak
stage 2 (hippocampus) was not included due to the off-target binding of the AV1451 tau-PET tracer (A). Scatterplots showing
the regression line (solid gray) and 95% CI (shaded area) for the associations between PGS and the rate of change in tau-PET
SUVRs (B) and cognition (C). Standardized β-values and FDR corrected p-values are shown. Observations are color coded by
diagnosis. ADAS13 = Alzheimer’s Disease Assessment Scale cognitive subscale; AD = Alzheimer’s disease; ADNI-
MEM = Alzheimer’s Disease Neuroimaging Initiative memory composite; CN = cognitively normal; MCI = mild cognitive
impairment; PGS = polygenic score.
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To test whether the associations between PGS and
changes in cognition were mediated via changes in
tau-PET uptake, we conducted mediation analyses. To
that end, PGS was treated as predictor, changes in global
tau-PET levels as a mediator and ADNI-MEM or
ADAS13 scores as outcomes. The significance of the
mediation was assessed using 1,000 bootstrapped itera-
tions, as implemented in the “mediation” R package.

Next, we performed sensitivity analyses in sub-
groups categorized by amyloid status, where the effect
of PGS on tau-PET change was tested in each of the
subgroups. Significance and 95% confidence intervals
(CIs) of effects were determined using 1,000
bootstrapped iterations. In order to test whether the
distribution of the bootstrapped regression coefficients
significantly differ between the groups, we performed a
two-sample t-test comparing the standardized β-values
between both groups.

We further tested the interaction between the PGS
and global amyloid-PET at baseline on tau-PET change
and confirmed the robustness of the association using
robust Wald test.

All above-mentioned models were controlled for age,
sex, education, diagnosis, ethnicity, APOE genotype, the
first 10 principal components to correct for population
stratification and maximum follow-up time.

In order to test whether sex modulates the associa-
tion between PGS and tau-PET increases, we tested in lin-
ear regression analyses the interaction PGS by sex on the
rate of tau-PET changes in the whole sample as well in
subgroups stratified by Aβ status.

Finally, we estimated sample size required for detec-
tion of hypothetical treatment effects on the rate of tau-
PET change at power = 0.8 and treatment effect size of
20% or 40%. In a first step, the individual PGSs were
residualized by regressing out age, sex, education, diagno-
sis, ethnicity, APOE genotype, and the first 10 principal
components in order to render the stratified analyses of
the PGS—to be conducted in the next step—independent
of these potential confounders. Subjects were stratified
into quartiles of the residualized PGSs and sample size
estimates were conducted using the “pwr” R package
using the following parameters: two-sample t-test, two-
tailed, type I error rate = 0.05, power = 0.8. Sample size
estimates were repeated for alternative stratifications
including Aβ status (Aβ+ vs Aβ-), APOE ε4 status (ε4
carrier vs non-carrier), and combinations of these stratifi-
cation factors.

All statistical analyses were performed using R
(http://www.R-project.org). Standardized β-coefficients are
reported throughout to facilitate comparison of associa-
tions across biomarkers.

Results
The PGS Is Associated with Tau Accumulation
and Cognitive Decline
We computed a PGS based on 85 independent lead SNPs
from two recent GWAS,20, 21 excluding the APOE locus
on chr19 (for lead SNPs see Supplementary Table S1).
Using linear mixed effects models, we estimated the indi-
vidual rates of change in tau-PET obtained from three a
priori established composite ROIs as defined by Braak
staging (Fig 1A). We tested the PGS as a predictor of the
estimated rates of change in tau-PET in each ROI, con-
trolling for age, sex, education, diagnosis, ethnicity, APOE
genotype, the first 10 principal components of the popula-
tion structure and maximum follow-up.

A higher PGS was associated with higher accumulation
rates of tau-PET in cortical regions (Braak 3 + 4 ROI:
β = 0.296, pFDR < 0.001; Braak 5 + 6 ROI: β = 0.244,
pFDR < 0.001; Figure 1B), but not in entorhinal Braak
1 ROI (pFDR = 0.646). A higher PGS was further associated
with a faster decline in episodic memory (ADNI-MEM:
β = �0.22, pFDR < 0.001; Figure 1C) and global cognitive
performance (ADAS13: β = 0.247, pFDR < 0.001; Fig 1C)
over a period of 5.6 years on average (range = 0.8–15 years).

Bootstrappedmediation analyses showed that higher rates
of global tau-PET accumulation mediated the effect of the PGS
on the rate of change in ADNI-MEM (mediation effect:
β = �0.003 [95% CI: �0.005, �0.001], p < 0.001, propor-
tion mediated = 28.9%; Figure 2A) and ADAS13 (mediation
effect: β = 0.026 [95% CI: 0.009, 0.050], p < 0.001, propor-
tion mediated = 19.6%; Figure 2B), suggesting that the effect
of the PGS on the rate of tau-PET explains the association
between a higher PGS and faster cognitive decline.

As several of the variants included in the PGS are in
gene loci for FTD, in a sensitivity analysis we computed a
PGS excluding the FTD loci and tested the association
with tau-PET rates of change. We found that after exclud-
ing the FTD loci, a higher PGS was still associated with
higher accumulation rates of tau-PET in cortical regions
(Braak 3 + 4 ROI: β = 0.288, pFDR < 0.001; Braak 5
+ 6 ROI: β = 0.225, pFDR = 0.001).

We also tested the association between the PGS and
cross-sectional levels of tau-PET and cognition in an anal-
ogous way and found a higher PGS to be associated with
higher tau-PET levels in Braak stages 1–4 (Braak 1 ROI:
β = 0.296, pFDR < 0.001; Braak 3 + 4 ROI: β = 0.245,
pFDR < 0.001) and lower memory scores (ADNI-MEM:
β = �0.161, pFDR = 0.003).

Aβ Levels Do Not Mediate but Modulate the
PGS Effect on Tau Accumulation
First, we replicated previous findings of associations with
increased Aβ,17 observing that a higher PGS was
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associated with faster rates of global amyloid-PET accu-
mulation (β = 0.16, pFDR = 0.036). Next, we tested
whether the effect of the PGS on changes in tau-PET is
independent of changes in amyloid-PET. When control-
ling for changes in amyloid-PET in addition to the other
covariates, the effects of the PGS on the rate of change in
tau-PET remained significant in Braak stage 3 + 4
(β = 0.291, p < 0.001) and Braak stage 5 + 6
(β = 0.260, p = 0.002), suggesting that the association
between the PGS and increases in amyloid-PET does not
account for the association between the PGS and tau-PET
changes.

However, we found evidence for more pronounced
effects of the PGS in presence of elevated levels of Aβ
(Figure 3A). When participants were stratified by amyloid
status, in cortical brain regions beyond the entorhinal cortex
(ie, Braak-stages 3–6), the effect of the PGS on tau changes
is significantly stronger (Braak 3 + 4: t(1949) = �6.269,
p < 0.001; Braak 5 + 6: t(1995.5) = �13.102, p < 0.001)
in the Aβ + participants compared with the Aβ- participants.
In contrast, for Braak stage 1 ROI (including the entorhinal
cortex), we found that the effect of PGS on tau changes is
stronger (t[1990.9] = 59.789, p < 0.001) in the Aβ- partici-
pants compared with the Aβ+ participants. These results
suggest that the PGS is associated with enhanced tau-PET
accumulation in the presence of abnormally elevated Aβ
levels tracking Braak-staging of tau accumulation across the

course of AD, but with age-related tau-PET increase
restricted to the entorhinal cortex in participants without ele-
vated levels of Aβ.

Given that higher abnormal levels of Aβ are a strong
driver of fibrillar tau accumulation in the cortex,3 we
tested whether the PGS modulates Aβ-related increases in
the rate of tau accumulation. In regression analysis, we
found a significant interaction of the PGS by baseline
amyloid-PET on subsequent increase in tau-PET (Braak
5 + 6; interaction term β = 0.177, p = 0.04; Figure 3B).
To ensure that the interaction was not driven by any out-
liers, we conducted robust regression analysis, confirming
our results (Wald test, F = 4.22, p = 0.041). Together,
these results suggest that the PGS shows a synergistic
effect with elevated levels of Aβ on the rate of tau-PET
increases such that the PGS is associated with enhanced
tau-PET accumulation particularly in individuals with
higher abnormal levels of Aβ.

No Sex-Dependent Effects of the PGS on Tau
Accumulation
We next investigated whether sex modifies the associa-
tion between the PGS and the rate of tau-PET changes.
Neither in the whole sample nor in an analysis strati-
fied by Aβ status, the interaction effect of the PGS
by sex on the rate of tau accumulation was signifi-
cant (p > 0.05).

FIGURE 2: The rate of change in global tau-PET mediates the effect of PGS on change rate in cognition. Path model illustrating the
mediation analyses. The effect of PGS on the rate of change in global tau-PET mediated the effect of PGS on rate of change in ADNI-
MEM (A) and ADAS13 (B). Path weights are displayed as β-values with standard errors displayed in brackets. The path weight c indicates
the effect of PGS on changes in cognitive measures (ie, either ADNI-MEM or ADAS13) without taking global tau-PET changes into
account, the path coefficient c0 indicates the corresponding effects of PGS after accounting for the mediator global tau-PET changes. The
total effect was determined using bootstrapping with 1,000 iterations. Models were controlled for age, sex, education, APOE genotype,
diagnosis, PC1-10, and ethnicity. ADAS13 = Alzheimer’s Disease Assessment Scale cognitive subscale; ADNI-MEM = Alzheimer’s
Disease Neuroimaging Initiative memory composite; PGS= polygenic score. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 3: PGS modulates the effect of baseline amyloid-PET on change rate in tau-PET. Regression weights of the association
between the PGS and change rate in tau-PET SUVRs stratified by amyloid-PET status (Aβ+ [red color] vs Aβ- [blue color]) are
shown (A). Weights are indicated as standardized β-values with 95% confidence intervals (CI) derived from 1,000 bootstrapped
iterations. Scatterplot showing the rate of change in tau-PET SUVRs as a function of baseline amyloid-PET centiloid (B).
Regression lines are shown for the group including participants with 1st PGS tertile (red), 2nd PGS tertile (green), and 3rd PGS
tertile (blue); the shaded area represents the 95% CI. Note that PGS levels were stratified by tertiles only for illustrational
purposes, whereas the regression analyses to estimate the regression weights was computed based on the predictor PGS as a
continuous variable. Aβ = beta-amyloid; PGS = polygenic score.

TABLE 2. Estimated Sample Size Required for Detecting Intervention Effects on Tau-PET Changes in the Full
Sample And in a Subgroup of Aβ+ Individuals at Power = 0.8

Required number of participants per arm to detect intervention effect of

Group subgroup 20% 40%

All All participants 225 49

APOE ε4+ 201 (�11%) 44 (�10%)

4th PGS quartile 183 (�19%) 40 (�18%)

Aβ+ All Aβ+ participants 188 41

APOE ε4+ 185 (�2%) 40 (�2%)

4th PGS quartile 126 (�33%) 27 (�34%)

Note: Percentage in brackets indicates the percentage of sample size reduction relative to the reference group of no stratification within either whole
group (all participants) or the Aβ+ group (all Aβ+ participants).
APOE ε4+ = APOE ε3/ε4 and APOE ε4/ε4 carrier, 4th PGS quartile = group in upper quartile of residualized PGS scores, Aβ+ = abnormally high
amyloid-PET.
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PGS Increases Sensitivity to Detect Tau-
Targeting Intervention Effects
Finally, we tested the utility of a higher PGS for risk
enrichment in clinical trials targeting fibrillar tau. To this
end, we estimated the sample size needed to detect hypo-
thetical treatment effects that reduced the rate of increase
in tau-PET by 20% and 40% when stratified by PGS
scores (lowest vs highest quartile of PGS). We estimated
the PGS effects on the sample size needed for the whole
group and in the group restricted to Aβ+ individuals. For
a clinical trial on tau-PET changes regardless of Aβ status,
results showed that the PGS stratification yielded a saving
in sample size by 18 to 19% compared with the no-
stratification scenario, depending on the size of the
assumed treatment effect (Table 2). For a clinical trial
restricted to Aβ+ participants, stratification by PGS
yielded a reduction in sample size needed by 33–34%
compared with no stratification (Table 2). Previous studies
found the APOE ε4 genotype to be associated with faster
tau accumulation in AD.5 When compared with the strat-
ification based on APOE ε4 status (presence of absence of
APOE ε4 allele), there was a substantial advantage of PGS
stratification (Table 2). No synergistic effects were
observed for stratification based on PGS and APOE ε4
status.

Discussion
Here, we combined longitudinal molecular PET with a
comprehensive set of lead SNPs from the to-date largest
GWAS on AD for the polygenic prediction of the rate of
fibrillar tau progression and cognitive changes. Our pri-
mary finding shows that a higher PGS was associated with
faster tau accumulation over an average of 1.9 years
follow-up, which in turn mediated the PGS effect on
faster cognitive decline. These results demonstrate that the
accelerated increase in pathologic tau underlies the associa-
tion between the PGS and symptomatic worsening in
AD. Our findings support the utility of the PGS for risk
enrichment in clinical trials, which may yield substantial
savings in sample size needed to test treatment effects on
the progression of tau pathology in AD.

Our study makes important contributions toward a
clinically relevant PGS-based prediction of increases in tau
pathology and thus cognitive decline in AD. We demon-
strated for the first time that a PGS predicts longitudinal
changes in fibrillar tau as assessed by tau-PET, that is, the
best-established biomarker of fibrillar tau pathology
recently adopted as outcome measure in several clinical tri-
als on AD.46 Our results suggest that the value of the
PGS for the prediction of tau-PET changes translates into
a reduction of the required sample size by up to 34% in
clinical trials targeting tau pathology. Importantly, risk

stratification by the PGS more than doubles the sample-
size reduction compared to that by the APOE-ε4 based
stratification, supporting the added value of the PGS for
the prediction of tau progression in clinical trials. The
development of powerful predictors for risk stratification
is a pressing need, as the rate of change per year in tau-
PET ranges between 0.5 and 3% in cognitively normal
Aβ+ individuals and 3 to 8% in symptomatic individ-
uals.47 Thus, in a clinical trial targeting tau, the control
group would show a substantial variability of tau-PET
changes over 2 years of follow-up, rendering feasible inter-
vention effects on tau difficult to detect. Therefore, the
PGS could be of great value to identify individuals of
imminent worsening of tau accumulation in clinical trials
and may support individualized disease management
within a precision medicine guided strategy.7

Although a PGS can be constructed based on a
larger number of SNPs selected at a more liberal p-value
threshold,48 we focused our analysis on genome-wide sig-
nificant lead SNPs. Compared with a PGS that relies on a
broader genetic background, this approach has key advan-
tages regarding clinical applications. First, it facilitates esta-
blishing cutoff values for risk stratification. Second, it
enhances comparability between studies and the interpret-
ability of the PGS that could be compromised when
including a larger number of SNPs with potentially spuri-
ous associations.48, 49 A strength of our study is the inclu-
sion of over 42 novel lead SNPs,20, 21 which increased the
statistical power to predict changes in tau-PET and cogni-
tion. We note that although the effect of a PGS derived
from AD-risk variants on prediction of longitudinal cogni-
tive worsening has been previously supported,17, 20 it has
not been exempted of conflicting evidence.50, 51 Smaller
sample sizes and risk variant numbers in previous PGSs
might explain this discrepancy.50, 51 Also, it is unclear to
what extent previous PGSs were associated with faster
changes in fibrillar tau progression. Here, we demonstrate
that the predictive power of the present PGS on cognitive
changes is dependent on the effect of tau-PET changes.
Overall, the current study substantially adds to previous
studies that used a lower number of SNPs for constructing
a PGS and were confined to cross-sectional analyses of
pathologic tau.11, 12, 14

Our secondary aim was to examine possible factors
that moderate the association between the PGS and tau
progression, primarily focusing on Aβ deposition. As the
presence of elevated levels of Aβ in the cortex is a major
driver of cortical increases in fibrillar tau in AD,3, 15 it is
possible that the effect of the PGS on tau-PET changes is
indirectly caused through a PGS-related increase in Aβ
accumulation. However, we demonstrated that the PGS
effect on tau-PET changes cannot be reduced to an
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indirect effect of PGS on levels of amyloid-PET as con-
trolling for amyloid-PET changes did not diminish the
PGS effects on tau-PET. We did however observe a differ-
ential effect of Aβ, where Aβ- individuals show an associa-
tion between higher PGS and age-related tau-pathology
restricted to the entorhinal cortex, while Aβ+ individuals
show stronger PGS effects in typical AD brain areas. Our
results are in line with previous longitudinal studies show-
ing that AD-like tau-PET pathology occurs in cortical
brain areas beyond the entorhinal cortex in the presence
of elevated Aβ levels,3, 15 whereas age-related increases in
tau-PET occur typically in the entorhinal cortex also in
the absence of elevated levels of Aβ.52 Furthermore, we
observed a cross-talk between PGS and baseline levels of
amyloid-PET on the rate of subsequent change in tau-
PET, suggesting that the PGS affects the formation of tau
pathology in cortical brain regions downstream of the
abnormally elevated Aβ. In contrast, previous studies on
APOE ε4 status reported that the effect of APOE ε4 on
higher cortical tau-PET accumulation were due to the
effect on increased levels of Aβ.53, 54 Taken together, these
results suggest different roles of the APOE ε4 allele and
PGS for the prediction of tau-PET changes, where pres-
ence of the APOE ε4 allele contributes to cortical tau-
progression indirectly via increasing levels of Aβ, but it is
the PGS that is associated with faster rates of tau-
accumulation once abnormal levels of Aβ are present.

We did not find sex to modulate the effect of the
PGS on the rate of tau-PET changes, despite sex-
dependent genetic effects on tau-pathology exists for
APOE ε4 genotype, where the association between APOE
ε4 and tau-accumulation is stronger in females compared
with males.18, 19 The current study controlled for APOE
ε4 genotype and is therefore not in conflict with these
previous findings.

For the interpretation of our findings, several limita-
tions should be considered. First, the included AD GWAS
were primarily conducted in European-ancestry
individuals,20, 21 and the included ADNI participants
were primarily self-reporting as white. We caution that
the results may not generalize to individuals of other eth-
nic backgrounds and recognize the need to include under-
represented ethnic and racial backgrounds.55 Second, our
PGS was limited to common variants (MAF ≥ 0.01), and
potential epistatic effects and gene-environment interac-
tions were not considered. Third, it should be mentioned
that 268 AD cases and 173 healthy controls from ADNI
were included in the Stage II analysis of the large-scale
GWAS.20 However, the outcome in that GWAS was clin-
ical diagnosis and not tau-PET, and the ADNI partici-
pants were a minor subset of a total of over 788,000
participants (including >111,000 AD cases), rendering any

risk of circularity negligible. Last, we did not investigate
potential variant-specific contributions to the prediction of
tau accumulation. Both the predictive value and patho-
mechanistic pathways vary between different variants.56

Previous studies focusing on particular lead SNPs showed
associations for genetic variants in genes including
BIN1,57, 58 among others59, 60 to be associated with alter-
ations in tau-pathology in AD. However, the small effect
size attributed to each risk variant reduces its potential
predictive value on a specific phenotype like contribution
to tau pathology. Therefore, the current study focused on
the cumulative effects across a larger set of SNPs for the
prediction of the rate of tau pathology in order to maxi-
mize the predictive power.

In conclusion, the present PGS is a promising tool
for the prediction of the rate of tau-progression that will
enhance risk enrichment in clinical trials and potentially
inform therapeutic decisions for treating tau pathology in
AD. Future studies will be needed in order to test poten-
tial interactions between the PGS and other known risk
factors of AD such as lifestyle factors and cerebrovascular
changes. Furthermore, the presence of variants that are
protective against tau-progression, in genes such as
Klotho,61 may somewhat compensate the effects of a
PGS. Thus, the current study encourages future studies to
explore additional predictors toward establishing a com-
prehensive and cost-effective prediction model for the pro-
gression of tau pathology.
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