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Abstract

INTRODUCTION: With anti-amyloid beta (Aβ) therapies approved for Alzheimer’s

disease (AD), surrogate biomarkers are needed to monitor clinical treatment effi-

cacy. Therefore,we systematically compared longitudinal changes inA/T/Nbiomarkers

(amyloid-positron emission tomography [PET], tau-PET, plasma phosphorylated tau

at threonine 217 [p-tau217], and magnetic resonance imaging) for tracking cognitive

changes.

METHODS:We analyzed longitudinal biomarker and cognitive change rates from the

Alzheimer’s Disease Neuroimaging Initiative (N= 141) and Anti-Amyloid Treatment in

Asymptomatic Alzheimer’s (A4) and Longitudinal Evaluation of Amyloid Risk and Neu-

rodegeneration (LEARN) (N = 151), estimated using linear mixed models. Using linear

models, we tested biomarker changes as predictors of cognitive changes, comparing

predictive strengths across biomarkers using bootstrapping.

RESULTS: Tau-PET, plasma p-tau217, and cortical thickness changes accurately

tracked change rates in Mini-Mental State Examination, Alzheimer’s Disease Assess-

ment Scale-Cognitive Subscale 13-item version, Clinical Dementia Rating-Sum of

Boxes, and Preclinial Alzheimer Cognitive Composite scores. In contrast, amyloid-PET

change rates were not linked to cognitive changes.
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DISCUSSION: Plasma p-tau217 offers a cost-effective AD-specific alternative to tau-

PET and could potentially be implemented for monitoring cognitive changes in AD

trials, while amyloid-PET lacks utility. Cortical thickness changes accurately track

cognitive changes but may be confounded by pseudo-atrophy in anti-Aβ treatments.

KEYWORDS

Alzheimer’s disease, amyloid-PET, cortical thickness, p-tau, plasma phosphorylated tau, tau-PET,
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Highlights

∙ Longitudinal changes in tau-PET, plasma p-tau217, cortical thickness – but not

amyloid-PET – effectively track cognitive decline.

∙ Cortical thickness may be confounded by pseudo-atrophy in anti-Aβ trials.
∙ Plasma p-tau217 is a robust and cost-effective alternative to tau-PET as an AD-

specific surrogate biomarker for monitoring cognitive changes.

1 BACKGROUND

Alzheimer’s disease (AD) is characterized by amyloid beta (Aβ) plaques
that trigger the aggregation of neurofibrillary tau tangles, leading to

neuronal loss and cognitive decline.1 Importantly, Aβplaques that drive
the amyloid cascade of AD emerge over many years before symptom

manifestation,2,3 posing significant challenges for timely diagnosis and

treatment. With the recent US Food and Drug Administration (FDA)

and EMA approval of the first disease-modifying anti-Aβ drugs that

clear cerebral Aβ plaque pathology,4–6 reliable biomarkers to track dis-

ease progression and treatment efficacy are urgently needed. While

assessing the natural progression of AD via Aβ, tau, and neurodegen-

eration (i.e., A/T/N) biomarkers is largely established,7 identifying the

most suitable biomarker for tracking longitudinal cognitive changes –

and thereby potentially assessing clinical treatment efficacy – remains

unresolved.

Amyloid-positron emission tomography (PET), which measures fib-

rillar Aβ deposition, a defining feature of AD, has long been a cor-

nerstone in AD research and clinical trials. It plays a critical role in

confirming fibrillar Aβ presence,8 which is crucial for participant selec-
tion in anti-Aβ trials. Many clinical trials thus use Aβ reduction as a

target engagementmeasure in conjunctionwith cognitive assessments

to evaluate treatment efficacy.9,10 However, Aβ accumulation begins

decades before symptom onset and plateaus in later disease stages,2

making it suboptimal for tracking short-term cognitive changes11 or

clinical treatment efficacy beyond target engagement (i.e., Aβ clear-

ance). As anti-Aβ therapies aim to slow or halt clinical progression,

biomarkers that better reflect cognitive decline are needed as surro-

gate biomarkers of clinical treatment efficacy in real-world settings.

Tau-PET imaging, which measures neurofibrillary tangle accumula-

tion, strongly associates with cognitive decline.11,12 Unlike Aβ, tau
pathology spreads in adisease-stage-dependentmanner,13 closely par-

alleling symptomseverity.11,14,15 Thismakes tau-PETamorepromising

biomarker for tracking cognitive status in AD than amyloid-PET. Simi-

larly, plasma phosphorylated tau at threonine 217 (p-tau217) reflects

tau pathophysiology with high specificity for AD16,17 and tracks dis-

ease progression by increasing dynamically as AD advances.18 Ele-

vated plasma p-tau217 levels correlate stronglywith amyloid-PET,18–20

tau-PET,19,20 and cerebrospinal fluid (CSF) p-tau217,
21 indicating its

suitability as a peripheral and easy-to-obtain ADbiomarker. Compared

to imaging or CSF-based biomarkers, plasma p-tau217 offers practi-

cal advantages, including lower cost, increased accessibility, and ease

of repeated sampling, enabling more frequent and less invasive treat-

ment monitoring in clinical trials and real-world settings. In addition

to PET and fluid biomarkers, structural magnetic resonance imaging

(MRI)-based measures, such as cortical thickness, have been widely

used to track AD-related neurodegeneration.22 Particularly in AD-

vulnerable regions, cortical thickness correlates with cognition23,24

and serves as a neuroimaging biomarker to predict future cognitive

decline.25,26

While cross-sectional biomarker assessments are essential for AD

diagnosis, staging, and prognosis of future cognitive decline,11,27 they

reflect only a single-time-point snapshot of disease status.11,27,28 In

contrast, longitudinal biomarker changes provide amore dynamic view

of disease progression and may better capture treatment-related cog-

nitive effects.2 However, although cross-sectional analyses of biomark-

ers have been widely used to study associations between biomarkers

and cognitive decline,11,29 longitudinal changes across A/T/N biomark-

ers have not yet been systematically compared for their ability to track

cognitive decline.

Therefore, themain aim of the current studywas to address this gap

by directly comparing longitudinal A/T/N biomarker trajectories (i.e.,

amyloid-PET, tau-PET, plasmap-tau217, andMRI-derived cortical thick-

ness) to determine which biomarker best tracked cognitive decline

in AD. These insights will help evaluate their potential as surrogate

biomarkers for assessing treatment efficacy in anti-Aβ clinical settings.
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RESEARCH INCONTEXT

1. Systematic review: With the approval of anti-Aβ
drugs for AD, surrogate biomarkers are needed to

track cognitive changes for treatment monitoring.

While cross-sectional analyses of A/T/N (amyloid/tau/

neurodegeneration) biomarkers and cognitive decline are

common, longitudinal analysis of A/T/N trajectories may

better capture the clinical progression of AD.

2. Interpretation: A systematic comparison of A/T/N

biomarkers showed that changes in tau-PET, plasma

p-tau217, and MRI-assessed cortical thickness consis-

tently tracked cognitive changes across two AD cohorts,

whereas amyloid-PET changes did not. The high costs

of tau-PET and limitations of cortical thickness in the

context of anti-Aβ treatment position plasma p-tau217

as a cost-effective, accessible alternative to track clinical

AD progression.

3. Future directions: Although Aβ is critical for assess-

ing target engagement in anti-Aβ trials, its weak link

to cognition limits its utility for tracking clinical bene-

fits. Plasma p-tau217 may be integrated into clinical trial

designs for AD to enhance treatment monitoring beyond

Aβ clearance.

To this end, we included data from two well-characterized cohorts –

the Alzheimer’s Disease Neuroimaging Initiative (ADNI) and the Anti-

AmyloidTreatment inAsymptomaticAlzheimer’s (A4) andLongitudinal

Evaluation of Amyloid Risk and Neurodegeneration (LEARN) study

with comprehensive longitudinal biomarker and clinical characteriza-

tion. The results of this study will help optimize the dynamic use of

biomarkers to capture clinical decline, thereby supporting their use as

surrogate endpoints for evaluating treatment efficacy in AD.

2 METHODS

2.1 Participants

To assess whether AD biomarkers tracked cognitive changes, we

leveraged 141 participants from the ADNI cohort with available lon-

gitudinal (> 1 measurement) data of 18F-florbetapir/18F-florbetaben

amyloid-PET, 18F-flortaucipir tau-PET, plasma p-tau217, brain atrophy

measures by MRI together with longitudinal cognitive assessments

(Mini-Mental State Examination [MMSE], Alzheimer’s Disease Assess-

ment Scale-Cognitive Subscale 13-item version [ADAS13], and Clinical

Dementia Rating [CDR]-Sum of Boxes [SB]), demographic information

(sex, age, education, and ApoE4), and clinical status. Baseline data had

to be collected within 6 months.30,31 Clinical status was definined

as cognitively normal (CN; MMSE ≥ 24, CDR = 0, non-depressed),

mild cognitive impairment (mild cognitive impairment [MCI]; MMSE ≥

24, CDR = 0.5, objective memory impairment on education-adjusted

Wechsler Memory Scale II, preserved Activities of Daily Living), or

dementia (MMSE = 20 to 26, CDR ≥ 0.5, National Institute of Neuro-

logical andCommunicativeDisorders/Alzheimer’sDisease andRelated

Disorders Association criteria for probable AD).

In addition, we included 151 participants from the A4/LEARN stud-

ies. As for ADNI, eligible participants had available longitudinal (> 1

measurement) data of 18F-florbetapir amyloid-PET, 18F-flortaucipir

tau-PET, plasmap-tau217, and brain atrophymeasures byMRI together

with longitudinal cognitive assessments (MMSE, Preclinical Alzheimer

Cognitive Composite [PACC]), and demographic information (sex, age,

education). The A4/LEARN studies included cognitively normal par-

ticipants (CN; MMSE ≥ 25, CDR = 0, Logical Memory II score of

6 to 18 at baseline). For more details see A4 (https://clinicaltrials.

gov/study/NCT02008357) and LEARN (https://www.clinicaltrials.gov/

study/NCT02488720) inclusion criteria. In both cohorts, Aβ status

(−/+) was determined using tracer-specific cut-offs for global amyloid-

PET (i.e., Aβ+ = standardized uptake value ratio [SUVR] > 1.11/1.08

for 8F-florbetapir32/18F-florbetaben33). All study procedures were in

accordance with the Declaration of Helsinki. Ethical approval was

obtained by ADNI and A4/LEARN investigators, and all study partici-

pants provided written informed consent.

2.2 Cognitive assessments

We included the MMSE,34 ADAS13,35 and CDR-SB36 for ADNI and

the MMSE and PACC37 for the A4/LEARN cohort. These widely

used cognitive and functional assessments in AD clinical trials eval-

uate key domains such as memory, language, executive function, and

functional abilities, with the PACC being more sensitive in the early

preclinical stages of AD, that is, the target group included in the

A4/LEARN sample.38 Importantly, the MMSE,39 ADAS13,39 CDR-

SB,40 and PACC37 are commonly used as primary or secondary end-

points in AD clinical trials to track cognitive changes, assess treatment

efficacy, and are well validated and standardized across AD research,

ensuring comparability across studies and regulatory agencies (e.g.,

FDA and EMA).

2.3 Plasma p-tau217 assessment

The ADNI biomarker core team at the University of Pennsylva-

nia collected blood samples in EDTA collection tubes used to

obtain plasma following the ADNI4 Procedures manual ver-

sion 2.0 (https://adni.loni.usc.edu/wp-content/uploads/2024/02/

ADNI4_Procedures_Manual_v2.0.pdf). After the samples were stored

at −80◦C until the day of the analysis, plasma p-tau217 samples were

analyzed using immunoassay reagents provided by Fujirebio on the

validated and automated Lumipulse G1200 chemiluminescent enzyme

immunoassay platform. The data are provided in the ADNI database in

the “UPENN_PLASMA_FUJIREBIO_QUANTERIX” file.
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For the A4/LEARN cohort, plasma p-tau217 was analyzed on a

validated electrochemiluminescence immunoassay by Eli Lilly and

Companyusing aMesoScaleDiscovery (MSD) Sector S Imager600MM

at the Lilly Clinical Diagnostics Laboratory.41

2.4 MRI and PET acquisition and preprocessing

ADNI acquired 3T structural magnetic resonance images of T1-

weighted scans using MPRAGE sequences (https://adni.loni.usc.edu/

wp-content/uploads/2017/07/ADNI3-MRI-protocols.pdf). Amyloid-

PET was recorded 50 to 70 min after 18F-florbetapir injection in

4 × 5 min frames or 90 to 110 min after 18F-florbetaben injec-

tion in 4 × 5 min frames. Tau-PET was recorded 75 to 105 min

after 18F-flortaucipir injection in 6 × 5 min frames. To obtain

mean images, the recorded time frames were motion corrected

and averaged (for more information see: https://adni.loni.usc.edu/

help-faqs/adni-documentation/). The imaging protocols of A4/LEARN

were congruent with those of ADNI.

After images were screened for artifacts, preprocessing was per-

formed independently for ADNI and A4/LEARN using a uniform

processing pipeline. Using the CAT12 toolbox (https://neuro-jena.

github.io/cat12-help/), T1-weighted scans were bias-corrected, seg-

mented, and non-linearly warped to Montreal Neurological Institute

(MNI) space. Cortical thickness was assessed using the longitudinal

CAT12 cortical thickness pipeline, from which a pre-established AD

summary region based on the Desikan–Killiany atlas was used to

track AD-related neurodegeneration patterns (i.e., including entorhi-

nal, fusiform, inferior temporal, and middle temporal thickness

measures).42 PET images acquired dynamically were realigned and

averaged into single images, which were then rigidly aligned to the

T1-weighted MRI scan. Amyloid-PET SUVRs were intensity normal-

ized to the whole cerebellum43 and tau-PET SUVRs to the inferior

cerebellar gray matter.44 Regional SUVRs for tau-PET were deter-

mined for the 200 regions of the cortical Schaefer atlas.45 To harmo-

nize between amyloid-PET tracers, global SUVRs of 18F-florbetapir

and 18F-florbetaben were transformed to the Centiloid scale using

equations provided by ADNI.46 A temporal meta region of interest

(ROI) for tau-PET SUVRs, which was previously shown to capture

AD-related tau accumulation and cognitive decline,28,47 was created

using Desikan–Killiany atlas-based SUVR data following the ADNI

guidelines.

2.5 Statistical analyses

To assess whether changes in AD biomarkers (i.e., Centiloid, tempo-

ral tau-PET, plasma p-tau217, or cortical thickness of the AD signature

region) tracked changes in cognition, we first calculated change rates

for each A/T/N biomarker and cognitive scores. To that end, we used

linearmixedmodelswith time (i.e., years frombaseline) as independent

variable and Centiloid, tau-PET SUVRs, plasma p-tau217, or cortical

thickness as the respective dependent variable, incorporating ran-

dom intercepts and slopes to account for individual variability.30 For

A4/LEARN,Centiloid change rateswere estimatedusing a linearmodel

rather than a linear mixed model, as only one follow-up measurement

was available per patient. To generate cognitive endpoints, we deter-

mined cognitive changes over time. As above, we fitted linear mixed

models with time as independent variable and scores of the MMSE,

ADAS13, CDR-SB, or PACC as the dependent variable, with random

intercepts and slopes.48 Overall, this statistical approach allows stan-

dardizing change rates to a commonly interpretablemetric (i.e., change

per year) regardless of different overall follow-up times. In a sec-

ond step, we calculated linear regression models, using the before

calculated change rates of AD biomarkers as independent variables,

and change rates in cognition as dependent variables, controlling for

age, sex, education, baseline cognitive scores, and maximum follow-up

times per subject, with ADNI models additionally adjusted for clini-

cal status given the inclusion of CN, MCI, and dementia subjects in

this cohort. Importantly, the computation of cognitive change rates

was matched to each biomarker modality by using only overlapping

cognitive and biomarker follow-up data.

To further compare the strengths of correlations between biomark-

ers and cognitive decline, we performed bootstrapped linear regres-

sion with 1000 iterations for each cognitive test within each cohort.

Within each iteration, standardized beta estimates for the associa-

tion between biomarkers (i.e., Centiloid, tau-PET, plasma p-tau217, and

cortical thickness) and cognitive changes of the respective test were

extracted. As for the linear models, biomarker changes were included

as independent and cognitive changes as dependent variables, control-

ling for age, sex, education, and baseline cognitive scores, with ADNI

models additionally adjusted for clinical status. For non-parametric

comparisons, we used the percentile method to calculate 95% confi-

dence intervals (CIs) for standardized beta values. If a 95% CI crossed

zero, it indicated that the predictormight not have a statistically signif-

icant associationwith the outcome. To assess standardized differences

of the predictive strength between biomarker modalities, effect sizes

were calculated using Cohen’s d using absolute standardized beta

values of the association between biomarker modality and cognitive

changes. All statistical analyses were performed using R statistical

software version 4.3.1 (http://www.R-project.org).49

2.6 Data availability

All data used in this manuscript are publicly available from the ADNI

(adni.loni.usc.edu) or A4/LEARN (a4studydata.org) database upon reg-

istration and compliance with the data use agreement. The processed

datasets that support the findings of this study are available upon

reasonable request from the corresponding author and upon proving

registration and compliance agreementswith theADNI andA4/LEARN

databases.

3 RESULTS

3.1 Sample characteristics

To evaluate whether longitudinal changes in AD biomarkers (Centiloid,

tau-PET, plasma p-tau217, and cortical thickness) tracked cognitive
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TABLE 1 Sample characteristics.

ADNI (n= 141) ADNI (n= 141) A4/LEARN (n= 151)

Clinical status (CN/MCI/Dem) 94/38/9 151/0/0

Amyloid-PET status (Aβ−/Aβ+) 67/74 30/121

Sex (male/female) 69/72 59/92

Age 76.81 ± 7.04 70.61 ± 4.36

Centiloid 33.13 ± 37 to 25 54.34 ± 34.47

Centiloid ROC 1.82 ± 2.58 4.19 ± 5.06

Centiloid+Cognition follow-up years 6.13 ± 2.21 4.62 ± 0

Centiloid-matchedMMSE ROC −0.13 ± 0.28 −0.09 ± 0.48

Centiloid-matched ADAS13 ROC 0.61 ± 0.72

Centiloid-matched CDR-SB ROC 0.12 ± 0.28

Centiloid-matched PACCROC −0.25 ± 0.99

Temporal meta tau-PET SUVR 1.21 ± 0.18 1.17 ± 0.13

Temporal meta tau-PET SUVRROC 0.01 ± 0.02 0.02 ± 0.02

Tau-PET+Cognition follow-up years 2.78 ± 1.56 4.83 ± 0.98

Tau-PET-matchedMMSE ROC −0.2 ± 0.21 −0.08 ± 0.25

Tau-PET-matched ADAS13 ROC 0.69 ± 0.67

Tau-PET-matched CDR-SB ROC 0.18 ± 0.35

Tau-PET-matched PACCROC −0.21 ± 0.79

MRI cortical thickness ADmeta ROI 2.83 ± 0.14 2.87 ± 0.12

MRI cortical thickness ADmeta ROI ROC −0.01 ± 0.01 −0.02 ± 0.02

MRI+Cognition follow-up years 5.71 ± 2.49 5.18 ± 0.56

MRI-matchedMMSE ROC −0.1 ± 0.32 −0.12 ± 0.35

MRI-matched ADAS13 ROC 0.61 ± 0.78

MRI-matched CDR-SB ROC 0.12 ± 0.28

MRI-matched PACCROC −0.31 ± 0.88

P-tau217 0.17 ± 0.18 0.24 ± 0.13

P-tau217 ROC 0.02 ± 0.02 0.02 ± 0.04

P-tau217 +Cognition follow-up years 4.35 ± 2.03 4.13 ± 1.32

P-tau217-matchedMMSE ROC −0.13 ± 0.26 −0.11 ± 0.3

P-tau217-matched ADAS13 ROC 0.55 ± 0.57

P-tau217-matched CDR-SB ROC 0.12 ± 0.33

P-tau217-matched PACCROC −0.28 ± 0.87

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; ADAS13, Alzheimer’s Disease Assessment Scale-Cognitive Subscale 13-item version; ADNI,

Alzheimer’s Disease Neuroimaging Initiative; CDR-SB, Clinical Dementia Rating - sum of boxes; CN, cognitively normal; Dem, dementia; MCI, mild cognitive

impairment; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; PACC, Preclinical Alzheimer’s Cognitive Composite; PET, positron

emission tomography; p-tau217, phosphorylated tau at threonine 217; ROC, rate of change;SUVR, standardized uptake value ratio.

decline, we included 141 participants (i.e., 94/38/9 CN/MCI/dementia)

from the ADNI cohort who also had available longitudinal cognitive

assessments for MMSE, ADAS13, and CDR-SB. Similarly, we included

151 subjects from the A4/LEARN cohort with longitudinal biomarker

(i.e., Centiloid, tau-PET, plasma p-tau217, and cortical thickness) and

cognitive assessments (i.e., MMSE and PACC). Mean follow-up times

per biomarker and biomarker-matched cognitive follow-up data are

shown in Table 1. Surface renderings of annual change rates in imag-

ing biomarker data (i.e., amyloid-PET, tau-PET, and MRI) are shown in

Figure 1.

3.2 Changes in tau-PET, plasma p-tau217, and
cortical thickness but not amyloid-PET track
cognitive decline

We first examined whether changes in Centiloid, temporal meta-

ROI tau-PET, plasma p-tau217, and MRI-assessed cortical thickness in

the AD meta-ROI (entorhinal, fusiform, inferior temporal, and middle

temporal cortex)42 were associated with cognitive decline. In ADNI,

changes in Centiloid were not associated with changes in MMSE

(p = 0.590; Figure 2A), ADAS13 (p = 0.844; Figure 2F), or CDR-SB
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F IGURE 1 Surface rendering of regional change rates in (A) amyloid-PET, (B) tau-PET, and (C)MRI-assessed cortical thickness, stratified by
clinical (i.e., cognitively normal=CN, cognitively impaired=CI) and amyloid-PET status.
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BIEL ET AL. 7 of 15

F IGURE 2 Comparing the link between biomarker dynamics and cognitive decline within the ADNI cohort. Rates of changes (ROC) of
amyloid-PET (in centiloid), tau-PET, plasma p-tau217 and cortical thickness were used to track cognitive changes in theMMSE (A)–(D), ADAS13
(F)–(I), and CDR-SB (K)–(N) using linear regression. Plots display standardized beta values (β) and p-values. Bootstrappedmodels with 95%
confidence intervals were used to compare standardized beta values of the association between biomarker changes and changes in theMMSE (E),
ADAS13 (J), and the CDR-SB (O). Themodels are controlled for sex, age, education, clinical status, and baseline cognition.
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8 of 15 BIEL ET AL.

F IGURE 3 Comparing the link between biomarker dynamics and cognitive decline within the A4/LEARN cohort. Rates of changes (ROC) of
amyloid-PET (in centiloid), tau-PET, plasma p-tau217 and cortical thickness were used to track cognitive changes in theMMSE (A)–(D) and PACC
(F)–(I) using linear regression. Plots display standardized beta values (β) and p-values. Bootstrappedmodels with 95% confidence intervals were
used to compare standardized beta values of the association between biomarker changes and changes in theMMSE (E) and PACC (J). Themodels
are controlled for sex, age, education, and baseline cognition.

(p= 0.366; Figure 2K). Congruent results were obtained in A4/LEARN,

with absent associations between Centiloid changes and changes

in MMSE (p = 0.425; Figure 3A) or PACC (p = 0.462; Figure 3F).

Regional analyses further confirmed this finding of an absent asso-

ciation between amyloid-PET changes and parallel cognitive changes

(Figure 4A and Figure S1 for a breakdown by clinical group in ADNI).

In contrast, longitudinal changes in temporal meta tau-PET, plasma

p-tau217, and AD signature cortical thickness were consistently asso-

ciated with cognitive change rates across all cognitive measures in

ADNI, including theMMSE (tau-PET: β=−0.100, p= 0.001; Figure 2B;

plasma p-tau217: β = −0.215, p = 0.005; Figure 2C; cortical thickness:

β=0.606,p<0.001, Figure2D),ADAS13 (tau-PET:β=0.369,p<0.001,

Figure 2G; plasma p-tau217: β = 0.131, p = 0.004; Figure 2H; corti-

cal thickness: β = -0.445, p < 0.001, Figure 2I), and CDR-SB (tau-PET:

β = 0.292, p < 0.001, Figure 2L; plasma p-tau217: β = 0.285, p < 0.001;

Figure 2M; cortical thickness: β = −0.463, p < 0.001; Figure 2N).

All results remained consistent when applying a Bonferroni-corrected

alpha threshold of 0.0125 to correct for four biomarker assessments

per cognitive test. Regional mappings showed the strongest asso-

ciations between tau-PET increases and faster cognitive decline in

temporo-parietal brain regions (Figure 4B). Similarly, regional mapping

of cortical thickness changes showed the strong associations between

cortical thinning and faster cognitive decline,with the strongest effects

in temporo-parietal brain regions (Figure 4C). Exploratory subanaly-

ses stratified by cognitive status (Table S1, Figure S1) yielded overall

consistent results in CN (n = 94) but limited associations between tau

pathophysiology biomarkers and cognitive changes in MCI/dementia

(n = 47), potentially due to limited sample size in the cognitively
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BIEL ET AL. 9 of 15

F IGURE 4 ROI-based regressionmodels, illustrating the associations between annual change rates of (A) amyloid-PET centiloids, (B) tau-PET
or (C)MRI-assessed cortical thickness with each cognitive test in ADNI and A4/LEARN. Standardized regression coefficients that were significant
(p< 0.05) after False-discovery rate (FDR) correction are displayed. All models are controlled for sex, age, education, clinical status (in ADNI),
maximum follow up-duration, baseline cognition and total intracranial volume for cortical thickness analyses.
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10 of 15 BIEL ET AL.

impaired group. Congruently, in the A4/LEARN cohort, changes in

temporal meta tau-PET, plasma p-tau217, and AD signature cortical

thickness were associated with changes in both the MMSE (tau-PET:

β = −0.506, p < 0.001; Figure 3B; plasma p-tau217: β = −0.238,
p=0.002; Figure3C; cortical thickness:β=0.553,p<0.001; Figure3D)

and PACC (tau-PET: β = −0.553, p < 0.001; Figure 3G; plasma p-

tau217: β = −0.234, p = 0.002; Figure 3H; cortical thickness: β = 0.502,

p < 0.001; Figure 3I). Again, all results remained consistent after Bon-

ferroni correction. In A4/LEARN, regional mapping showed strong

associations between faster tau-PET increase, faster cortical thin-

ning, and more rapid cognitive decline in temporo-parietal and frontal

regions (Figure 4B,C). All results remained consistent when adjust-

ing for ApoE ε4 status (Table S2). Together, these results support the

view that longitudinal changes in tau-PET, plasma p-tau217, and cor-

tical thickness track concurrent cognitive decline, whereas Centiloid

changes do not. These findings have important clinical implications,

suggesting that amyloid increase does not track cognitive decline,

while downstreambiomarker changes of tau pathophysiology and neu-

rodegeneration do. Detailed regression statistics are summarized in

Table 2.

3.3 A systematic effect–size comparison o fATN
biomarker changes to track cognitive decline

To further compare the ability of biomarker changes to track cognitive

changes, we performed non-parametric comparisons across biomarker

change-based prediction of cognitive changes by computing 95%CIs of

standardized beta value distributions. These beta value distributions

were derived from 1000 bootstrapped iterations of linear regression

models examining the relationship between biomarker changes and

cognitive decline, and the 95%CIswere calculated using the percentile

method. Consistent with our previous findings, changes in temporal

meta tau-PET, plasma p-tau217, and AD signature cortical thickness

remained strong predictors of cognitive decline in ADNI, as indicated

by CIs that did not cross zero for changes in the MMSE (tau-PET: 95%

CI = [−0.192; −0.027], plasma p-tau217: 95% CI = [−0.397; −0.054];
cortical thickness: 95% CI = [0.408; 0.749]; Figure 2E), ADAS13 (tau-

PET: 95%CI= [0.193; 0.529]; plasmap-tau217: 95%CI= [0.049; 0.219];

cortical thickness: 95% CI = [−0.573;−0.238]; Figure 2J), and CDR-SB
(tau-PET: 95% CI = [0.093; 0.518]; plasma p-tau217: 95% CI = [0.104;

0.476]; cortical thickness: 95% CI = [−0.615; −0.189]; Figure 2O). In

contrast, the CIs for Centiloid crossed zero, providing non-parametric

evidence for no statistically significant association with cognitive

decline (MMSE: 95% CI = [−0.241; 0.153]; Figure 2E; ADAS13: 95%

CI = [−0.201; 0.182]; Figure 2J; CDR-SB: 95% CI = [−0.084; 0.230];
Figure 2O). Similar patterns were observed in A4/LEARN, where

changes in temporal meta tau-PET, plasma p-tau217, and AD signa-

ture cortical thickness showed non-parametric evidence for tracking

cognitive changes in the MMSE (tau-PET: 95% CI = [−0.619; −0.354];
plasma p-tau217: 95% CI = [−0.416; −0.020]; cortical thickness: 95%
CI = [0.387; 0.682]; Figure 3E) and PACC (tau-PET: 95% CI = [−0.664;
−0.432]; plasma p-tau217: 95% CI = [−0.427; −0.039]; cortical thick-

ness: 95% CI = [0.340; 0.638]; Figure 3J). As in ADNI, Centiloid

was not considered significant, as its CIs crossed zero (MMSE: 95%

CI = [−0.108; −0.219]; Figure 3E; PACC: 95% CI = [−0.116; 0.232];
Figure 3J).

Lastly, we systematically compared the effect sizes of each

biomarker to track cognitive changes by comparing effect size differ-

ences (Cohen’sd) of bootstrappedabsolutebeta values for associations

between tau-PET, plasma p-tau217, and cortical thickness changes and

cognitive changes. In ADNI, plasma p-tau217 showed superior per-

formance to tau-PET for MMSE (d = 1.74) and ADAS13 (d = 3.50),

but not for CDR-SB (d = −0.03), while cortical thickness showed

even better performance than plasma p-tau217 for MMSE (d = 4.39),

ADAS13 (d = −4.38) and CDR-SB (d = −1.51). In A4/LEARN, tau-

PET was superior to plasma p-tau217 for MMSE (d = −3.03) and
PACC (d=−3.79), and slightly superior toMRI-assessed cortical thick-

ness (MMSE: d = 0.68, PACC: d = −0.78). A detailed summary of

effect–size comparisons for all biomarker pairs is shown in Table 3.

Together, these findings suggest that MRI, tau-PET, and plasma p-

tau217 track cognitive changes, withMRI often outperformingmarkers

of tau pathophysiology, nevertheless all outperforming amyloid-PET.

4 DISCUSSION

Our main aim was to assess the utility of longitudinal changes in

A/T/N biomarkers to track cognitive decline in AD to identify which

biomarkers could serve as surrogates for clinical treatment efficacy

in disease-modifying treatment settings. Across ADNI and A4/LEARN,

we showed that changes in tau-PET, plasma p-tau217, and cortical

thickness accurately tracked cognitive changes across multiple cogni-

tive endpoints (i.e., MMSE, ADAS13, CDR-SB, PACC), while changes in

Centiloid did not track cognitive decline, neither globally nor on the

regional level. Considering factors such as costs, availability, invasive-

ness, and ease of implementation, repeated plasma p-tau217 sampling

may therefore be the most promising and AD-specific surrogate

biomarker for monitoring cognitive changes in clinical routine, while

tau-PET andMRI are potentiallymore suitable in clinical trial and study

settings.

Aβ-plaque removal via donanemab and lecanemab has shown bene-

ficial effects on attenuating cognitive decline, especially in early-stage

AD patients with low tau-PET levels.50–52 However, despite the cen-

tral role of Aβ in initiating AD pathophysiology, its utility in monitoring

clinical treatment efficacy remains limited, since removal of Aβ does

not necessarily translate into a cognitive benefit.53,54 While previous

studies showed that Aβ levels were less predictive of cognitive decline
than tau biomarkers,11,12,28,55 our findings go further by demonstrat-

ing that longitudinal increases in fibrillar Aβ do not track concurrent

cognitive deterioration in AD. Since amyloid-PET lowering is consid-

ered by the FDA a “reasonably likely surrogate endpoint” for clinical

treatment efficacy, our findings challenge this view. Here, future stud-

ies should investigate whether Aβ removal is a reliable marker for

tracking cognitive changes in anti-Aβ-treated patients, or whether the
removal of Aβ translates into attenuated cognitive decline by indirectly
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BIEL ET AL. 11 of 15

TABLE 2 Regression-derived associations between rates of changes in biomarker levels and cognition.

ADNI (n= 141)

Dependent variable Predictor β [bootstrapped 95%CI] T p Partial R2

MMSEROC Centiloid ROCa −0.043 [−0.241; 0.153] −0.540 0.590 0.002

Temporal meta tau-PET ROCa −0.100 [−0.192;−0.027] −3.25 0.001* 0.074

Plasma p-tau217 ROCa −0.215 [−0.397;−0.054] −2.869 0.005* 0.058

Cortical thicknessmeta ROCb 0.606 [0.408; 0.749] 8.303 <0.001* 0.343

ADAS13 ROC Centiloid ROCa −0.016 [−0.201; 0.182] −0.197 0.844 <0.001

Temporal meta tau-PET ROCa 0.369 [0.193; 0.529] 5.918 <0.001* 0.208

Plasma p-tau217 ROCa 0.131 [0.049; 0.219] 2.870 0.004* 0.058

Cortical thicknessmeta ROCb −0.445 [−0.573;−0.238] −6.366 <0.001* 0.234

CDR-SB ROC Centiloid ROCa 0.069 [−0.084; 0.230] 0.907 0.366 0.006

Temporal meta tau-PET ROCa 0.292 [0.093; 0.518] 3.529 <0.001* 0.086

Plasma p-tau217 ROCa 0.285 [0.104; 0.476] 3.414 <0.001* 0.081

Cortical thicknessmeta ROCb −0.463 [−0.615;−0.189] −6.583 <0.001* 0.246

A4/LEARN (n= 151)

Dependent variable Predictor β [bootstrapped 95%CI] T p Partial R2

MMSEROC Centiloid ROCc 0.065 [−0.108;−0.219] 0.801 0.425 0.004

Temporal meta tau-PET ROCc −0.506 [−0.619;−0.354] −7.854 <0.001* 0.300

Plasma p-tau217 ROCc −0.238 [−0.416;−0.020] −3.234 0.002* 0.068

Cortical thicknessmeta ROCd 0.553 [0.387; 0.682] 8.592 <0.001* 0.334

PACCROC Centiloid ROCc 0.057 [−0.116; 0.232] 0.738 0.462 0.004

Temporal meta tau-PET ROCc −0.553 [−0.664;−0.432] −9.254 <0.001* 0.373

Plasma p-tau217 ROCc −0.234 [−0.427;−0.039] −3.243 0.002* 0.068

Cortical thicknessmeta ROCd 0.502 [0.340; 0.638] 7.785 <0.001* 0.296

aAge, sex, education, clinical status, maximum follow-up duration, and baseline cognition included as covariates.
bAge, sex, education, clinical status, maximum follow-up duration, total intracranial volume, and baseline cognition included as covariates.
cAge, sex, education, maximum follow-up duration, and baseline cognition included as covariates.
dAge, sex, education, maximum follow-up duration, total intracranial volume, and baseline cognition included as covariates.

*Significant after Bonferroni correction (adjusted alpha threshold for four tests= 0.0125).

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; ADAS13, Alzheimer’s Disease Assessment Scale-Cognitive Subscale 13-item version; ADNI,

Alzheimer’s Disease Neuroimaging Initiative; CDR-SB, Clinical Dementia Rating - sum of boxes; CI, confidence interval; MCI, mild cognitive impairment;

MMSE,Mini-Mental State Examination; PACC, Preclinical AlzheimerCognitiveComposite; PET, positron emission tomography; p-tau217, phosphorylated tau

at threonine 217; ROC, rate of change.

slowing downstream processes such as tau pathophysiology and neu-

rodegeneration, which track cognitive decline much more closely. This

is critical because no T or N biomarkers qualify for the FDA’s Acceler-

ated Approval Program.56 Thus, there is a key need for validated and

potentially more suitable AD biomarkers that signal clinical treatment

efficacy in AD trials.57

In contrast to amyloid-PET, tau-PET changes demonstrated strong

associations with cognitive decline. This is in line with the high prog-

nostic utility of tau-PET for future cognitive changes.11,27,28,58 The

regional patterns of longitudinal tau-PET increases that track cog-

nitive decline aligns with tau-PET staging models of AD.47,59 This

supports the growing consensus that especially temporal lobe tau-PET

is a strong candidate for tracking both pathophysiological and clinical

AD progression.55,60,61 However, beyond its cross-sectional diagnos-

tic use, the use of longitudinal tau-PET in clinical routine settings

is potentially limited by high costs, restricted availability, and radi-

ation exposure for repeated assessments. These factors underscore

the need for more accessible, cost-effective AD-specific alternatives

that can accurately track concurrent clinical changes. In this context,

our results confirm the role of plasma p-tau217 as a promising and

highly AD-specific alternative to tau-PET in clinical settings. Plasma

p-tau217 is highly sensitive for detecting AD pathophysiology, show-

ing a strong association with fibrillar Aβ and tau markers as well as

CSF-derived markers of tau pathophysiology.62–64 As a key advan-

tage, plasma biomarkers are less invasive, easier to obtain in clinical

routine, and more suitable for repeated sampling than CSF. There-

fore, our findings support previous arguments on plasma p-tau217 as

a potential surrogate treatment monitoring tool.57 Specifically, we

confirmed that plasma p-tau217 changes exhibited strong correla-

tions with cognitive decline, comparable to tau-PET in ADNI, while
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12 of 15 BIEL ET AL.

TABLE 3 Effect sizes using absolute standardized beta values of bootstrapped linear models for association between biomarker modalities
and cognitive changes.

ADNI (n= 141) MMSE ROC ADAS13 ROC CDR-SB ROC

Centiloid ROC versus tau-PET ROC 0.73 (medium) −4.12 (large) −2.19 (large)

Centiloid ROC versus plasma p-tau217 ROC 1.86 (large) −1.89 (large) −2.47 (large)

Centiloid ROC versus cortical thickness ROC 5.88 (large) −4.78 (large) −3.90 (large)

Tau-PET ROC versus plasma p-tau217 ROC 1.74 (large) 3.50 (large) −0.03 (negligible)

Tau-PET ROC versus cortical thickness ROC 7.36 (large) −0.77 (medium) −1.42 (large)

Plasma p-tau217 ROC versus cortical thickness ROC 4.39 (large) −4.38 (large) −1.51 (large)

A4/LEARN (n= 151) MMSE ROC PACCROC

Centiloid ROC versus tau-PET ROC 7.39 (large) 8.22 (large)

Centiloid ROC versus plasma p-tau217 ROC 3.17 (large) 3.13 (large)

Centiloid ROC versus cortical thickness ROC 7.73 (large) 6.82 (large)

Tau-PET ROC versus plasma p-tau217 ROC −3.03 (large) −3.79 (large)

Tau-PET ROC versus cortical thickness ROC 0.68 (medium) −0.78 (medium)

Plasma p-tau217 ROC versus cortical thickness ROC 3.48 (large) 2.91 (large)

Abbreviation: ADAS13, Alzheimer’s Disease Assessment Scale-Cognitive Subscale 13-item version; ADNI, Alzheimer’s Disease Neuroimaging Initiative;

CDR-SB, Clinical Dementia Rating - sum of boxes; MMSE, Mini-Mental State Examination; PACC, preclinial Alzheimer cognitive composite; PET, positron

emission tomography; p-tau217, phosphorylated tau at threonine 217; ROC, rate of change.

p-tau217’s precision lagged that of tau-PET and cortical thickness in A4

A4/LEARN. This subtle drop in performance might relate to the use

of different assays in ADNI versus A4/LEARN or differences in cohort

composition, with the A4/LEARN cohort only including cognitively

normal Aβ−/Aβ+ participants.65 However, a previous study including

BioFINDER study and the Wisconsin Registry for Alzheimer Preven-

tion of cognitively normal Aβ+ patients showed high performance of

plasma p-tau217 compared to plasma p-tau181, p-tau231, glial fibrillary

acidic protein (GFAP), and neurofilament light (NfL) to predict longitu-

dinal changes over 6 years for the MMSE and PACC.66 Future studies

should therefore assess the accuracy of plasma p-tau217 changes to

track cognitive decline across different disease stages to test whether

it performs equally well across preclinical and clinical AD stages, which

we only coveredwith exploratory subanalyses stratified by clinical sta-

tus in ADNI. However, given its accessibility, cost-effectiveness, and

suitability for repeated sampling, plasmap-tau217 could serveas aprac-

tical biomarker for both clinical trials and real-world monitoring of

AD progression in observational and potentially treatment settings.

These findings suggest that while tau-PET remains the gold stan-

dard for capturing fibrillar tau pathology for diagnostic and prognostic

purposes,11,27,28,58 plasma p-tau217 presents a viable, less invasive

alternative for highly specific monitoring of pathophysiological and

clinical AD progression.

Lastly, we examined MRI as a gold-standard neurodegeneration

marker to track clinical changes. Here, cortical thinning was strongly

associated with cognitive decline, particularly in AD-vulnerable

temporo-parietal regions,67 often outperforming p-tau217 and tau-

PET. Nevertheless, MRI-based atrophy metrics in anti-Aβ trials are

confounded by pseudo-atrophy, potentially reflecting Aβ-clearance-
related volume reductions, changes in inflammation, and fluid shifts

due to treatment that may mimic gray matter atrophy.68,69 Drug-

induced increases in ventricular volume and associated brain mass

loss were observed across all recent anti-Aβ treatments.70 However,

whether this volume loss reflects neurodegeneration71 or a side effect

of Aβ removal68 remains debated.69 Given these limitations, MRI-

assessed cortical thickness changes may be non-ideal for treatment

monitoring in anti-Aβ-antibody trials, despite their ability to track

cognitive changes in untreated AD patients. Still, monitoring brain

atrophy has strong potential tomonitor natural ADprogression ormay

be suitable for other disease-modifying drugs (e.g., small molecules,

anti-tau antibodies) that may not induce pseudo-atrophy.

Conceptually, the identification of suitable biomarkers for track-

ing cognitive changes in AD requires understanding the cascading

pathophysiological events that characterize AD. Aβ deposition initi-

ates AD, occurs early, and slows gradually after reaching the positivity

threshold,72 thereby potentially limiting its utility as a dynamic marker

of clinical progression,which is clearly supportedbyour findings.While

amyloid-PET remains essential for confirming Aβ positivity in anti-Aβ
trials and for establishing target engagement, it may not be suitable

for tracking clinical treatment response, calling into question its role as

a reasonably likely surrogate endpoint. In turn, Aβ accumulation trig-

gers p-tau secretion73 and tauaggregation,which are strongly linked to

neurodegeneration67 and cognitive deterioration.2 Here, p-tau abnor-

mality precedes fibrillar tau aggregation detectable on tau-PET and

predicts future tau aggregation.74,75 Thus, p-tau reflects an inter-

mediate marker of Aβ-induced tau pathophysiology that promotes

downstream tau fibrillization detectable on tau-PET and, ultimately,

neurodegeneration that manifests as cortical thinning on MRI. There-

fore, this temporal sequence of biomarker changes aligns with our

findings, showing biomarker changes downstream of Aβ are linked to
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BIEL ET AL. 13 of 15

cognitive changes, while Aβ dynamics themselves are not. This distinc-

tion is important, as extensive tau pathology limits the clinical efficacy

of anti-Aβ therapies.52

A key strength of our study is the use of multiple A/T/N biomark-

ers to benchmark which biomarker best tracks cognitive decline in

AD across two independent cohorts. However, certain caveats should

be acknowledged. Treatment effects and natural disease progression

are distinct processes, and further research is needed to investigate

whether the observed associations between biomarker on cognitive

changes also apply for patients undergoing disease-modifying treat-

ments (e.g., anti-Aβ). Additionally, while we highlight plasma p-tau217

as a cost-effective alternative to tau-PET, its application as a surro-

gate of cognitive changes remains relatively new. Although our cohorts

had follow-up periods of approximately 5 years, assessing the lon-

gitudinal stability of plasma p-tau217 predictions, especially across

different clinical disease stages, is crucial for establishing its robustness

as a disease- and potentially treatment-monitoring tool. Neverthe-

less, plasma p-tau217 has the potential to serve as a bridging tool

between Aβ deposition and tau accumulation. It can track cognitive

changes and potentially be detected before tau-associated neuronal

damage occurs. However, it will also be important to establish a

systematic comparison across plasma p-tau217 and other CSF-based p-

tau markers (which were not consistently available across ADNI and

A4/LEARN) as surrogates for clinical progression in AD, to fully under-

stand the performance of p-tau217 as a fluid marker of tau pathophys-

iology. Further, different biomarkers had different follow-up durations

within the studied cohorts, which may influence the overall estima-

tion of annual change rates. While adjusting for maximum follow-up

duration in our statistical models, our findings should be replicated

across fixed observation intervals in future studies. Finally, ADNI and

A4/LEARN predominantly include individuals of White ethnicity. To

generalize our findings to a broader AD population, replication inmore

diverse ethnic groups is essential.

Together, our findings emphasize the need for carefully chosen

AD biomarkers to track disease progression and potential treatment

responses beyond Aβ clearance.While amyloid-PET aids diagnosis and

participant selection for anti-Aβ treatment, its weak link to cognitive

changes calls for alternatives. Tau-PET, plasma p-tau217, and cortical

thickness consistently tracked cognitive changes. While tau-PET and

cortical thickness are contenders, the high cost of tau-PET and the

limitations of cortical thickness (i.e., pseudo-atrophy) highlight plasma

p-tau217 as a practical and cost-effective alternative. As such, plasma

p-tau217 holds strong potential for longitudinal monitoring and could

help optimize clinical trial design and therapeutic strategies.
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