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Abstract

INTRODUCTION: Plasma phosphorylated tau (p-tau)181, glial fibrillary acidic protein

(GFAP), neurofilament light chain (NfL), and amyloid beta ratio (Aβ42/40) 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.

Aβ40, Aβ42, 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, andAβ– dementiawith Lewybodies. 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 tomaximize 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 fromAD.

1 BACKGROUND

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

clinical diagnosis has in the past been limited by the use of either

amyloid beta (Aβ) positronemission tomography (PET) imagingor cere-

brospinal fluid (CSF) biomarker analyses.1 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.2 Furthermore, Aβ pathology can be present in 50% of

patients with dementia with Lewy bodies (DLB) and in 25% of patients

with frontotemporal dementia (FTD) syndromes,3 thus highlighting

the need to have specific instruments to discriminate across diseases.

In DLB, an accurate diagnosis requires an intensive psychological

assessment, with biomarkers from single-photon emission computed

tomography, PET, or 123iodine-metaiodobenzylguanadine myocardial

scintigraphnot requiredbut used as positive indicators.4 For thedetec-

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.5,6

Recent scientific advances enabled the measurement of Aβ42/40
ratio and different forms of phosphorylated tau (p-tau) 181, 205, 217,

or 231 in plasma, as biomarkers of Aβ 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.7,8 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 Aβ and tau pathology, and to stage

patients along the AD continuum.9 An update to the criteria10

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 Aβ42/40 was decreased only in those with

Aβ 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 Aβ-related astrocyte reactivity in autosomal dominant AD11 was

increased in all dementias compared to controls;12,13 and NfL had

the highest values/concentrations in patients with FTD. p-tau181, p-

tau231,14 andAβ42/40,15 but notGFAPorNfL, have been shown to be
increased in DLB compared to controls (however, this was only seen in

thosewithAβ co-pathology).Noother informationwas shown todeter-

mine the performance of these markers to discriminate AD from other

non-AD dementias along their symptomatic continuum (e.g., MCI due

to FTD, or FTD).

In the present study, we evaluate the performance of the most

frequently used plasma biomarker assays to detect Aβ pathology in

a large international multi-center cohort. We assess the levels of

Aβ42/40, p-tau181, p-tau181/Aβ42, GFAP, and NfL across the AD,

FTD, and DLB disease continuums, including the effect of Aβ 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

Sampleswere collected across six different international centers: Ams-

terdam Dementia Cohort (ADC; all groups16), Sant Pau Initiative on

Neurodegeneration (SPIN; all groups13), University of Perugia (UNIPG;

all groups17), Ulm University (UU; all groups except MCI-DLB18),

BioFINDER (controls and complete AD continuum19), and the Aus-

tralian Imaging Biomarker & Lifestyle Flagship Study of Ageing (AIBL;

controls and complete AD continuum20) 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 UNIPG21 (22

controls, 59 along the full AD continuum, and 17 FTD22), ALzheimer’s

and FAmilies (ALFA+; 265 controls [CSF Aβ–] and 135 preAD [CSF

Aβ+]23,24), and BIODEGMAR (individuals who visited the memory

clinic with AD CSF profile [n = 112] or with non-AD CSF profile

[n = 61]25). For all the samples, the presence of AD pathology was

tested either by using AD CSF biomarkers (CSF Aβ42 or Aβ42/40, total

RESEARCH INCONTEXT

1. Systematic review: A comprehensive search of the

PubMed literature was conducted to identify published

studieswhich assessedplasmabiomarkers 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 fromAD.

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) Aβ pathol-
ogy (n = 198); controls with Aβ pathology (preAD; n = 155), patients

with stable MCI without Aβ pathology (sMCI, n = 170), patients with

Aβ pathology andMCI due to AD (MCI[AD]; n = 155), MCI 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 Aβ positive, and 60 were Aβ negative (12 were

missing Aβ status). The control group included individuals with sub-

jective cognitive decline, in whom objective cognitive and laboratory

investigationswerenormal (i.e., criteria forMCI, dementia, or anyother

neurological or psychiatric disorder not fulfilled) with additionally neg-

ative AD CSF biomarkers.16,26 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),27 AD dementia,28

DLB,4,29, and FTD.30–32 DLB cases were further split for Aβ
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co-pathology. Of the 171 participants with DLB, 12 did not have

Aβ 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.33

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).13,34 Positive CSF

AD biomarker profile was defined locally in the different cohorts

(ADC [Aβ+ Innotest based on Aβ42 < 813; Elecsys Aβ42 < 1000,35

Tau+ Innotest pTau > 52, Elecsys pTau > 2434], BioFINDER [CSF

Aβ42/Aβ40 < 0.088, p-tau181 > 65.04 pg/mL or t-tau > 462.91 pg/mL];

SPIN [low Aβ42/40 ratio (< 0.062) and high t-tau (> 456pg/mL) or

p-tau (> 63pg/mL)]; UNIPG [low Aβ42/40 ratio (< 0.072) and high p-tau

(> 50pg/mL), regardless of t-tau]; UU [low Aβ42 (< 450pg/mL) and high

t-tau (> 380pg/mL) or p-tau (> 65pg/mL)]; ALFA+ [Aβ42/Aβ40 < 0.071,

p-tau181 < 24pg/mL23]; BIODEGMAR [Aβ42/Aβ40 < 0.06213,36,37]).

All samples from the AIBL cohort were defined based on Aβ and

tau PET (amyloid PET positive: > 25 Centiloids,38 tau PET positive:

meta-temporal standardized uptake value ratio> 1.1939).

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;40,41 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 Aβ40, Aβ42, 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-181Advantage v2: kit #103714; ALFA+: Simoa pTau-181Advan-

tage v2.1 kit #104111, lots #503680 & #503769; and BIODEGMAR:

Simoa pTau-181Advantage v2.1: kit #104111, lot #503537). Plasma p-

tau181 values from ALFA+ and BIODEGMARwere thus corrected for

the kit version employed following the formula provided by the manu-

facturer.No furtherharmonization inplasma levels tobPRIDEdatawas

done for the validation cohorts.

2.3 Statistical methods

All data preprocessing and analyses were conducted using R ver-

sion 4.2.2.42 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 datawere 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) ε4 allele status where appropriate. The ratio

between p-tau181 and Aβ42 was assessed and added to each analy-

sis given previously seen increases in association with amyloid burden

over p-tau181 or Aβ42 alone.43 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.44 To investigate

whether any combination of individual biomarkers could predict dis-

ease group, all possible ratios and interactions between biomarkers

(biomarker ratios andbiomarker× biomarker interactions)were tested

using the least operating shrinkage and selection operator (LASSO)

method.44

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) alongwithYouden indexwas performedusing 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 zoneswere calculatedby the frequencyof 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

usedbiomarker cut-offs derived from the complete bPRIDEdata 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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performance of the analyzed markers in these cohorts have been

already published.25,45 AUC with 95% confidence intervals (CIs), sen-

sitivity, specificity, positive predictive value (PPV, not prevalence

adjusted), negative predictive value (NPV, not prevalence adjusted),

cut-off (at Youden index, and at 90% sensitivity and specificity), and

accuracy are reported.

3 RESULTS

3.1 Sample demographics

Of the complete bPRIDE sample set, 1298 samples with available

plasma measurements were included in the analysis (Table 1). Across

diagnostic groups on average, 48% were male, the mean age was 70.1

years (standard deviation [SD]: 7.1), and 32% carried at least one

APOE ε4 allele (where measured). Subjects with preAD, MCI(AD), AD

dementia,MCI(DLB), andDLBwere older than controls andweremore

frequently APOE ε4 carriers compared to controls. All cases along the

AD continuum (i.e., preAD, MCI[AD], and AD dementia) were Aβ+,
while only a small group of those with MCI(FTD) or FTD were Aβ+
(11% and 8%, respectively). Approximately half of all participants with

DLB (MCI/DLB) had Aβ co-pathology. MMSE was lower in all groups

compared to controls except for those with preAD. Across centers

(Table S1), mean age ranged between 66.6 years of age (SD: 6.43, ADC)

through 72.24 years of age (SD: 7.29, SPIN).MedianMMSE across cen-

ters ranged between 25 (median absolute deviation [MAD]: 4.45, ADC,

UNIPG, UU, and SPIN) and 29 (MAD: 1.48, BioFINDER). Median years

of education across centers ranged between 8 years (SD: 4.45, UNIPG)

and 12 (SD: 2.97–4.45, AIBL, UU, and BioFINDER).

3.2 Biomarker measurements across centers

Figure S1C shows most of the variance across the biomarkers tested

was explainedwithin the first component (≈85%), with little to no vari-

ance seen across center (Figure 1A). To assess the relative contribution

of center within ROC analyses, the first three principal components

(PCs) were modeled along with each biomarker to predict AD from

controls (we used this comparison as a representative to assess cen-

ter differences only), with AUC values compared to using individual

biomarkers to predict AD from controls. Modest to strong improve-

ments were seen in AUC values when models included three PCs,

with Aβ42/40 and NfL showing the largest increase in AUC values

after accounting for PCs (P < 0.0001), with p-tau181 having only a

small increase in AUC value (P = 0.015) and GFAP having no increase

(P = 0.22). Thus, overall performance was increased after accounting

for center, except for GFAP, which remained the same (Table S2 in sup-

porting information). Further testing for possible center differences

showed that biomarkerAUCvalues (predictingAD fromcontrols)were

not significantly different between centers (Table S2). AUC values

presented from here are taken from the average of the rolling cir-

cle validation analyses, such that no center biases in AUC values are

presented. T
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6 of 17 DOECKE ET AL.

F IGURE 1 Box andwhisker plots of plasma biomarkers over the disease continuums for AD, DLB, and FTD. (A) Aβ42/40, (B) p-tau181, (C)
GFAP, and (D) NfL. – P> 0.05, *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 versus controls. Values shown for Aβ42, GFAP, NfL, and p-tau181
are in pg/mL. Aβ, 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, stableMCI
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DOECKE ET AL. 7 of 17

Wewill next report results along the disease continuum for each of

the dementia types separately.

3.3 Biomarker combinations to detect amyloid
positivity within the AD continuum

Compared to the control group, all biomarkers analyzed were already

changed in the preAD group and continued increasing (except for

the Aβ42/40 ratio which decreased to its lowest level in preAD)

through the MCI(AD) and dementia due to AD stages. Among the

biomarkers, plasma p-tau181 and GFAP showed the largest stepwise

increased changes over the full AD continuum (Table 2, Figure 1A–D).

We next evaluated which combination of markers (single, ratios, and

interactions, into a multivariate model) had the best performance to

discriminate any stage of the AD continuum compared to controls. The

sMCI group without Aβ pathological changes had only low to mod-

erate changes in all biomarker levels and given such small changes

along with high variation, was not further considered in predictive

modeling. Regarding single markers and Aβ42/40 and p-tau181/Aβ42
ratios, p-tau181 and the p-tau181/Aβ42 ratio showed the highest

discriminative performance across all disease stages compared to con-

trols (AUC > 0.82), with no significant differences in AUC values

among p-tau181, p-tau181/Aβ42, and Aβ42 (Figure 2). No biomark-

ers were able to efficiently discriminate AD dementia from MCI(AD),

with all AUC values < 0.65. Plasma p-tau181 and p-tau181/Aβ42
showed the strongest performance (AUC 0.87 and 0.90, respectively)

to discriminate AD from the group of non-AD dementias (FTD Aβ–
and DLB Aβ–).The multivariate model (chosen consistently across all

group comparisons; ROC statistics shown in Table 3 compared to indi-

vidual plasma biomarkers), comprising the pre-calculated interaction

betweenAβ40× p-tau181, and ratios Aβ42/GFAP andAβ42/p-tau181,
had significantly higher AUC values compared to the top performing

individual biomarker; however, such differences in AUC diminished

with increasing disease stage.

3.4 Controls versus DLB continuum

Irrespective of Aβ co-pathology and compared to the control group,

all biomarkers (except for Aβ42) were increased in DLB (Aβ42/40
was decreased), while only GFAP was significantly increased in those

with MCI(DLB) (Table 2). Considering the absence/presence of Aβ co-
pathology, Aβ42/40 was decreased and p-tau181 and GFAP were only

increased in the DLB Aβ+ group compared to controls, and not altered

in the DLB Aβ– group (Figure 1). NfL, however, was increased in both

DLB Aβ– and DLB Aβ+ groups compared to controls. Assessing the

diagnostic capability of eachbiomarker irrespectiveofAβ co-pathology
(Figure 3), GFAP had the highest AUC value (AUC: 0.86 [95% CI:

0.78–0.94]); however, this was not significantly different from all other

markers except for Aβ42/40, which had the lowest AUC value (AUC:

0.72 [95%CI: 0.60–0.84]).
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8 of 17 DOECKE ET AL.

F IGURE 2 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 Aβ40 × p-tau181, and ratios Aβ42/GFAP and Aβ42/p-tau181. AD,
Alzheimer’s disease; AUC, area under the curve; CI, 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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DOECKE ET AL. 9 of 17

F IGURE 3 Internal cross-validation AUC (95%CI) values for the DLBAβ- and DLBAβ+ versus controls, and betweenDLB&AD. Aβ, amyloid
beta; AD, Alzheimer’s disease; AUC, area under the curve; CI, confidence interval; DLB, dementia with Lewy bodies; GFAP, glial fibrillary acidic
protein; NfL, neurofilament light chain; p-tau, phosphorylated tau
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10 of 17 DOECKE ET AL.

TABLE 3 Multivariate analyses for the AD continuum.

Controls versus preAD Controls versusMCI(AD) Controls versus AD dementia

p-tau181 MVmodel p-tau181 MVmodel p-tau181 MVmodel

AUC (95%CI) 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 2.31 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 Aβ40 × p-tau181, and ratios Aβ42/GFAP and Aβ42/p-tau181. Cut-off values are provided in pg/mL for

Aβ42, GFAP, NfL, and p-tau181.
Abbreviations: AD, Alzheimer’s disease; AUC, area under the curve; CI, 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 Aβ pathology was present, biomarker AUC values for the

comparison ofDLB versus controlswere similar to that for theAD con-

tinuum (all AUC > 0.78). When no Aβ pathology was present, only NfL
andGFAP tended tobe increased inDLBpatients 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

PlasmaNfL showed the strongest stepwise increasealong theFTDcon-

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

theonlyAUCvaluewith the95%CInot to cross0.5 (AUC:0.78 [95%CI:

0.57–0.99], Figure 4) to separate controls fromMCI(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%CI 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

markerwhich showed significant discriminatory performancebetween

the two groups (AUC: 0.75 [95%CI: 0.63–0.88]).

3.6 AD versus non-AD dementias

Comparing AD to both DLB and FTD combined (non-AD dementia

group), p-tau181 and the p-tau181/Aβ42 ratio had the highest AUC

values (Figure 2, 0.87 and 0.90, respectively), while all other markers

and the multivariate set (Aβ40 × p-tau181, and ratios Aβ42/GFAP and

Aβ42/p-tau181) had a maximum AUC of 0.72. Comparing AD versus

FTD separately the p-tau181/Aβ42 ratio was the best with an AUC

of 0.91 (Figure 4). Comparing AD to DLB, the plasma p-tau181/Aβ42
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 Aβ

co-pathology. After stratification into with/without Aβ co-pathology,

the p-tau181/Aβ42 ratio again was the top marker to discriminate

AD from DLB without Aβ co-pathology with an AUC of 0.90, while

this decreased to 0.68 comparing AD versus DLB to Aβ co-pathology
(Figure 3). No other markers could discriminate AD from DLB–Aβ+
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/Aβ42 ratio (6.58%) and p-tau181 (7.63%), followed by GFAP

(25.79%), Aβ42/40 (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/Aβ42, 5.1% for

p-tau181, 10.28% forGFAP, 14.17% for theAβ42/40 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

plasmabiomarkers 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/Aβ42 ratio had AUC

values ≈ 10% less at the preclinical stages (AUCs: p-tau181: 0.73

[0.54–0.92], p-tau181/Aβ42: 0.74 [0.54–0.93]) than in themulti-center

bPRIDE cohort (Figure 2), while at the prodromal stage, AUCvalues for
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F IGURE 4 Internal cross-validation AUC (95%CI) values for the FTD continuum and for FTD versus AD. Aβ, amyloid beta; AD, Alzheimer’s
disease; AUC, area under the curve; CI, 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/Aβ42: 0.84 [0.68–0.99]). Despite p-tau181 hav-
ing similar performance as observed in bPRIDE at the AD dementia

stage (AUCp-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

AUCvalues to predict disease group for each validation cohort are pro-

vided in Tables S5 and S6 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

in supporting information, plotting thedistributions for eachbiomarker

for UNIPG, ALFA+, and BIODEGMAR cohorts. Plots include the origi-

nal Youden index calculatedwithin 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 Aβ42/40 (UNIPG only)

across disease comparisons and validation cohorts.

4 DISCUSSION

In the present study we investigated the ability of plasma Aβ42/40, p-
tau181, p-tau181/Aβ42, 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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12 of 17 DOECKE ET AL.

F IGURE 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 Aβ42, GFAP, NfL, and p-tau181 are in pg/mL. Aβ, 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 Aβ40 and p-tau181, and ratios Aβ42/GFAP
and Aβ42/p-tau181, 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/Aβ42 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/Aβ4 ratio (i.e.,

7.6% of participants for p-tau181 and 6.6% of participants for the

p-tau181/Aβ42 ratio).
The consistent increase in plasma p-tau181 levels along the full AD

continuum is in linewith previouswork,45–47 which reported increased

p-tau181 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

alongADstages. The increase of p-tau181 in the preADgroup suggests

that it reflects tauopathy secondary to the presence of Aβ pathology
at this early stage. The relationship between p-tau181 and Aβ pathol-
ogy is further supported by the evidence of increased p-tau181 levels

in DLB cases with Aβ co-pathology. The stepwise increase in plasma p-

tau181 across the disease continuum may represent the combination

of Aβ 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 Aβ42 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/Aβ42 ratio had high AUC values to demarcate AD from both

FTDandDLB, but only in those caseswithout amyloid co-pathology.No

biomarkerswere, however, able to separateAD fromDLBwith amyloid

co-pathology, highlighting theneed to identify additional biomarkers to

separate these neurological conditions. These results are particularly

relevant when considering preclinical stages of these diseases, when

thepresenceofmolecular pathology cannotbedefinedbyother 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.,48 patients identifiedwithin 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 Aβ testing to confirm amyloid pathology.

The method was also useful to compare the biomarker densities and

Youden’s indexbetween thebPRIDE 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,49 fasting or non-fasting,50 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

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

thesemethods 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 somedisease groupswere relatively low, especiallyMCI(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

a role 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),39,45,51,52 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 Aβ– from Aβ+
groups.44

This study represents a large collaborative effort to demonstrate

thepredictive capability of the plasmabiomarkersAβ42/40,GFAP,NfL,
andp-tau181.Amultivariatemodel to predictAβpathology 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-validationsdemonstrateddifficulty in replicat-

ing predictive accuracy, providing evidence that more work is needed

to address inter-center differences in plasma biomarker levels.
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