Received: 23 July 2024 Revised: 24 December 2024 Accepted: 28 December 2024

DOI: 10.1002/alz.14573

Alzheimer’s & Dementia®

RESEARCH ARTICLE THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Diagnostic performance of plasma A42/40 ratio, p-tau181,
GFAP, and NfL along the continuum of Alzheimer’s disease and
non-AD dementias: An international multi-center study

James D. Doecke' ® | GiovanniBellomo? | LisaVermunt>* | Daniel Alcolea® |
Steffen Halbgebauer® | Sjorsin’tVeld®>” | Niklas Mattsson-Carlgren®%° |
Katerina Veverova'' | Christopher J. Fowler'? | LynnBoonkamp® |

Isabel M. Houtkamp®’ | Marleen Koel-Simmerlink® | Inge M. W. Verberk® |

Lorenzo Gaetani? | AndreaToja’? | AnnalidiaWojdala® | JuanFortea® |

Yolande Pijnenburg® | AfinaLlemstra® | W.iesjevanderFlier* | JakubHort'' |
Markus Otto® | Oskar Hansson®'® | LucillaParnetti’? | ColinL.Masters'? |
AlbertoLleé®> | Armand Gonzélez-Escalante'*'>'¢ | José Contador'#>17 |

Marc Suarez-Calvet'#1>1618 | Ajda Fernandez-Lebrero'*'>¢ | Albert Puig-Pijoan®>¢ |
Paula Ortiz-Romero'**> | Esther Jiménez-Moyano'**> | Carolina Minguillon'#1>181% |
Marta del Campo®'#*>17 | Charlotte Teunissen®

1Australian E-Health Research Centre, CSIRO, Herston, Queensland, Australia
2Section of Neurology, Laboratory of Clinical Neurochemistry, Department of Medicine and Surgery, University of Perugia, Perugia, Italy

3Neurochemistry Laboratory, Department of Laboratory Medicine, Amsterdam Neuroscience, Amsterdam University Medical Center, Vrije Universiteit, Amsterdam,
the Netherlands

4Alzheimer Center Amsterdam, Department of Neurology, Amsterdam Neuroscience, Amsterdam University Medical Centers, Amsterdam, the Netherlands

5Department of Neurology, Institut d’Investigacions Biomédiques Sant Pau - Hospital de Sant Pau, Universitat Autdnoma de Barcelona, Hospital de la Santa Creu i Sant
Pau, Barcelona, Spain

éDepartment of Neurology, University of Ulm, Ulm, Germany

"Translational Al in Laboratory Medicine, Department of Laboratory Medicine, Location VUmc, Amsterdam, the Netherlands

8Clinical Memory Research Unit, Department of Clinical Sciences Malmé, Faculty of Medicine, Lund University, Lund, Sweden

?Neurology Clinic, Skane University Hospital, Malmo, Sweden

10Wallenberg Center for Molecular Medicine, Lund University, Lund, Sweden

11Memory Clinic, Department of Neurology, Charles University, Second Faculty of Medicine and Motol University Hospital, Prague, Czech Republic
12The University of Melbourne, The Florey Institute, Victoria, Melbourne, Australia

18Memory Clinic, Skane University Hospital, Malmé, Sweden

14Barcelonageta Brain Research Center (BBRC), Pasqual Maragall Foundation, Sant Marti, Barcelona, Spain

15Department of Neurology, Hospital del Mar Research Institute, Ciutat Vella, Barcelona, Spain

16Faculty of Medicine and Life Sciences, Universitat Pompeu Fabra, Carrer de la Mercé, Ciutat Vella, Barcelona, Spain

17 Cognitive and Behavioural Neurology Unit, Department of Neurology, Hospital del Mar, Ciutat Vella, Barcelona, Spain

18Centro de Investigacion Biomédica en Red de Fragilidad y Envejecimiento Saludable (CIBERFES), Instituto de Salud Carlos 1, Madrid, Spain

1Departamento de Ciencias Farmacéuticas y de la Salud, Facultad de Farmacia, Universidad San Pablo-CEU, CEU Universities, Urbanizacién Monteprincipe,
Fuencarral-El Pardo, Spain

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2025 The Author(s). Alzheimer’s & Dementia published by Wiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2025;21:e14573. wileyonlinelibrary.com/journal/alz | 1of17
https://doi.org/10.1002/alz.14573


https://orcid.org/0000-0003-2863-0293
https://orcid.org/0000-0002-4061-0837
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/alz
https://doi.org/10.1002/alz.14573

.17 | Alzheimer’s &@Dementia

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Correspondence

Charlotte Teunissen, Neurochemistry
Laboratory, Department of Laboratory
Medicine, Amsterdam Neuroscience,
Amsterdam University Medical Center, Vrije
Universiteit, De Boelelaan 1117, Amsterdam,
1081 HV, the Netherlands.

Email: c.teunissen@amsterdamumc.nl

Funding information

European Research Council, Grant/Award
Number: ADG-101096455; GHR Foundation;
Swedish Research Council, Grant/Award
Number: 2022-00775; ERA PerMed,
Grant/Award Number:
ERAPERMED2021-184; Knut and Alice
Wallenberg foundation, Grant/Award Number:
2022-0231; Strategic Research Area
MultiPark; Lund University; Swedish
Alzheimer Foundation, Grant/Award Number:
AF-980907; Swedish Brain Foundation,
Grant/Award Number: FO2021-0293;
Parkinson foundation of Sweden, Grant/Award
Number: 1412/22; Cure Alzheimer’s fund;
Ronstrém Family Foundation; Konung Gustaf
V:s och Drottning Victorias Frimurarestiftelse;
Skane University Hospital Foundation,
Grant/Award Number: 2020-O000028;
Regionalt Forskningsstdd, Grant/Award
Numbers: 2022-1259, 2022-Projekt0080;
LCF/PR/GN17/50300004, Grant/Award
Numbers: TriBEKa-17-519007, SGR 00913;
European Commission; Marie Curie
International Training Network); Innovative
Medicines Initiatives 3TR; European Union’s
Horizon Europe Research; Innovation
Programme; Alzheimer Association; Health
Holland; Dutch Research Council; Alzheimer
Drug Discovery Foundation; The Selfridges
Group Foundation; Alzheimer Netherlands;
Dutch National Dementia Strategy

1 | BACKGROUND

Accurate detection of Alzheimer’s disease (AD) pathology to support

DOECKE ET AL.

Abstract

INTRODUCTION: Plasma phosphorylated tau (p-tau)181, glial fibrillary acidic protein
(GFAP), neurofilament light chain (NfL), and amyloid beta ratio (Ag42/40) may have
diagnostic and prognostic value in Alzheimer’s disease (AD). Here we assess which
markers can best identify AD from controls and other non-AD dementias in a large
international multi-center study.

METHODS: Plasma samples (n = 1298) were collected from six international centers.
AB40, AB42, GFAP, NfL, and p-tau181 were measured using single molecule array. In
each group, AD diagnosis/co-pathology was defined according to cerebrospinal fluid
biomarkers or amyloid positron emission tomography. Validations were performed in
three separate cohorts via single and dual cut-off models.

RESULTS: p-tau181 showed the best area under the curve value to separate AD from
frontotemporal dementia, controls, and A3- dementia with Lewy bodies. However, this
discriminative power could not be reproduced by applying pre-defined cut-offs.
DISCUSSION: p-tau181 was the best single plasma marker for detecting AD at any
stage. Specific cut-offs are needed to maximize diagnostic performances.

KEYWORDS
Alzheimer’s disease, amyloid beta, dementia with Lewy bodies, frontotemporal dementia, plasma
biomarkers

Highlights

* Phosphorylated tau (p-tau)181 provided a clear differentiation between controls
and Alzheimer’s disease (AD) participants, with evidence of increased levels in the
preclinical stage of AD.

* Plasma biomarkers demonstrated that when amyloid co-pathology is removed
from dementia with Lewy bodies (DLB), only glial fibrillary acidic protein and
neurofilament light chain remain to predict DLB.

* Given the low prevalence of amyloid co-pathology in frontotemporal dementia
(FTD), p-tau181 and its ratio with amyloid beta 42 are strong biomarkers to
differentiate FTD from AD.

In DLB, an accurate diagnosis requires an intensive psychological

assessment, with biomarkers from single-photon emission computed

123;

tomography, PET, or *“°iodine-metaiodobenzylguanadine myocardial

clinical diagnosis has in the past been limited by the use of either
amyloid beta (AB) positron emission tomography (PET) imaging or cere-
brospinal fluid (CSF) biomarker analyses.! The availability of these
tools is generally low, with varying access in different countries and
health-care systems. The associated costs of CSF and/or PET imaging
and cognitive assessments to the public health-care system together
with the burden to the patient and their families from such test-
ing are high.? Furthermore, A8 pathology can be present in 50% of
patients with dementia with Lewy bodies (DLB) and in 25% of patients
with frontotemporal dementia (FTD) syndromes,® thus highlighting
the need to have specific instruments to discriminate across diseases.

scintigraph not required but used as positive indicators.* For the detec-
tion of FTD pathology, expensive imaging ([18F]-fluorodeoxyglucose
[FDG] PET, diffusion tensor imaging [DTI], resting-state functional
magnetic resonance imaging, tau PET), and/or genetic testing are
needed.”®

Recent scientific advances enabled the measurement of Ag42/40
ratio and different forms of phosphorylated tau (p-tau) 181, 205, 217,
or 231 in plasma, as biomarkers of AS plaques and neurofibrillary tan-
gles. Other relevant mechanisms that are not specific for AD such as
astrogliosis and neurodegeneration can also be detected using plasma

glial fibrillary acidic protein (GFAP), and neurofilament light (NfL),
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respectively.”® The markers combined allow a better molecular char-
acterization of neurodegenerative diseases, thereby supporting better
design of appropriate treatment strategies.

For AD, the amyloid/tau/neurodegeneration or “AT(N)” criteria,
using CSF and/or PET imaging, has been instrumental in accurately
detecting both the presence of AB and tau pathology, and to stage
patients along the AD continuum.” An update to the criterial®
recently has introduced high accuracy plasma biomarkers being inter-
changeable with CSF biomarkers for the positive identification of AD
pathology. Single-center biomarker studies including different demen-
tia types showed that AB42/40 was decreased only in those with
AB pathology; p-tau181 was increased mainly in those with AD, but
increases during preclinical AD (preAD) and mild cognitive impair-
ment (MCI) prior to clinical AD dementia; GFAP, defined as a marker
of Ag-related astrocyte reactivity in autosomal dominant AD'! was
increased in all dementias compared to controls;'213 and NfL had
the highest values/concentrations in patients with FTD. p-tau181, p-
tau231,4 and AB42/40,%° but not GFAP or NfL, have been shown to be
increased in DLB compared to controls (however, this was only seen in
those with AB co-pathology). No other information was shown to deter-
mine the performance of these markers to discriminate AD from other
non-AD dementias along their symptomatic continuum (e.g., MClI due
to FTD, or FTD).

In the present study, we evaluate the performance of the most
frequently used plasma biomarker assays to detect Aj pathology in
a large international multi-center cohort. We assess the levels of
AB42/40, p-taul81, p-taul81/Ap42, GFAP, and NfL across the AD,
FTD, and DLB disease continuums, including the effect of AS co-
pathology in DLB. Next, we define cut-offs to predict the likelihood of
clinical stage within AD, which we then tested in multiple validation
cohorts.

2 | METHODS

2.1 | Participants

Samples were collected across six different international centers: Ams-
terdam Dementia Cohort (ADC; all groups'®), Sant Pau Initiative on
Neurodegeneration (SPIN; all groups '), University of Perugia (UNIPG;
all groups!’), Ulm University (UU; all groups except MCI-DLB8),
BioFINDER (controls and complete AD continuum?), and the Aus-
tralian Imaging Biomarker & Lifestyle Flagship Study of Ageing (AIBL;
controls and complete AD continuum?°) as part of the blood proteins
for early discrimintation of dementia’s (bPRIDE) study. Three addi-
tional independent cohorts were used to validate the resulting cut-offs
across the AD continuum: independent samples from UNIPG?2! (22
controls, 59 along the full AD continuum, and 17 FTD?2), ALzheimer’s
and FAmilies (ALFA+; 265 controls [CSF AB-] and 135 preAD [CSF
AB+]12%324), and BIODEGMAR (individuals who visited the memory
clinic with AD CSF profile [n = 112] or with non-AD CSF profile
[n = 61]%°). For all the samples, the presence of AD pathology was

tested either by using AD CSF biomarkers (CSF AB4, or AB45/40, total
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RESEARCH IN CONTEXT

1. Systematic review: A comprehensive search of the
PubMed literature was conducted to identify published
studies which assessed plasma biomarkers and their asso-
ciation with neurological disease. Recent publications
have shown mixed results in predicting amyloid beta
postivity or disease stage using plasma biomarkers. To
address this directly, the present study showcases results
from a large international cohort from six separate stud-
ies with central assessment of key plasma biomarkers to
detect disease stage across the Alzheimer’s disease (AD),
dementia with Lewy bodies (DLB), and frontotemporal
dementia (FTD) disease continuums, and with validation
in three independent cohorts with independent plasma
biomarker assessment.

2. Interpretation: Our findings demonstrate that using a
large international cohort was able to discern disease
stage across the AD, DLB, and FTD continuums. For DLB,
biomarker value is dependent on the presence of amyloid
co-pathology. For FTD, AD-specific biomarkers provide
no further diagnostic ability from controls over neurofil-
ament light chain, while they are of use for differential
diagnosis from AD.

3. Future directions: Further work is needed to identify
plasma biomarkers, or panels of plasma biomarkers, for
both the diagnosis of DLB and FTD, and the differential
diagnosis between AD, DLB, and FTD.

tau [t-tau], and p-tau181, “AD CSF biomarkers”; all cohorts) or amyloid
and tau PET (most samples from the AIBL cohort).

The total cohort (n = 1298) of this cross-sectional study included
plasma samples from controls without (biomarker signs of) A3 pathol-
ogy (n = 198); controls with A pathology (preAD; n = 155), patients
with stable MCI without Ag pathology (sMCI, n = 170), patients with
Ap pathology and MCI due to AD (MCI[AD]; n = 155), MCl due to FTD
(MCI[FTD]; n = 46), MCI due to DLB (MCI[DLB]; n = 25), AD dementia
(n=182), FTD (n = 170), and DLB (n = 171). In the DLB group, 99 of
the 171 patients were AB positive, and 60 were Af negative (12 were
missing AB status). The control group included individuals with sub-
jective cognitive decline, in whom objective cognitive and laboratory
investigations were normal (i.e., criteria for MCl, dementia, or any other
neurological or psychiatric disorder not fulfilled) with additionally neg-
ative AD CSF biomarkers.'42¢ For the ease of labeling throughout this
work, the abbreviation “controls” is used to reflect this group as a
whole.

All participants of each cohort underwent standard neurological
and cognitive assessments, and the diagnosis was assigned according
to international consensus criteria for MCI(AD),2” AD dementia,?8
DLB,*2?, and FTD.29-32 DLB cases were further split for AB
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co-pathology. Of the 171 participants with DLB, 12 did not have
AB status information (Table S1 in supporting information). The
MCI(DLB) group contained only 25 participants, and as such was
not investigated other than plotting. Blood sampling has been per-
formed in each of the centers following harmonized procedures.3
The main pre-analytical difference across centers was the addition
of prostaglandin E1 to ethylenediaminetetraacetic acid tubes in
samples collected by AIBL. Mini-Mental State Examination (MMSE) or
Montreal Cognitive Assessment (MoCA) tests were used as a measure
of global cognition. CSF markers were analyzed locally as part of the
diagnostic procedure using commercially available kits (ADC, AIBL,
and UU: enzyme-linked immunosorbent assay [ELISA] INNOTEST,
Fujirebio; ADC and ALFA+: Elecsys biomarker assays, Roche Diagnos-
tics GmbH; SPIN, UNIPG, UU, and BIODEGMAR: Lumipulse G600,
Fujirebio; BioFINDER: Euroimmune ELISA assays).2334 Positive CSF
AD biomarker profile was defined locally in the different cohorts
(ADC [AB+ Innotest based on AB,4, < 813; Elecsys AB4y < 1000,%°
Tau+ Innotest pTau > 52, Elecsys pTau > 24%4], BioFINDER [CSF
AB42/AB40 < 0.088, p-taul81 > 65.04 pg/mL or t-tau > 462.91 pg/mL];
SPIN [low AB4/40 ratio (< 0.062) and high t-tau (> 456pg/mL) or
p-tau (> 63pg/mL)]; UNIPG [low AB45/40 ratio (< 0.072) and high p-tau
(> 50pg/mL), regardless of t-tau]; UU [low AB4, (< 450pg/mL) and high
t-tau (> 380pg/mL) or p-tau (> 65pg/mL)]; ALFA+ [AB42/AB49 < 0.071,
p-tau181 < 24pg/mL2%]; BIODEGMAR [AB4,/ABs0 < 0.0621336:37]),
All samples from the AIBL cohort were defined based on AjB and
tau PET (amyloid PET positive: > 25 Centiloids,*® tau PET positive:
meta-temporal standardized uptake value ratio > 1.1937).

2.2 | Plasma biomarker measurements

Samples from each center of the discovery cohort were all shipped for
central measurement at the neurochemistry laboratory of the Ams-
terdam University Medical Center using the single-molecule array
(Simoa) technology in a Simoa HD-X Analyzer;*%*! Quanterix Corp.).
Plasma p-tau181 was quantified over 13 runs using the Simoa pTau-
181 Advantage v2 kit (kit #103714, lot #502923; Quanterix Corp.)
in duplo with on-board automated sample dilution, according to the
manufacturer’s instructions. Plasma AB40, AB42, GFAP, and NfL con-
centrations were quantified over six runs using the Simoa Neurology
4-PLEX E (N4PE) Advantage kit (item# 103971, lot #503413; Quan-
terix Corp.) in monoplo with on-board automated sample dilution,
according to the manufacturer’s instructions. The plasma measure-
ments of the validation cohorts were measured locally using similar
N4PE kits (UNIPG: kit: #103670, lot #503213; ALFA+ & BIODEG-
MAR: kit #103670, lot #503819) and p-tau181 kits (UNIPG, Simoa
pTau-181 Advantage v2: kit #1037 14; ALFA+: Simoa pTau-181 Advan-
tage v2.1 kit #104111, lots #503680 & #503769; and BIODEGMAR:
Simoa pTau-181 Advantage v2.1: kit #104111, lot #503537). Plasma p-
tau181 values from ALFA+ and BIODEGMAR were thus corrected for
the kit version employed following the formula provided by the manu-
facturer. No further harmonization in plasma levels to bPRIDE datawas

done for the validation cohorts.

2.3 | Statistical methods

All data preprocessing and analyses were conducted using R ver-
sion 4.2.2.2 Between-group analyses for the demographic variables
were performed using chi-squared test for categorical variables and
independent samples t test for quantitative variables. Possible center-
specific differences in the data were evaluated via principal component
analyses (PCA, Figure S1 in supporting information). Mean plasma
biomarker levels were compared between disease groups using the
binary generalized linear model (GLM), both unadjusted and adjusted
for age, sex, the first three components from the PCA analyses, and
apolipoprotein E (APOE) ¢4 allele status where appropriate. The ratio
between p-tau181 and AB42 was assessed and added to each analy-
sis given previously seen increases in association with amyloid burden
over p-tau181 or AB42 alone.*® Multivariate analyses to identify the
optimal combination of biomarkers per disease was performed by
minimizing the Akaike information criterion (AIC) via stepwise assess-
ment in GLMs if the sample size was not prohibitive.** To investigate
whether any combination of individual biomarkers could predict dis-
ease group, all possible ratios and interactions between biomarkers
(biomarker ratios and biomarker x biomarker interactions) were tested
using the least operating shrinkage and selection operator (LASSO)
method.**

For receiver operating characteristic (ROC) analyses, plasma data
were assessed against binary disease categories (Table S1) using a
GLM. Area under the curve (AUC) values were calculated from rolling
circle cross-validation (referred to below as internal cross validation),
where the complete set of samples, minus the complete set of samples
from one center (hold out or test set), were modeled using a GLM as
the training set. The resulting model coefficients were used to predict
disease categories on the test set. This approach was repeated where
each study site with enough samples (> N = 20 per group) was used as
the test set. Final AUC values were calculated from the average result
from each test set accounting for possible center differences in AUC.
Cut-off derivation using the dual cut-off model (90% sensitivity, 90%
specificity) along with Youden index was performed using the complete
bPRIDE data set. The proportion of values in the gray zones were cal-
culated in two ways: (1) using the proportion of participants whose
plasma biomarker concentration falls within the gray zone divided by
the total number of participants, and (2) the proportion of values in the
gray zones were calculated by the frequency of values between the two
thresholds divided by the total range of the data.

External cross-validations were performed using two separate
methods on three separate validation cohorts. Method 1 (separate to
rolling circle cross-validation described above) involved setting up the
model on the training set (complete bPRIDE data set) and then validat-
ing model coefficients on the test data set (external data). Method 2
used biomarker cut-offs derived from the complete bPRIDE data set (at
Youden index) to derive binary biomarkers (low/high) within the valida-
tion cohort before running an AUC between the newly created binary
biomarker and the outcome. For the first validation cohort (UNIPG),
both validation methods were used. For the second (ALFA+) and third
(BIODEGMAR) cohorts, only validation Method 2 was used, as the
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FIGURE 1 Boxand whisker plots of plasma biomarkers over the disease continuums for AD, DLB, and FTD. (A) AB42/40, (B) p-tau181, (C)
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are in pg/mL. AB, amyloid beta; AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; GFAP, glial fibrillary
acidic protein; MCI, mild cognitive impairment; NfL, neurofilament light chain; preAD, pre-clinical AD; p-tau, phosphorylated tau; sMCI, stable MCI
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FIGURE 2

Group

Controls vs preAD

Controls vs MCI(AD)

Controls vs AD

MCI(AD) vs AD

AD vs Other dementia

DOECKE ET AL.

Biomarker

AB4240
pTau181
GFAP

NFL
pTau181/AB42

Multivariate

AB4240
pTau181
GFAP

NFL
pTau181/ApR42

Multivariate

AB4240
pTau181
GFAP

NFL
pTau181/Ap42

Multivariate

AB4240
pTau181
GFAP

NFL
pTau181/Ap42

Multivariate

AB4240
pTau181
GFAP

NFL
pTau181/Ap42

Multivariate

Cross validated AUC (95%Cl)

I

I

AUC (95%Cl)

0.82 (0.67 - 0.94)
0.82 (0.71 - 0.93)
0.78 (0.64 - 0.92)
0.67 (0.5 - 0.84)

0.85 (0.74 - 0.95)
0.88 (0.78 - 0.96)

0.83 (0.72 - 0.95)
0.9 (0.82 - 0.98)
0.86 (0.76 - 0.96)
0.77 (0.64 - 0.9)
0.92 (0.85 - 0.99)
0.93 (0.86 - 0.99)

0.83 (0.71 - 0.95)
0.95 (0.9 - 1)
0.92 (0.84 - 0.99)
0.81 (0.69 - 0.93)
0.96 (0.92 - 1)
0.97 (0.93 - 1)

0.6 (0.45 - 0.76)

0.61(0.46 - 0.77)
0.52 (0.37 - 0.68)
0.54 (0.39 - 0.69)
0.59 (0.44 - 0.75)
0.64 (0.48 - 0.79)

0.72 (0.62 - 0.83)
0.87 (0.79 - 0.96)
0.72 (0.61 - 0.84)
0.61 (0.49 - 0.73)
0.9 (0.83 - 0.97)
0.65 (0.5- 0.8)

Internal cross-validation AUC (95% CI) values for the AD continuum and for AD versus other dementia. Other dementia: includes
participants with DLB or FTD. Multivariate model included the interaction AB40 x p-tau181, and ratios AB42/GFAP and AB42/p-taul81. AD,
Alzheimer’s disease; AUC, area under the curve; Cl, confidence interval; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; GFAP,
glial fibrillary acidic protein; MCI, mild cognitive impairment; NfL, neurofilament light chain; preAD, pre-clinical AD; p-tau, phosphorylated tau
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Group Biomarker AUC (95%Cl)
Controls vs DLB All |
AB4240 i . 0.72 (0.6 - 0.84)
pTau181 : 0.83 (0.74 - 0.92)
GFAP E 0.86 (0.78 - 0.94)
NFL ! ———  0.85(0.76 - 0.95)
pTau181/AB42 | ~ ., 0.83(0.73-0.92)
Controls vs DLB AB- E
AB4240 ; 0.6 (0.42 - 0.78)
pTaui8t ) — 0.69 (0.53 - 0.86)
GFAP E . 0.78 (0.63 - 0.92)
NFL | ————  0.79 (0.64 - 0.92)
pTau181/AR42 I 0.64 (0.48 - 0.81)
Controls vs DLB AB+ i
AB4240 : : 0.78 (0.66 - 0.9)
pTau181 E 0.9 (0.81 - 0.98)
GFAP : © 0.92 (0.85 - 0.98)
NFL l —— 0.89 (0.8 - 0.97)
pTau181/AB42 E -, 0.9(0.81-0.98)
AD vs DLB :
AB4240 E 0.6 (0.45 - 0.75)
pTau181 ! . 0.74 (0.63 - 0.86)
GFAP e 0.55 (0.39 - 0.71)
NFL .-E—.—. 0.6 (0.45 - 0.75)
pTaui8i/Ap42 : —e—1 0.8(0.7-0.89)
AD vs DLB AB- I
AR4240 E . 0.71 (0.53 - 0.88)
pTaulst | 0.84 (0.73 - 0.96)
GFAP ; E 0.64 (0.46 - 0.81)
NFL —_ 0.6 (0.43 - 0.78)
pTau181/AB42 : e, 0.9(0.81-0.98)
AD vs DLB AB+ E
AB4240 ¥ 0.47 (0.34 - 0.62)
pTau18 i 0.63 (0.48 - 0.78)
GFAP i 0.57 (0.42 - 0.73)
NFL p———t 0.59 (0.44 - 0.74)
pTau181/AB42 e 0.68 (0.55 - 0.82)
Cross validated AUC (95%CI) 0"25 0!5 0.175

FIGURE 3 Internal cross-validation AUC (95% ClI) values for the DLB Ag- and DLB AB+ versus controls, and between DLB & AD. Aj, amyloid
beta; AD, Alzheimer’s disease; AUC, area under the curve; Cl, confidence interval; DLB, dementia with Lewy bodies; GFAP, glial fibrillary acidic
protein; NfL, neurofilament light chain; p-tau, phosphorylated tau
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TABLE 3 Multivariate analyses for the AD continuum.

Controls versus preAD

DOECKE ET AL.

Controls versus MCI(AD)

Controls versus AD dementia

p-taul81 MV model p-taul81 MV model p-taul81 MV model

AUC (95% Cl) 0.80(0.75-0.84) 0.85(0.81-0.89) 0.90(0.86-0.93) 0.93(0.9-0.96) 0.95(0.92-0.97) 0.96(0.95-0.98)
Sensitivity 68.51 71.27 79.35 89.03 84.07 88.46

Specificity 77.78 86.87 87.37 85.86 89.9 91.92

Cut-off 2.01 0.552 231 0.402 2.49 0.489

PPV 73.81 83.23 83.11 83.13 88.44 90.96

NPV 72.99 76.79 84.39 90.91 85.99 89.66

Accuracy 73.35 79.42 83.85 87.25 87.11 90.26

Note: Multivariate models all included the interaction AB40 x p-tau181, and ratios AB42/GFAP and AB42/p-tau181. Cut-off values are provided in pg/mL for

AB42, GFAP,NfL, and p-tau181.

Abbreviations: AD, Alzheimer’s disease; AUC, area under the curve; Cl, confidence interval; MCI, mild cognitive impairment; MV, multivariate; NPV, negative
predictive value; PPV, positive predictive value; preAD, pre-clinical Alzheimer’s disease; p-tau, phosphorylated tau.

When AB pathology was present, biomarker AUC values for the
comparison of DLB versus controls were similar to that for the AD con-
tinuum (all AUC > 0.78). When no AB pathology was present, only NfL
and GFAP tended to be increased in DLB patients compared to controls
(AUC > 0.78). With only 25 patients with MCI(DLB), this could not be
validated during the earlier stage of the DLB continuum.

3.5 | Controls versus frontotemporal dementia
continuum

Plasma NfL showed the strongest stepwise increase along the FTD con-
tinuum (Figure 1D). The levels of NfL in the MCI(FTD) group were as
high as those observed in AD or DLB. Concerning AUC values, NfL had
the only AUC value with the 95% Cl not to cross 0.5 (AUC: 0.78[95% Cl:
0.57-0.99], Figure 4) to separate controls from MCI(FTD), while there
were no biomarkers that could demarcate MCI(FTD) from FTD. The
AUC for NfL was 0.7 indicating it was increased in FTD compared to
MCI(FTD); however, given sample size, the 95% Cl crossed 0.5. For the
controls versus dementia (FTD) comparison, NfL had the highest AUC
value (AUC: 0.89 [95% CI: 0.81-0.98]), and GFAP was the only other
marker which showed significant discriminatory performance between
the two groups (AUC: 0.75 [95% Cl: 0.63-0.88]).

3.6 | AD versus non-AD dementias

Comparing AD to both DLB and FTD combined (non-AD dementia
group), p-taul81 and the p-taul81/AB42 ratio had the highest AUC
values (Figure 2, 0.87 and 0.90, respectively), while all other markers
and the multivariate set (AB40 x p-tau181, and ratios AB42/GFAP and
AB42/p-taul81) had a maximum AUC of 0.72. Comparing AD versus
FTD separately the p-taul81/AB42 ratio was the best with an AUC
of 0.91 (Figure 4). Comparing AD to DLB, the plasma p-tau181/Ap42
ratio was the marker that best discriminated these two groups with an
AUC of 0.80, but this was strongly dependent upon the presence of Ag

co-pathology. After stratification into with/without AS co-pathology,
the p-tau181/AB42 ratio again was the top marker to discriminate
AD from DLB without AB co-pathology with an AUC of 0.90, while
this decreased to 0.68 comparing AD versus DLB to AS co-pathology
(Figure 3). No other markers could discriminate AD from DLB-AS+
with all AUC values < 0.68 (Figure 3).

3.7 | Cut-off derivation via the dual cut-off model
for controls versus AD

Separate to the single cut-off results presented above, we next estab-
lished dual cut-off distribution plots deriving biomarker cut-offs for
90% sensitivity and 90% specificity, allowing the determination of the
gray zone (Figure 5; gray zone defines the proportion of participants
between the two cut-offs). Across the five main plasma biomarkers
investigated, the marker showing the smallest gray zone was the p-
tau181/AB42 ratio (6.58%) and p-tau181 (7.63%), followed by GFAP
(25.79%), AB42/40 (38.68%), and NfL (49.47%). Translating this into
the percentage of data rather than participants with values within the
gray zone, we saw percentages of 4.95% for p-tau181/AB42, 5.1% for
p-tau181, 10.28% for GFAP, 14.17% for the A342/40 ratio, and 16.48%
for NfL.

3.8 | External cross-validations of the cut-offs

Figure S2 in supporting information shows a forest plot for AUC val-
ues from the cross-validations (validation Method 1) of individual
plasma biomarkers to discriminate dementia disease stage (not enough
data for DLB) from controls using independent data from UNIPG
(ALFA+ and BIODEGMAR were reserved for validation Method 2
only). In this cohort, p-tau181 and the p-tau181/Ap42 ratio had AUC
values ~ 10% less at the preclinical stages (AUCs: p-tau181: 0.73
[0.54-0.92], p-tau181/ApB42: 0.74[0.54-0.93]) than in the multi-center
bPRIDE cohort (Figure 2), while at the prodromal stage, AUC values for
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Group Biomarker AUC (95%Cl)
Controls vs MCI(FTD) :
AB4240 ; 0.58 (0.29 - 0.88)
pTauisi : 0.62 (0.38 - 0.87)
GFAP i 0.58 (0.28 - 0.88)
NFL | ———— 4 0.78 (0.57 - 0.98)
pTau181/AB42 i 0.54 (0.31- 0.77)
MCI(FTD) vs FTD i
AB4240 : 0.6 (0.32 - 0.86)
pTau181 E 0.58 (0.35-0.82)
GFAP — . 0.67 (0.42 - 0.92)
NFL b 0.7 (0.42- 0.98)
pTau181/Ap42 ,_1:_. 0.49 (0.29 - 0.7)
Controls vs FTD :
AR4240 : 0.61 (0.47 - 0.75)
pTauis1 E 0.61 (0.46 - 0.76)
GFAP : 0.75 (0.63 - 0.88)
NFL i ——i 0.89 (0.81-0.98)
pTau181/Ap42 o S— 0.62 (0.47 - 0.78)
AD vs FTD :
AB4240 i 0.72 (0.61 - 0.83)
pTau181 : 0.89 (0.81 - 0.97)
GFAP i 0.72 (0.6 - 0.83)
NFL : i 0.67 (0.54 - 0.79)
pTaui81/Ap42 : +, 0.91(0.83-0.98)
Cross validated AUC (95%Cl) (I) 0.|25 0!5 0.|75 1|
FIGURE 4 Internal cross-validation AUC (95% Cl) values for the FTD continuum and for FTD versus AD. AB, amyloid beta; AD, Alzheimer’s

disease; AUC, area under the curve; Cl, confidence interval; FTD, frontotemporal dementia; GFAP, glial fibrillary acidic protein; NfL, neurofilament

light chain; p-tau, phosphorylated tau

p-tau181 alone but not the ratio were similar (AUCs: p-tau181: 0.88
[0.78-0.99], p-tau181/AB42: 0.84 [0.68-0.99]). Despite p-tau181 hav-
ing similar performance as observed in bPRIDE at the AD dementia
stage (AUC p-tau181 validation: 0.93[0.85-1.00], bPRIDE: 0.95[0.90-
1.00]), plasma GFAP was the best biomarker discriminating any stage
of the AD continuum compared to controls and comparing AD to FTD
in the validation cohort 1 (AUC: 0.96 [0.9-1.00], Figure S2).

We also investigated whether the cut-offs derived from the multi-
center bPRIDE cohort (Table S3 in supporting information) could be
applied to the independent cohorts (validation Method 2, UNIPG,
ALFA+, and BIODEGMAR; Table S4 in supporting information), using
both the Youden index calculated from bPRIDE and for 90% sensitiv-
ity or 90% specificity. Demographic characteristics, and study-specific
AUC values to predict disease group for each validation cohort are pro-
vided in Tables S5 and Sé in supporting information. AUC values for
each comparison group were lower using validation Method 2 (fixed
cut-off method) compared to validation Method 1 (standard model

training and test on separate data), suggesting slightly different distri-

butions for each biomarker per cohort. We tested this in Figure S3A-C
insupporting information, plotting the distributions for each biomarker
for UNIPG, ALFA+, and BIODEGMAR cohorts. Plots include the origi-
nal Youden index calculated within each study (black dotted line), along
with the Youden’s index from bPRIDE (blue line), and the cut-offs at
90% sensitivity (green) and 90% specificity (orange). bPRIDE cut-offs
to separate disease status were different than cohort- specific cut-
offs for p-tau181, GFAP, and NfL, but closer for AB42/40 (UNIPG only)

across disease comparisons and validation cohorts.

4 | DISCUSSION

In the present study we investigated the ability of plasma AB42/40, p-
tau181, p-taul81/AB42, GFAP, and NfL to discriminate groups along
the continuum of three neurological diseases: AD, FTD, and DLB, in a
large international multi-center cohort. Across the AD continuum, p-

tau181 had the best AUC values to separate all groups. Early in the
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Controls vs preAD: ABR42/40

Controls vs AD: AB42/40

Threshold @Youden's Index: 0.061
Threshold @Sensitivity 0.9: 0.064
Threshold @Specificity 0.9: 0.052
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Density
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Controls vs AD: pTau181/AB42
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FIGURE 5 Biomarker cut-offs for controls versus preAD and controls versus AD. Density plots for each biomarker with cut-offs taken from
the ROC calculated using controls versus AD. Percent of participants in gray zone calculated as the number of participants whose plasma
biomarker concentration falls within the gray zone divided by the total number of participants. Blue line represents Youden index. Values shown
for AB42, GFAP, NfL, and p-tau181 are in pg/mL. Aj, amyloid beta; AD, Alzheimer’s disease; GFAP, glial fibrillary acidic protein; NfL, neurofilament
light chain; preAD, pre-clinical Alzheimer’s disease; p-tau, phosphorylated tau; Sens., sensitivity; Spec., specificity.

AD continuum (preAD vs. controls), the multivariate model, including
the interaction between AB40 and p-tau181, and ratios AB42/GFAP
and AB42/p-taul81, produced slightly higher (~ 5%) AUC values com-
pared to individual markers, while this difference was reduced to 1%
at the AD dementia stage compared to controls. Both p-tau181 and
the p-tau181/ApB42 ratio performed well to discriminate between AD

and other dementias, except for DLB cases with amyloid co-pathology.

A dual cut-off model defined a small gray zone containing a small
number of participants for p-tau181 and the p-tau181/Ag4 ratio (i.e.,
7.6% of participants for p-taul81 and 6.6% of participants for the
p-tau181/AB42 ratio).

The consistent increase in plasma p-tau181 levels along the full AD
continuum s in line with previous work,*>~47 which reported increased
p-taul81 levels along the symptomatic stages of AD. Other p-tau
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isoforms (e.g., p-tau231, p-tau217) have also shown similar behaviors,
though p-tau217 and p-tau231 have demonstrated larger increases
along AD stages. The increase of p-tau181in the preAD group suggests
that it reflects tauopathy secondary to the presence of AS pathology
at this early stage. The relationship between p-tau181 and AS pathol-
ogy is further supported by the evidence of increased p-tau181 levels
in DLB cases with AB co-pathology. The stepwise increase in plasma p-
tau181 across the disease continuum may represent the combination
of AS together with increasing tau tangle burden throughout the MCI
and clinical AD stages.

Identification of a cheap and non-invasive blood-based biomarker
is important for all three neurodegenerative disorders assessed here
(AD, FTD, and DLB). While p-tau181 and its ratio with AB42 were
the best markers to detect AD along its continuum, NfL and GFAP
had stronger performance to identify DLB and FTD, specifically
where there was no amyloid co-pathology. Both p-tau181 and the p-
tau181/AB42 ratio had high AUC values to demarcate AD from both
FTD and DLB, but only in those cases without amyloid co-pathology. No
biomarkers were, however, able to separate AD from DLB with amyloid
co-pathology, highlighting the need to identify additional biomarkers to
separate these neurological conditions. These results are particularly
relevant when considering preclinical stages of these diseases, when
the presence of molecular pathology cannot be defined by other clinical
measures. Furthermore, the results could have important implications
for the timely inclusion of patients into clinical trials, especially those
that aim to initiate treatment strategies to prevent the development of
symptoms.

Using the dual cut-off plots we found a small area of uncertainty
(gray zone) for p-tau181 compared to other biomarkers in identifying
AD. Using information from the consensus statement from Schindler
et al.,*® patients identified within the gray zone from either a confirma-
tory blood-based-biomarker (BBM, sensitivity and specificity > 90%)
or as a triaging test (sensitivity > 90% and specificity > 85%) should be
referred to either PET or CSF Ag testing to confirm amyloid pathology.
The method was also useful to compare the biomarker densities and
Youden'’s index between the bPRIDE study and validation studies. Plots
demonstrated that differences in the underlying distribution of con-
trols versus dementia impact the diagnostic cut-offs, and small changes
in these cut-offs can impact the ability for external cross-validation.
Differences in pre-analytical handling,*? fasting or non-fasting,*° or
prevalence of other confounding factors may be responsible for these
small differences in cut-off values, which are often seen between
research studies. bPRIDE as a combination of six international stud-
ies provided cut-offs that represent an average when using a large,
combined cohort all assessed in one laboratory.

A further point to take into consideration when translating cut-offs
across cohorts is the fact that there can be slight differences in assay
results due to kit-lot differences. Preliminary assessment of biomark-
ers prior to cross-validations (controls vs. AD) showed variable but not
significantly different AUC values across centers within bPRIDE. As
such, comparing cut-off values between bPRIDE and external cohorts
when different kits-lots were used, we would expect to see differ-

ences in predictive accuracy. Given the lot-to-lot bridging could not

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

be performed on the validation cohorts, it is possible that the valida-
tion AUC values are underestimated, representing a limitation of this
work. Thus, while an international uniform cut-off is still elusive, and
may not be possible based on these biomarkers, cohort-specific cut-
off values are best used for the most accurate diagnostic assessment.
Use of dual cut-off values for either high sensitivity or high specificity
though are useful at least within the research setting to either rule
out or rule in study participants for clinical trial suitability, and as such
these methods provide useful information to reduce screening costs.
The present research has used well-characterized cohorts from
large international studies to compare plasma biomarker levels. While
the overall sample size is high, the individual sub-group analyses
between some disease groups were relatively low, especially MCI(FTD)
and MCI(DLB), and as such disease predictions need to be taken with
caution. One limitation of this work was the sample size of the val-
idation groups. Initial validation using the traditional train and test
method on the UNIPG data set demonstrated high AUC values (Figure
S2); however, upon further testing via the derived cut-offs (bPRIDE)
these values were lower (Table S3). Furthermore, upon testing vali-
dation cohorts ALFA+ and BIODEGMAR using the bPRIDE-derived
cut-offs, AUC values were again reduced suggesting pre-analytical fac-
tors and possibly machine settings at different locations may still play
arole in biomarker distributions. While the performance of biomarkers
in distinguishing groups along the AD, FTD, and DLB continuums has
demonstrated moderate to high accuracies in our study, it is important
to note that the study cohorts predominantly consisted of individuals
of European or Australian descent. There was minimal representation
from Asian, African American, or Latino populations. Consequently,
further research is warranted to evaluate both the accuracy of these
biomarkers in detecting diseases, and to establish assay-specific cut-
off values, which may differ among diverse ethnic populations. Last,
this project did not include other biomarkers which have shown strong
accuracy in detecting AD pathology (p-tau217: Simoa/Lumipulse/mass

spectrometry, p-tau231: Simoa),3745:51.52

and as such the compara-
tive accuracy demonstrated here is limited to only the Simoa N4PE
(Quanterix) and the Quanterix pTau181 assays. This work, however,
did demonstrate a strong AUC value for controls versus AD (AUC:
0.95), similar to that seen for p-tau217 to separate AB- from AB+
groups.**

This study represents a large collaborative effort to demonstrate
the predictive capability of the plasma biomarkers A342/40, GFAP, NfL,
and p-tau181. Amultivariate model to predict Ag pathology early in the
AD continuum proved to be useful; however, at the later stage, using p-
tau181 alone was sufficient. Internal cross-validations demonstrated
good AUC values providing evidence that these markers are stable to
be measured across different centers of inclusion around the world;
however, external cross-validations demonstrated difficulty in replicat-
ing predictive accuracy, providing evidence that more work is needed

to address inter-center differences in plasma biomarker levels.

ACKNOWLEDGMENTS
O.H. has acquired research support (for the institution) from AVID
Radiopharmaceuticals, Biogen, C2N Diagnostics, Eli Lilly, Eisai,



w1y | Alzheimer’s &Dementia’

DOECKE ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Fujirebio, GE Healthcare, and Roche. In the past 2 years, he has
received consultancy/speaker fees from Alzpath, BioArctic, Biogen,
Bristol Meyer Squibb, Eisai, Eli Lilly, Fujirebio, Merck, Novartis, Novo
Nordisk, Roche, Sanofi, and Siemens. L.G. participated on advisory
boards for, and received writing honoraria and travel grants from, Almi-
rall, Biogen, Euroimmun, Fujirebio, Lilly, Merck, Mylan, Novartis, Roche,
Sanofi, Siemens Healthineers, and Teva. Work at Lund University was
supported by the European Research Council (ADG-101096455),
Alzheimer’s Association (ZEN24-1069572, SG-23-1061717), GHR
Foundation, Swedish Research Council (2022-00775), ERA PerMed
(ERAPERMED2021-184), Knut and Alice Wallenberg foundation
(2022-0231), Strategic Research Area MultiPark (Multidisciplinary
Research in Parkinson’s disease) at Lund University, Swedish Alzheimer
Foundation (AF-980907), Swedish Brain Foundation (FO2021-0293),
Parkinson foundation of Sweden (1412/22), Cure Alzheimer’s fund,
Rénstrom Family Foundation, Konung Gustaf V:s och Drottning
Victorias Frimurarestiftelse, Skane University Hospital Foundation
(2020-0000028), Regionalt Forskningsstod (2022-1259), and Swedish
federal government under the ALF agreement (2022-Projekt0080).
The ALFA+ Study has received funding from “la Caixa” Foundation
(ID 100010434), under agreement LCF/PR/GN17/50300004, the
Alzheimer’s Association, and an international anonymous char-
ity foundation through the TriBEKa Imaging Platform project
(TriBEKa-17-519007). Additional support has been received from
the Universities and Research Secretariat, Ministry of Business and
Knowledge of the Catalan Government under the grant no. 2021
SGR 00913. M.S.-C. receives funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research
and innovation program (Grant agreement No. 948677); ERA PerMed
(ERAPERMED2021-184); Project “P119/00155” and “P122/00456,
funded by Instituto de Salud Carlos Il (ISCIII) and co-funded by the
European Union; and from a fellowship from “la Caixa” Foundation (ID
100010434) and from the European Union’s Horizon 2020 research
and innovation program under the Marie Sktodowska-Curie grant
agreement No 847648 (LCF/BQ/PR21/11840004). Research of C.ET.
is supported by the European Commission (Marie Curie International
Training Network), grant agreement No 860197 (MIRIADE), Inno-
vative Medicines Initiatives 3TR (Horizon 2020, grant no 831434)
EPND (IMI 2 Joint Undertaking [JU], grant No. 101034344) and JPND
(bPRIDE), European Partnership on Metrology, co-financed from the
European Union’s Horizon Europe Research and Innovation Pro-
gramme and by the Participating States (22HLTO7 NEuroBioStand),
CANTATE project funded by the Alzheimer Drug Discovery Foun-
dation, Alzheimer Association, Health Holland, the Dutch Research
Council (ZonMW), Alzheimer Drug Discovery Foundation, The Sel-
fridges Group Foundation, Alzheimer Netherlands. C.T. is recipient
of ABOARD, which is a public-private partnership receiving funding
from ZonMW (#73305095007) and Health~Holland, Topsector Life
Sciences & Health (PPP-allowance; #LSHM20106). CT. is recipient of
TAP-dementia, a ZonMw funded project (#10510032120003) in the
context of the Dutch National Dementia Strategy.

CONFLICT OF INTEREST STATEMENT

JD., EJM, POR, AFL, JC, AGE., CM, Y.P, AT, MKS, I.H, LB,
C.F, KV, S.IV, and S.H. have no conflicts of interest to declare. G.B.
has grants or contracts from the Parkinson’s Foundation, Fujirebio, and
the Alzheimer’s Association. LV. has grants or contracts from NWO
VENI and Amsterdam UMC, ZonMw, Olink Dioraphte, Roche Diagnos-
tics, Ely Lilly, Alzheimer’s Association, Alzheimer Nederland, and Dutch
Dementia researchers conference committee. D.A. has support from
the Instituto de Salud Carlos lll, and the Department of Health Gener-
alitat de Catalunya PERIS program, and funding from Grfols S.A,, Lily,
Fujirebio, Roche Diagnostics, Nutricia, Krka Farmaceutical SL, Zam-
bon SAU, Esteve Pharmaceuticals, and Neuraxpharm. N.M.C. received
support from the Swedish Alzheimer Foundation, Family Ronnstrom
Foundation, Swedish Brain Foundation, Kock Foundation, WASP and
DDLS joint call for research projects, Konug Gustaf V:s och Drottning
Victorias Frimurarestiftelse, the Swedish Research Council, Biogen,
and Owkin. LV. has grants, funding, or contracts from the Amster-
dam UMC starter grant, and the TKI grant Health-Holland, Neurogen
Biomarking, and Quanterix. L.G. has received grants or contracts from
AirAlzh Foundation; received consulting fees from Fujirebio and Eli
Lilly; has payment or honoraria from Fujirebio, Eli Lilly, and Eisai; and
support for attending meetings and/or travel from Fujirebio, Eli Lilly,
and Novartis. L.G. also participates on a data safety monitoring board
or advisory board for Eli Lilly. AW. received support from Quanterix
and a grant from the European Union’s Horizon 2020 research and
innovation program under the Marie Sktodowska- Curie. J.F. received
support from Fondo de Investigaciones Sanitario (FIS); Instituto de
Salud Carlos Il1, Spain; National Institutes of Health (NIH), USA; Gen-
eralitat de Catalunya, Spain; Fundacié Tatiana Pérez de Guzman el
Bueno, Spain; Alzheimer § Association, USA; Brightfocus, USA; and
Horizon 2020 (European Commission). J.F. received consulting fees
from Lundbeck, lonis, and AC Immune, and payments or honoraria from
Roche Diagnostics, Esteve, Biogen, Laboratorios Canot, MKI, Eisai, Lilly,
and Adamed. J.F. has patent issued; W0O2019175379 A1 Markers of
synaptopathy in neurodegenerative disease. J.F. participates on a data
safety monitoring board or advisory board for AC Immune, Alzheon,
Zambon, Lilly, Roche Diagnostics, Eisai, and Perha. J.F. has leadership
or fiduciary roles in the Spanish Neurological Society, T21 Research
Society, Lumind Foundation, Jerome-Lejeune Foundation, Alzheimer’s
Association, Health Research Board, Dementia Trials Ireland, Euro-
pean Commission, National Institutes of Health, USA, and the Instituto
de Salud Carlos Ill, Spain. J.F. has receipt of equipment, materials, drugs,
medical writing, gifts. or other services from Life Molecular Imag-
ing (LMI). M.O. received grants or contracts from the BMBF - FTLD
consortium, moodmarker, the ALS association, and EU_MIRIADE, and
funding from Biogen, Axon, Roche Diagnostics, and Grifols. M.O. par-
ticipates on a data safety monitory or advisory board from the Biogen
ATLAS trial, and has a leadership or fiduciary role in the German
Society for CSF diagnostics and neurochemistry, as a speaker for
the FTLD consortium, and for the Society for CSF diagnostics and

neurochemistry. A.L. has grants or contracts from Hersenstichting



DOECKEET AL.

Alzheimer’s &Dementia® | isor1r

and ZOnMW, and has a leadership or fiduciary role on the Steer-
ing Committee E-DLB and the Dutch Neurology Society. W.F. has
grants or contracts from ZonMW, NWO, EU-FP7, EU-JPND, Alzheimer
Nederland, Hersenstichting CardioVascular Onderzoek Nederland,
Health~Holland, Topsector Life Sciences & Health, stichting Dioraphte,
Gieskes-Strijbis fonds, stichting Equilibrio, Noaber Foundation, Edwin
Bouw fonds, Pasman stichting, Stichting Steun Alzheimercentrum
Amsterdam, Philips, Biogen MA Inc, Novartis-NL, Life-MI, AVID, Roche
BV, Fujifilm, Eisai, Combinostics. W.F. holds the Pasman chair. W.F. is
recipient of ABOARD, which is a public-private partnership receiving
funding from ZonMW (#73305095007) and Health~Holland, Topsec-
tor Life Sciences & Health (PPP-allowance; #L.SHM20106). W.F. is
recipient of TAP-dementia, ZonMw #10510032120003. W.F. is recip-
ient of IHI-AD-RIDDLE (#101132933), a project supported by the
Innovative Health Initiative Joint Undertaking (IHI JU). W.F. is consul-
tant to Oxford Health Policy, Forum CIC, Roche Diagnostics, Eisai, and
Biogen MA Inc. W.F. has been an invited speaker at Boehringer Ingel-
heim, Biogen MA Inc, Danone, Eisai, WebMD Neurology (Medscape),
NovoNordisk, Springer Healthcare, European Brain Council. W.F. par-
ticipated on advisory boards of Biogen MA Inc, Roche Diagnostics, and
Eli Lilly. WF is member of the steering committee of Novonordisk’s
Evoke/Evoke+ phase 3 trials. W.F. is member of the steering com-
mittee of PAVE, and Think Brain Health. W.F. was associate editor of
Alzheimer, Research & Therapy in 2020/2021. W.F. is associate editor
at Brain. J.H. has funding from SAB Eli Lilly and has stock in Alzheom
company. O.H. has consulting fees from AC, Immune, BioArctic, Biogen,
Bristol, Meyer, Squibb, C2N Diagnostics institute, Eisai, Eli Lilly, Fujire-
bio, Merck, Novartis, Novo, Nordisk, Roche Diagnostics, Sanofi, and
Siemens. L.P. has funding from JPco-fuND-2: Multinational research
projects on Personalised Medicine for Neurodegenerative Diseases
(CUP number J99C18000210005). L.P. has grants or contracts Euro-
pean Union—Next Generation EU - PNRR M6C2 - Investimento
2.1 Valorizzazione e potenziamento della ricerca biomedica del SSN
(PNRR-MAD-2022-12376035) and Fujirebio. A.L.B. had support from
Fondo de Investigaciones Sanitario (FIS), Institution de Salud Carlos IlI
AC19/00103; has grants or contracts from CIBERNED program (Pro-
gram 1, Alzheimer Disease); has received consulting fees for Grifols S.A.
and Lilly; and has patents planned issued or pending; W0O2019175379
A1 Markers of synaptopathy in neurodegenerative disease. M.S.C.
has grants or contracts from Roche Diagnostics, consulting fees from
Roche Diagnostics, and has received funding from Roche, Almirall, Eli
Lilly, and Novo Nordisk. M.S.C. has participated on data safety monitor-
ing board or advisory boards for Roche Diagnostics, Grifols, and Eli Lilly.
M.S.C. has received equipment, materials, drugs, medical writing gifts,
or other services from Roche Diagnostics, Avid Radiopharmaceuticals,
Inc. (Eli Lilly and company), Janssen Research and Development, ADx
Neurosciences, Alamar Biosciences, Fujirebio, Meso Scale Discovery,
and ALZpath. M.S.C. has other financial or non-financial interests with
Roche Diagnostics. A.P.P. has support from Laboratoris Esteve, Nutricia
Ltd, and participates on a data safety monitory board or advisory board
for Schwabe Farma Iberica. C.M. has grants or contracts from EuFin-
gers JPND research grant, and the ADDF digital biomarkers research
grant. M.d.C. has support from the JPND-Bpride project funding, and

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

grants or contracts from Alzheimer’s research and therapy, Attraction
Talent Comunidad de Madrid, and PROYECTOS I+D+1 - 2020”- Retos
de investigacion from the Ministerio Espaiiol de Ciencia e innovacion;
has received payment or honoraria from Novonordisk and Springer
Healthcare; and has a leadership or fiduciary role in BBB-PIA chair AA
and is Scientific advisor for ADPD. C.ET. has research contracts with
Acumen, ADx Neurosciences, AC-Immune, Alamar, Aribio, Axon Neu-
rosciences, Beckman-Coulter, BioConnect, Bioorchestra, Brainstorm
Therapeutics, Celgene, Cognition Therapeutics, EIP Pharma, Eisai, Eli
Lilly, Fujirebio, Instant Nano Biosensors, Novo Nordisk, Olink, Peo-
pleBio, Quanterix, Roche, Toyama, Vivoryon. She is editor in chief
of Alzheimer Research and Therapy, and serves on editorial boards of
Molecular Neurodegeneratoin, Neurology: Neuroimmunology & Neuroin-
flammation, Medidact Neurologie/Springer, and serves on committee
to define guidelines for Cognitive disturbances, and one for acute
Neurology in the Netherlands. She had consultancy/speaker contracts
for Aribio, Biogen, Beckman-Coulter, Cognition Therapeutics, Eli Lilly,
Merck, Novo Nordisk, Olink, Roche, and Veravas. Author disclosures

are available in the supporting information.

CONSENT STATEMENT

All participants gave their written informed consent for use of their
biological material and clinical data for research purposes. Ethical
approval was granted by the ethical committee of each participating

center.

ORCID

James D. Doecke "= https://orcid.org/0000-0003-2863-0293

Charlotte Teunissen "= https://orcid.org/0000-0002-4061-0837

REFERENCES

1. Reimand J, Groot C, Teunissen CE, et al. Why is amyloid-f PET
requested after performing CSF biomarkers? J Alzheimers Dis.
2020;73(2):559-569.

2. KlieR MK, Martins R, Connolly MP. Major cost drivers in assessing the
economic burden of Alzheimer’s disease: a structured, rapid review.
Jpad-J Prevention of Alzheimers Dis. 2021;8(3):362-370.

3. Robinson JL, Lee EB, Xie SX, et al. Neurodegenerative disease con-
comitant proteinopathies are prevalent, age-related and APOE4-
associated. Brain. 2018;141(7):2181-2193.

4. Mckeith IG, Boeve BF, Dickson DW, et al. Diagnosis and management
of dementia with Lewy bodies: fourth consensus report of the DLB
Consortium. Neurology. 2017;89(1):88-100.

5. Boeve BF, Boxer AL, Kumfor F, Pijnenburg Y, Rohrer JD. Advances and
controversies in frontotemporal dementia: diagnosis, biomarkers, and
therapeutic considerations. Lancet Neurol. 2022;21(3):258-272.

6. Whitwell JL. FTD spectrum: neuroimaging across the FTD spectrum.
Prog Mol Biol Transl Sci. 2019;165:187-223.

7. Teunissen CE, Verberk IMW, Thijssen EH, et al. Blood-based biomark-
ers for Alzheimer’s disease: towards clinical implementation. Lancet
Neurol. 2022;21(1):66-77.

8. Balogun WG, Zetterberg H, Blennow K, Karikari TK. Plasma biomark-
ers for neurodegenerative disorders: ready for prime time?. Curr Opin
Psychiatry. 2023;36(2):112-118.

9. Jack CR, Bennett DA, Blennow K, et al. NIA-AA Research Frame-
work: toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14(4):535-562.


https://orcid.org/0000-0003-2863-0293
https://orcid.org/0000-0003-2863-0293
https://orcid.org/0000-0002-4061-0837
https://orcid.org/0000-0002-4061-0837

woir | Alzheimer’s & Dementia’

10.

11.

12.

13.
14.
15.

16.
17.
18.
19.

20.

21
22.
23.
24.
25.
26.

27.

DOECKE ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Alz.org. Revised Criteria for Diagnosis and Staging of Alzheimer’s

Disease: Alzheimer’s Association Workgroup. Alzheimer’'s Asso-
ciation Workgroup; 2023. [cited 2023 October 25, 2023];
Available from: https://alz.org/media/Documents/scientific-

conferences/Clinical-Criteria-for-Staging-and-Diagnosis-
for-Public-Comment-Draft-2.pdf?_gl=1<1xnrla4<_ga<
MTA10ODAOOTQALEBMTMxMzY 1Njg.<_ga_QSFTKCEH7C<
MTcxNTcyNzUOOC4xMC4wLE3BMTU3MjcINDguNjAuMC4w<_ga_

28.

29.

9JTEWVX24V<MTcxNTcyNzUOOCAxXxMCAwLESMTU3MjcINDguNjAuUMC4w

Chatterjee P, Vermunt L, Gordon BA, et al. Plasma glial fibrillary
acidic protein in autosomal dominant Alzheimer’s disease: associ-
ations with AB-PET, neurodegeneration, and cognition. Alzheimers
Dement. 2023;19(7):2790-2804.

Baiardi S, Quadalti C, Mammana A, et al. Diagnostic value of plasma
p-tau181, NfL, and GFAP in a clinical setting cohort of prevalent
neurodegenerative dementias. Alzheimers Res Ther. 2022;14(1):153.
Alcolea D, Clarimén J, Carmona-lragui M, et al. The Sant Pau Initiative
on Neurodegeneration (SPIN) cohort: a data set for biomarker discov-
ery and validation in neurodegenerative disorders. Alzheimers Dement.
2019;5:597-609.

Gonzalez MC, Ashton NJ, Gomes BF, et al. Association of plasma
p-taul81 and p-tau231 concentrations with cognitive decline in
patients with probable dementia with Lewy bodies. JAMA Neurol.
2022;79(1):32-37.

Bolsewig K, Van Unnik AAJM, Blujdea ER, et al. Association of
plasma amyloid, P-Tau, GFAP, and NfL with CSF, clinical, and cogni-
tive features in patients with dementia with Lewy bodies. Neurology.
2024;102(12):e209418.

van der Flier WM, Scheltens P. Amsterdam Dementia Cohort: per-
forming research to optimize care. J Alzheimers Dis. 2018;62(3):1091-
1111.

Bellomo G, Indaco A, Chiasserini D, et al. Machine Learning Driven Pro-
filing of Cerebrospinal Fluid Core Biomarkers in Alzheimer’s Disease
and Other Neurological Disorders. Front Neurosci. 2021;15:647783.
Oeckl P, Halbgebauer S, Anderl-Straub S, et al. Targeted mass
spectrometry suggests beta-synuclein as synaptic blood marker in
Alzheimer’s Disease. J Proteome Res. 2020;19(3):1310-1318.
Mattsson N, Insel PS, Palmqvist S, et al. Increased amyloidogenic
APP processing in APOE e4-negative individuals with cerebral -
amyloidosis. Nat Commun. 2016;7:10918.

Fowler C, Rainey-Smith SR, Bird S, et al. Fifteen Years of the Australian
Imaging, Biomarkers and Lifestyle (AIBL) Study: progress and obser-
vations from 2,359 older adults spanning the spectrum from cognitive
normality to Alzheimer’s disease. J Alzheimers Dis Rep. 2021;5(1):443-
468.

Wojdata AL, Bellomo G, Gaetani L, et al. Trajectories of CSF and plasma
biomarkers across Alzheimer’s disease continuum: disease staging by
NF-L, p-tau181, and GFAP. Neurobiol Dis. 2023;189:106356.

Mavrina E, Kimble L, Waury K, et al. Multi-Omics Interdisciplinary
Research Integration to Accelerate Dementia Biomarker Develop-
ment (MIRIADE). Front Neurol. 2022;13:890638.

Mila-AlomaM, Salvado G, Gispert JD, et al. Amyloid beta, tau, synaptic,
neurodegeneration, and glial biomarkers in the preclinical stage of the
Alzheimer’s continuum. Alzheimers Dement. 2020;16(10):1358-1371.
Molinuevo JL, Gramunt N, Gispert JD, et al. The ALFA project: a
research platform to identify early pathophysiological features of
Alzheimer’s disease. Alzheimers Dement. 2016;2(2):82-92.

Ashton NJ, Puig-Pijoan A, Mila-Aloma M, et al. Plasma and CSF
biomarkers in a memory clinic: head-to-head comparison of phospho-
rylated tau immunoassays. Alzheimers Dement. 2023;19(5):1913-1924.
Jessen F, Amariglio RE, Van Boxtel M, et al. A conceptual framework
for research on subjective cognitive decline in preclinical Alzheimer’s
disease. Alzheimers Dement. 2014;10(6):844-852.

Albert MS, Dekosky ST, Dickson D, et al. The diagnosis of mild cogni-
tive impairment due to Alzheimer’s disease: recommendations from

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

the National Institute on Aging-Alzheimer’s Association workgroups
on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):270-279.

Dubois B, Feldman HH, Jacova C, et al. Research criteria for the diag-
nosis of Alzheimer’s disease: revising the NINCDS-ADRDA criteria.
Lancet Neurol. 2007;6(8):734-746.

Mckeith IG, Dickson DW, Lowe J, et al. Diagnosis and management
of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology. 2005;65(12):1863-1872.

Armstrong MJ, Litvan |, Lang AE, et al. Criteria for the diagnosis of
corticobasal degeneration. Neurology. 2013;80(5):496-503.

Litvan I, Agid Y, Calne D, et al. Clinical research criteria for the diag-
nosis of progressive supranuclear palsy (Steele-Richardson-Olszewski
syndrome): report of the NINDS-SPSP international workshop. Neurol-
ogy. 1996;47(1):1-9.

Rascovsky K, Hodges JR, Knopman D, et al. Sensitivity of revised diag-
nostic criteria for the behavioural variant of frontotemporal dementia.
Brain. 2011;134(Pt 9):2456-2477.

Teunissen CE, Petzold A, Bennett JL, et al. A consensus protocol for
the standardization of cerebrospinal fluid collection and biobanking.
Neurology. 2009;73(22):1914-1922.

Willemse EAJ, Van Maurik IS, Tijms BM, et al. Diagnostic performance
of Elecsys immunoassays for cerebrospinal fluid Alzheimer’s disease
biomarkers in a nonacademic, multicenter memory clinic cohort: the
ABIDE project. Alzheimers Dement. 2018;10:563-572.

Tijms BM, Willemse EAJ, Zwan MD, et al. Unbiased approach to coun-
teract upward drift in cerebrospinal fluid amyloid-8 1-42 analysis
results. Clin Chem. 2018;64(3):576-585.

Duits FH, Teunissen CE, Bouwman FH, et al. The cerebrospinal fluid
“Alzheimer profile”: easily said, but what does it mean?. Alzheimers
Dement. 2014;10(6):713-723.e2.

Puig-Pijoan A, Garcia-Escobar G, Fernandez-Lebrero A, et al. The
CORCOBIA study: cut-off points of Alzheimer’s disease CSF biomark-
ersin a clinical cohort. Neurologia. 2022;39(9):756-765.

Van Der Kall LM, Truong T, Burnham SC, et al. Association of 8-Amyloid
level, clinical progression, and longitudinal cognitive change in normal
older individuals. Neurology. 2021;96(5):e662-e670.

Feizpour A, Doré V, Doecke JD, et al. Two-year prognostic utility of
plasma p217+tau across the Alzheimer’s continuum. J Prev Alzheimers
Dis. 2023;10(4):828-836.

Rissin DM, Kan CW, Campbell TG, et al. Single-molecule enzyme-
linked immunosorbent assay detects serum proteins at subfemtomo-
lar concentrations. Nat Biotechnol. 2010;28(6):595-599.

Teunissen CE, Kimble L, Bayoumy S, et al. Methods to discover and val-
idate biofluid-based biomarkers in neurodegenerative dementias. Mol
Cell Proteomics. 2023;22(10):100629.

Team., R.D.C., R: a language and environment for statistical. R Founda-
tion for Statistical Computing, Vienna, Austria. Computing. R Foundation
for Statistical Computing; 2024. https://www.R-project.org/

Fowler CJ, Stoops E, Rainey-Smith SR, et al. Plasma p-tau181/AB(1-42)
ratio predicts AB-PET status and correlates with CSF-p-
tau181/AB(1-42) and future cognitive decline. Alzheimers Dement.
2022;14(1):e12375.

James G, Witten D, Hastie T, Tibshirani R. An Introduction to Statistical
Learning: With Applications in R. Springer; 2013.

Mila-Aloma M, Ashton NJ, Shekari M, et al. Plasma p-tau231 and
p-tau217 as state markers of amyloid-8 pathology in preclinical
Alzheimer’s disease. Nat Med. 2022;28(9):1797-1801.

Barthélemy NR, Li Y, Joseph-Mathurin N, et al. A soluble phosphory-
lated tau signature links tau, amyloid and the evolution of stages of
dominantly inherited Alzheimer’s disease. Nat Med. 2020;26(3):398-
407.

Janelidze S, Bali D, Ashton NJ, et al. Head-to-head comparison of 10
plasma phospho-tau assays in prodromal Alzheimer’s disease. Brain.
2023;146(4):1592-1601.


https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://alz.org/media/Documents/scientific-conferences/Clinical-Criteria-for-Staging-and-Diagnosis-for-Public-Comment-Draft-2.pdf?_gl=1*1xnr1a4*_ga*MTA1ODA0OTQ4LjE3MTMxMzY1Njg.*_ga_QSFTKCEH7C*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w*_ga_9JTEWVX24V*MTcxNTcyNzU0OC4xMC4wLjE3MTU3Mjc1NDguNjAuMC4w
https://www.R-project.org/

DOECKEET AL.

Alzheimer’s &Dementia® | 17017

48.

49.

50.

51.

52.

Schindler SE, Galasko D, Pereira AC, et al. Acceptable performance
of blood biomarker tests of amyloid pathology — recommendations
from the Global CEO Initiative on Alzheimer’s Disease. Nat Rev Neurol.
2024;20(7):426-439.

Verberk IMW, Misdorp EO, Koelewijn J, et al. Characterization of pre-
analytical sample handling effects on a panel of Alzheimer’s disease-
related blood-based biomarkers: results from the Standardization
of Alzheimer’s Blood Biomarkers (SABB) working group. Alzheimers
Dement. 2022;18(8):1484-1497.

Huber H, Ashton NJ, Schieren A, et al. Levels of Alzheimer’s disease
blood biomarkers are altered after food intake-A pilot interven-
tion study in healthy adults. Alzheimers Dement. 2023;19(12):5531-
5540.

Lambrechts C, Van Loo M, Vanbrabant J, et al. Performance of opti-
mized prototype LUMIPULSE G immunoassays for plasma p-tau181
and p-tau217. Alzheimers Dement. 2023;19:e082944.

Rissman RA, Langford O, Raman R, et al. Plasma AB42/AB40 and
phospho-tau217 concentration ratios increase the accuracy of amy-

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

loid PET classification in preclinical Alzheimer’s disease. Alzheimers
Dement. 2024;20(2):1214-1224.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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