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A B S T R A C T

Background: Plasma brain derived-p-Tau217 (BD-p-Tau217) may outperform total-p-Tau217 in detecting brain 
amyloid burden and warrants evaluation.
Objectives: To perform head-to-head comparison of plasma BD- as well as total-p-Tau181, p-Tau217 and p- 
Tau231 for detecting beta-amyloid positivity (Aβ+), evaluate reference ranges for Aβ+, and assess the prognostic 
utility of BD-p-Tau217 reference ranges.
Design: Observational study.
Setting: Participants recruited from memory clinics and the community in Singapore.
Participants: 213 participants, including 44 cognitively normal, 107 cognitively impaired no dementia, and 62 
dementia (mean [SD] age, 73 [1] years; 121 females).
Measurements: Amyloid status (Aβ- [n = 139] vs Aβ+ [n = 74]) was determined by positron emission tomography 
(PET). Plasma BD-p-Tau and total-p-Tau were measured using the NULISAseq™ CNS Disease Panel 120. The 
diagnostic performance for detecting Aβ+, reference ranges (three-range: 95% specificity/95% sensitivity); bi
nary: maximizing Youden index), and the prognostic performance of p-Tau biomarkers were evaluated.
Results: Plasma BD-p-Tau217 (AUC = 0.965) outperformed other BD- and total-p-Tau species in detecting PET 
Aβ+ (AUC = 0.823–0.937; all p ≤ 0.008). Using a three-range reference, BD-p-Tau217 achieved positive pre
dictive value (PPV) and negative predictive value (NPV) of 90% and 97%, respectively. Proportion of partici
pants in the intermediate-risk group was 7% (n = 14). Applying a binary reference, BD-p-Tau217 achieved both a 
specificity and sensitivity of 92%, with PPV and NPV of 86% and 96%, respectively. BD-p-Tau217-derived high- 
risk group exhibited faster cognitive decline than the low-risk group.
Conclusions: Risk stratification for PET Aβ+ based on plasma BD-p-Tau217 suggests superior diagnostic and 
prognostic utility, warranting further validation.
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1. Introduction

Blood-based biomarkers of brain amyloid burden, particularly those 
derived from phosphorylated Tau (p-Tau), are gaining recognition for 
their clinical utility and potential for use in routine assessments for 
Alzheimer’s disease (AD) [1,2]. Clinically significant p-Tau species, 
including p-Tau181, p-Tau217 and p-Tau231 are now quantifiable via a 
range of assays and platforms [2,3], and blood p-Tau biomarkers 
correlate well with positron emission tomography (PET) measures of 
brain amyloid or AD cerebrospinal fluid biomarkers [3–6]. From a 
comprehensive systematic review evaluating the diagnostic perfor
mance of plasma p-Tau biomarkers and associated assays [2], as well as 
a recent study comparing 33 different plasma p-Tau assays [3], plasma 
p-Tau217 has emerged as the best-performing biomarker for identifying 
AD pathology, showing the highest areas under the receiver-operating 
characteristic curve (AUC) and the largest fold changes compared with 
other p-Tau species, with broadly similar performance across different 
p-Tau217 assays. Notably, with the growing availability of commercial 
plasma p-Tau217 assays, a slew of recent studies have demonstrated the 
diagnostic utility of this biomarker for detecting abnormal brain amy
loid burden in both Western [7,8–11] and Asian populations [12–16], 
supporting its accessibility and generalizability across different 
populations.

However, one important caveat with currently available, widely 
used p-Tau assays is that most of them utilize detection antibodies that 
recognize an epitope common to both brain-derived (BD), low- 
molecular-weight (LMW) Tau, as well as high-molecular-weight 
(HMW) Tau produced by the peripheral nervous system (PNS) and 
other organs, in effect measuring "total-Tau" [3,17]. Briefly, HMW Tau 
(110 kDa) contains additional exons, including the 250-amino acid exon 
4a [18]. In contrast, all six LMW isoforms (37 kDa to 46 kDa) in the brain 
exclude exon 4a [18,19]. As an illustration of the potential significance 
of differentiating BD from peripheral Tau isoforms, recent studies 
measuring total p-Tau have reported increased blood p-Tau217 and 
p-Tau181 in patients with amyotrophic lateral sclerosis (ALS). Assess
ment of p-Tau immunoreactivities in muscle biopsies suggested that the 
increased p-Tau may reflect changes in atrophic muscle fibers in ALS, 
and was independent of AD pathology in the brain [20,21]. In this 
context, assays which specifically measure plasma LMW BD-p-Tau spe
cies may be able to mitigate the confounding effect of peripheral p-Tau, 
thereby improving sensitivity and specificity.

In this study, using a Singapore-based cohort of longitudinally 
assessed older people with high baseline cerebrovascular disease 
burden, we employed a NUcleic acid Linked Immuno-Sandwich assay 
(NULISAseq) with antibodies that preferentially bind LMW Tau, or bind 
the common region of both LMW and HMW Tau, coupled with those 
specific for each phospho-epitope, in order to simultaneously measure 
BD-p-Tau217, BD-p-Tau181, and BD-p-Tau231, as well as their corre
sponding total-p-Tau species. We then performed head-to-head com
parisons of plasma BD-p-Tau217 with the other p-Tau species for the 
detection of brain amyloid burden (Aβ+) on positron emission tomog
raphy (PET). Furthermore, we evaluated the references ranges for 
abnormal amyloid burden and assessed the prognostic performance of 
the plasma BD-p-Tau217 reference ranges.

2. Methods

2.1. Study population

HARMONISATION, a Singapore-based prospective study, enrolled 
700 participants from the National University Hospital and St Luke's 
Hospital Memory Clinics, as well as the community, with annual follow- 
up for up to 5 years [22]. Of the participants, 217 individuals were also 
recruited for amyloid positron emission tomography (PET) assessment 
[12,23–25]. Participants were classified into one of the following diag
nostic categories: (1) cognitively normal (CN): individuals without 

objective cognitive impairment on formal neuropsychological assess
ments, or functional loss; (2) cognitive impairment no dementia (CIND): 
individuals with impairment in at least one cognitive domain on neu
ropsychological assessments, but who did not meet the Diagnostic and 
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria 
for dementia; (3) dementia: individuals diagnosed according to the 
DSM-IV criteria, with further etiologic diagnoses following the National 
Institute of Neurological and Communicative Disorders and Stroke and 
the Alzheimer’s Disease and Related Disorders Association 
(NINCDS-ADRDA) criteria for AD, and the National Institute of Neuro
logical Disorders and Stroke and Association Internationale pour la 
Recherché et l’Enseignement en Neurosciences (NINDS-AIREN) criteria 
for vascular dementia (VaD). At baseline, participants underwent med
ical history taking and clinical interviews, including the assessment of 
vascular risk factors (hypertension, hyperlipidaemia, diabetes mellitus, 
and cardiovascular disease). They also underwent blood collection, 
Apolipoprotein E (APOE) genotyping, and brain magnetic resonance 
imaging (MRI) to assess significant cerebrovascular disease (CeVD+), 
defined as the presence of a total number of cortical infarcts ≥1, and/or 
total number of lacunes ≥2, and/or total number of cerebral micro
bleeds ≥2, and/or Fazekas score ≥2 [26]. Cognitive assessments, 
including Mini-Mental State Examination (MMSE), Clinical Dementia 
Rating Sum-of-Boxes (CDR-SB), and a comprehensive neuropsycholog
ical battery consisting of seven cognitive domains (Executive Function, 
Attention, Language, Visuomotor Speed, Visuoconstruction, Verbal 
Memory, and Visual Memory), were administered as previously 
described [12,23–25]. Clinical diagnosis, blood collection, MMSE, and 
CDR-SB assessments were repeated annually for up to 5 years.

Of the 217 participants recruited for the amyloid PET study, 213 also 
had plasma NULISAseq measurements, with a mean (SD) interval of 35 
(24) months between blood collection and PET imaging. Table 1 pre
sents demographics and clinical characteristics for these 213 partici
pants, using data from the blood collection visit (age, sex, years of 
education, APOE ε4 carrier status, MMSE, clinical diagnosis) and base
line visit (vascular risk factors and CeVD status).

2.2. NULISAseq analysis and data processing

Non-fasting blood was collected into ethylenediaminetetraacetic 
acid (EDTA)–containing tubes and centrifuged at 2000 g for 10 min at 4 
◦C. Plasma was extracted, mixed well, aliquoted and stored at − 80 ◦C 
until use. NULISAseq assays were performed with evaluators blinded to 
clinical information at Alamar Biosciences Inc (Fremont, CA), as 
described previously [27]. Briefly, plasma samples were thawed on ice 
and centrifuged at 2200 g for 10mins, after which 25uL supernatant 
aliquots were run on the ARGO™ HT multiplexing platform using the 
NULISAseq™ CNS Disease Panel 120, starting with immunocomplex 
formation with pairs of DNA barcode-containing, poly adenine nucleo
tide- or biotin-conjugated capture and detection antibodies, followed by 
sequential capturing and washing on paramagnetic oligo-dT beads, then 
on streptavidin beads. Finally, the proximal ends of the DNA strands on 
the retained detection and capture antibody complexes were ligated to 
generate a DNA reporter molecule containing both target-specific and 
sample-specific barcodes. DNA reporter molecules were pooled and 
amplified by polymerase chain reaction (PCR), purified and sequenced 
on Illumina NextSeq 2000 next generation sequencer. Sequencing data 
were processed using the NULISAseq algorithm (Alamar Biosciences) to 
quantify the sample- (SMI) and target-specific (TMI) barcodes (molec
ular identifiers), and intraplate normalization was performed by 
dividing the target counts for each sample well by that well’s internal 
control counts. Interplate normalization was then performed using 
interplate control (IPC) normalization, wherein counts were divided by 
target-specific medians of the three IPC. wells on that plate. Data were 
then rescaled, added 1, and log2 transformed to obtain NULISA Protein 
Quantification (NPQ) units for downstream statistical analysis (see 
Fig. 1 for a summary of workflow). The median intra-plate and 
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inter-plate coefficient of variation (CV) were both <10%. Specificity for 
BD (LMW) Tau isoforms was achieved with antibodies which recognize 
an epitope at the junction between MAPT exons 4 and 5 (thus excluding 
HMW isoforms which have exons 4 and 4a junctions), while antibodies 
which recognize the common N terminal epitope will detect both LMW 
and HMW isoforms. These antibodies are paired with antibodies specific 
for phospho-epitopes at threonine-181, 217 or 231, thus enabling the 
measurements of BD- and total-p-Tau species (see Fig. 1B).

2.3. Simoa p-Tau217 measurements

In a subset of 152 participants, plasma Simoa p-Tau217 levels were 
measured using the commercial ALZpath p-Tau217 Advantage PLUS 
assay (#104,570) on the HD-X platform (Quanterix Corp., Billerica, MA) 
as previously described [12]. Plasma Simoa p-Tau217 were measured 
from blood collected during the same visit as the NULISA CNS sample. 
Evaluators were blinded to clinical information and the immunoassays 
were performed following the manufacturer’s protocol. Both inter- and 
intra-assay coefficients of variation were <10%.

2.4. Amyloid PET acquisition and quantification

Details on the amyloid PET acquisition and quantification were as 
previously described [12,23–25]. Briefly, 184 participants underwent a 
30-min brain PET scan after injection of 370 MBq of [11C]-Pittsburgh 
Compound B (PiB) on an mMR synchronous PET/MR scanner (Siemens 
Healthcare GmbH, Munich, Germany). An additional 29 participants 
underwent a 20-min brain PET scan on a mCT PET-CT (computed to
mography) scanner (Siemens Healthcare GmbH), after intravenous in
jection of 185 MBq of [18F]-flutafuranol. Images were reconstructed 
using ordinary Poisson ordered-subsets expectation maximization with 
all corrections applied. Each [11C]-PiB or [18F]-flutafuranol image was 
independently visually interpreted by three experienced raters blinded 
to the clinical diagnosis of each participant and was used to classify 
individuals as Aβ positive (Aβ+) or Aβ negative (Aβ-) following estab
lished criteria. Global standardized uptake ratio (SUVr) values were 
derived from the [11C]-PiB scans and individually parcellated MRI for 
reference and target region definition, using an in-house developed 
automated pipeline.

2.5. Statistical analyses

Statistical analyses were performed using SPSS version 29 (IBM 
Corp., Armonk, NY) and R version 4.4.0 (R Project for Statistical 
Computing). For the comparison of characteristics between PET Aβ- and 
Aβ+ groups, independent-sample t-tests or Mann–Whitney U tests were 
used for normally distributed or skewed continuous variables, respec
tively; while chi-square tests were used for categorical variables. Dif
ferences in plasma biomarkers among groups stratified by clinical 
diagnosis (CN, CIND, dementia) and Aβ-PET status (Aβ-, Aβ+) were 
assessed using the Kruskal-Wallis test followed by post hoc Dunn’s test 
with Bonferroni correction. Correlations were examined using the 
Spearman's correlation, and we used bootstrapping (n = 2000 iterations) 
to test differences in the correlation coefficients. Diagnostic perfor
mance for detecting Aβ-PET positivity was assessed using the area under 
the receiver-operating characteristic curve. AUC and 95% confidence- 
intervals (CIs) were computed using DeLong’s method with the pROC 
package [28]. The p-values for comparisons of AUCs were derived from 
DeLong tests. To determine the reference ranges for Aβ-PET positivity, 
we used a three-range strategy comprising a lower reference point to 
rule out AD (95% sensitivity; low-risk for PET Aβ+) and a higher 
reference point to rule in AD (95% specificity; high-risk for PET Aβ+) [7,
29,30]. Participants with values between the reference points were 
classified as having intermediate risk which constitute the group 
requiring confirmatory Aβ PET testing. Alternatively, a binary reference 
point for Aβ-PET positivity was derived based on maximizing the You
den index [7]. We evaluated the concordance of a low-risk result with 
Aβ-PET negativity (negative predictive value [NPV]), as well as the 
concordance of a high-risk result with Aβ-PET positivity (positive pre
dictive value [PPV]). To assess the associations between plasma 
BD-p-Tau217-derived risk groups with baseline and longitudinal 
cognitive performance, we used linear mixed-effects (LME) models with 
MMSE or CDR-SB as outcome, including as predictors the plasma 
BD-p-Tau217-derived risk groups, time, age, sex and years of education, 
as well as an interaction between risk groups and time. The model 
contained random intercepts and random slopes, and time was modeled 
as a continuous variable. Plasma BD-p-Tau217-derived risk groups were 
entered as dichotomous variable (Group 1: low-risk, Group 2: high-risk). 
To assess the associations between plasma BD-p-Tau217-derived risk 
groups and risk of progression to dementia, we used Cox proportional 
hazards regression models, adjusting for age, sex and education. For all 
analyses, p-values < 0.05 were considered statistically significant.

Table 1 
Characteristics of study participants.

Aβ PET negative 
(Aβ-)

Aβ PET positive 
(Aβ+)

p-value

n 139 74 ​
Age, years, mean (SD) 72 (7) 75 (7)* 0.009
Female, n (%) 66 (48) 55 (74)* <0.001
Education, years, mean (SD) 8.1 (5) 7.2 (5) 0.239
APOE ε4 carrier, n (%) 25 (18) 37 (50)* <0.001
MMSE, median (IQR) 25 (6) 21 (8)* <0.001
Clinical diagnoses ​ ​ <0.001
CN, n (%) 36 (26) 8 (11)*
CIND, n (%) 70 (50) 37 (50)
AD, n (%) 16 (12) 26 (35)*
VaD, n (%) 17 (12) 3 (4)
Vascular risk factors ​ ​ ​
Hypertension, n (%) 100 (72) 45 (61) 0.097
Hyperlipidemia, n (%) 105 (76) 51 (69) 0.299
Diabetes, n (%) 47 (34) 21 (28) 0.418
Cardiovascular disease, n 

(%)
12 (9) 3 (4) 0.214

Significant CeVD, n (%) 93 (67) 49 (66) 0.919
Plasma biomarkers ​ ​ ​
BD-p-Tau217, NPQ, mean 

(SD)
11.359 (0.3) 12.423 (0.6)* <0.001

BD-p-Tau181, NPQ, mean 
(SD)

13.336 (0.6) 14.662 (0.7)* <0.001

BD-p-Tau231, NPQ, mean 
(SD)

13.116 (0.2) 13.544 (0.3)* <0.001

Total-p-Tau217, NPQ, mean 
(SD)

10.891 (0.5) 12.074 (0.6)* <0.001

Total-p-Tau181, NPQ, mean 
(SD)

12.700 (0.6) 13.476 (0.6)* <0.001

Total-p-Tau231, NPQ, mean 
(SD)

12.867 (0.6) 13.842 (0.6)* <0.001

Table of demographic and clinical characteristics using data from the blood 
collection visit (age, sex, years of education, APOE ε4 carrier status, MMSE, 
clinical diagnosis) and baseline (vascular risk factors and CeVD status). Amyloid 
PET status was based on visual read of [11C]PiB (n = 184) or [18F]Flutafuranol 
(n = 29) imaging. Significant CeVD was defined as total number of cortical in
farcts ≥1, and/or total number of lacunes ≥2 and/or total number of cerebral 
microbleeds ≥2 and/or Fazekas score ≥2. p-values are derived from chi-square 
tests for categorial variables, and from independent-sample t-test or Mann- 
Whitney U test for normally distributed or skewed continuous variables, 
respectively.

* significant difference between Aβ PET negative and Aβ PET positive. 
Abbreviations: AD, Alzheimer’s disease; BD, brain-derived; CeVD, cerebro

vascular disease; CIND, cognitive impairment no dementia; CN, cognitively 
normal; IQR, interquartile range; MMSE, Mini-Mental State Examination; NPQ, 
NULISA protein quantification; PET, positron emission tomography; PiB, Pitts
burgh compound B; SD, standard deviation; VaD, vascular dementia.
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3. Results

3.1. Participants characteristics

Demographic and clinical information, as well as plasma biomarker 
measurements, are described in Table 1. A total of 213 participants were 
included in this study (mean [SD] age, 73 [1] years; 121 females [57%]; 
44 CN [21%], 107 CIND [50%], 42 CE [20%] and 20 VaD [9%]). 
Compared with the PET Aβ- participants, the PET Aβ+ participants were 
older, had a higher proportion of females, a higher prevalence of APOE4 
carriers and clinical AD, and lower MMSE scores (all p < 0.05). There 
was no difference between Aβ- and Aβ+ participants in the prevalence of 
vascular risk factors, including hypertension, hyperlipidaemia, diabetes 
and cardiovascular disease, as well as CeVD burden. Notably, both 
groups had high baseline CeVD burden (proportion of significant CeVD: 

Aβ- = 67%; Aβ+ = 66%), in agreement with previous findings [12,23]. 
For plasma biomarkers, all the BD- (BD-p-Tau217, BD-p-Tau181 and 
BD-p-Tau231) and total-p-Tau (total-p-Tau217, total-p-Tau181 and 
total-p-Tau231) species were significantly higher in the Aβ+ partici
pants (all p < 0.001).

All plasma BD- and total-p-Tau species were positively correlated 
with PiB-PET SUVr (Supplementary Fig. 1; Spearman's rho = 0.488 to 
0.722, all p < 0.001), with BD-p-Tau217 showing the highest correlation 
(Spearman's rho = 0.722). Interestingly, all BD-p-Tau species showed 
stronger correlation with PiB-PET SUVr than their respective total-p-Tau 
species (BD-p-Tau217 vs. total-p-Tau217: difference in Spearman's rho 
= 0.04, 95% CI = − 0.02 to 0.10, p = 0.14; BD-p-Tau181 vs. total-p- 
Tau181: difference in Spearman's rho = 0.17, 95% CI = 0.09 to 0.26, 
p < 0.001; BD-p-Tau231 vs. total-p-Tau231: difference in Spearman's 
rho = 0.08, 95% CI = 0.007 to 0.15, p = 0.025).

Fig. 1. Graphical summary of study workflow and major findings. 
(A) Principle of NULISAseq, consisting of DNA-barcode-containing detection-capture antibody pairs, one conjugated with poly-adenine nucleotides and the other 
with biotin. Each pair of antibodies recognize different epitopes on the same target molecule, forming a tripartite immune complex, which are then sequentially 
captured and washed on oligo-dT beads (“Capture 1 / Wash 1″), then on streptavidin beads (“Capture 2 / Wash 2”), with the proximal ends of the DNA strands of the 
retained, complexed antibodies ligated to generate a DNA reporter molecule containing both target-specific and sample-specific barcodes. DNA reporter molecules 
were pooled and amplified by polymerase chain reaction (PCR), purified and sequenced on NGS, with sequencing data processed by NULISAseq algorithm for the 
quantification of sample- (SMI) and target-specific (TMI) barcodes (molecular identifiers) to derive NULISA Protein Quantification (NPQ) units for downstream 
statistical analysis. (B) Specificity for BD (LMW) Tau isoforms was achieved with antibodies which recognize an epitope at the junction between MAPT exons 4 and 5, 
while antibodies which recognize the common amino terminus (NT) region will detect both LMW and HMW isoforms. These antibodies are paired with antibodies 
specific for phospho-epitopes at threonine-181, 217 or 231, thus enabling the measurements of BD- and total-p-Tau species. (C) Postulated sources of BD- and total-p- 
Tau species. (D) AUC showing the superior utility of BD-p-Tau217 (see Table 2 for details) to (E) stratify amyloid risk based on a three-range reference and (F) predict 
for longitudinal cognitive impairment. 
Abbreviations: AUC, Area under the receiver-operating characteristic (ROC) curve; BD, Brain-derived; CDR-SB, Clinical Dementia Rating Sum of Boxes; NGS, Next-Generation 
sequencer; NPV, Negative predictive value; NT, Amino terminal; NULISAseq, NUcleic acid Linked Immuno-Sandwich Assay multiplexing platform; PET, Positron emission 
tomography; PPV, Positive predictive value; SMI, Sample-specific molecular identifier; TMI, Target-specific molecular identifier.
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3.2. Plasma BD- and total-p-Tau species by clinical diagnosis and brain 
amyloid status

When stratified by clinical diagnosis (CN, CIND, dementia) and brain 
amyloid status (Aβ-, Aβ+) (Supplementary Fig. 2), all plasma BD-p-Tau 
species were significantly higher in the Aβ+ participants as compared 
with the Aβ- participants, across all diagnostic groups (all p’s ≤0.020). 
Corroborating our previous findings using Simoa assays [12], among the 
total-p-Tau species, only total-p-Tau217 showed a significant difference 
between CN Aβ- and CN Aβ+ participants (p = 0.034 for total-p-Tau217, 
p = 1.00 and 0.30 for total-p-Tau181 and total-p-Tau231, respectively). 
In the CIND and dementia groups, all plasma total-p-Tau species were 
significantly higher in the Aβ+ participants as compared with the Aβ- 
participants.

Among the BD-p-Tau species, BD-p-Tau181 showed the greatest 
percentage increase between Aβ- and Aβ+ in all clinical stages, 
including CN (percentage increase = 96%, 65% and 17% for BD-p- 
Tau181, BD-p-Tau217 and BD-p-Tau231, respectively), CIND (percent
age increase = 115%, 77% and 27% for BD-p-Tau181, BD-p-Tau217 and 
BD-p-Tau231, respectively), and dementia (percentage increase =
197%, 123% and 40% for BD-p-Tau181, BD-p-Tau217 and BD-p- 
Tau231, respectively). Again, supporting our previous findings, among 
the total-p-Tau species, total-p-Tau217 showed the greatest percentage 
increase between Aβ- and Aβ+ in all clinical stages, including CN (per
centage increase = 82%, 37% and 24% for total-p-Tau217, total-p- 
Tau231 and total-p-Tau181, respectively), CIND (percentage increase =
118%, 93% and 78% for total-p-Tau217, total-p-Tau231 and total-p- 
Tau181, respectively), and dementia (percentage increase = 142%, 
112% and 99% for total-p-Tau217, total-p-Tau231 and total-p-Tau181, 
respectively).

3.3. Diagnostic performance of BD- and total-p-Tau species in identifying 
abnormal brain amyloid burden

We next evaluated the diagnostic performance of the plasma BD- and 
total-p-Tau species for identifying abnormal Aβ PET. Table 2 showed 
that plasma BD-p-Tau217 demonstrated superior diagnostic accuracy, 

achieving AUC of 0.965 (95% CI = 0.942 to 0.987) and outperforming 
all other BD- and total-p-Tau species (BD-p-Tau181: AUC = 0.937; total- 
p-Tau217: AUC = 0.935; BD-p-Tau231: AUC = 0.926; total-p-Tau231: 
AUC = 0.877; total-p-Tau181: AUC = 0.823; all p ≤ 0.008). Due to 
the wide interval between plasma collection for blood biomarkers and 
PET, sensitivity analyses were performed in a subset of participants with 
amyloid PET within three years (n = 114, Supplementary Table 1) or 
two years (n = 85, Supplementary Table 2) of blood collection. The 
results were consistent with the primary analyses, with BD-p-Tau217 
achieving the highest AUC, although some comparisons lost statistical 
significance in the two-year analyses.

Additionally, in a subset of participants with available Simoa plasma 
p-Tau217 measurements, we performed head-to-head comparisons of 
the NULISA measurements with Simoa p-Tau217 (n = 152). Supple
mentary Table 3 showed that plasma BD-p-Tau217 (AUC = 0.974, 95% 
CI = 0.953 to 0.996) was superior to Simoa p-Tau217 (AUC = 0.917, 
95% CI = 0.864 to 0.970, p = 0.007) in detecting PET Aβ+. Simoa p- 
Tau217 still outperformed NULISAseq total-p-Tau231 (AUC = 0.881, p 
= 0.024) and total-p-Tau181 (AUC = 0.833, p = 0.001), whilst per
forming similarly with NULISAseq total-p-Tau217 (AUC = 0.947, p =
0.094), BD-p-Tau181 (AUC = 0.943, p = 0.155) and BD-p-Tau231 (AUC 
= 0.938, p = 0.255).

Finally, we examined potential effects of CeVD burden on the diag
nostic performance of NULISAseq BD-p-Tau and total-p-Tau species 
(Supplementary Table 4).

Within the CeVD- or CeVD+ subgroup, BD-p-Tau217 achieved the 
highest AUC (CeVD- : AUC = 0.994, 95% CI = 0.983 to 1.00; CeVD+: 
AUC = 0.952, 95% CI = 0.918 to 0.985).

Focusing specifically on BD-p-Tau217, the AUC was higher in the 
CeVD- group than in the CeVD+ group (p = 0.020), although diagnostic 
performance remained high in the CeVD+ group. With AUC values of 
>0.95 in CeVD- and CeVD+ subgroups, our data suggest the suitability 
for use of BD-p-Tau217 in Asian populations with high concomitant 
CeVD burden.

3.4. Three-range reference of plasma BD- and total-p-Tau species for 
abnormal amyloid pathology

To determine the three-range reference for PET Aβ+, we created 
lower (95% sensitivity) and upper (95% specificity) reference points for 
each plasma p-Tau species (Fig. 2A, Supplementary Table 5 and Sup
plementary Fig. 3). For plasma BD-p-Tau217 (lower threshold: BD-p- 
Tau217 ≤11.603 NPQ; higher threshold: BD-p-Tau217 ≥11.850 NPQ), 
this approach resulted in NPV and PPV of 97% and 90% respectively. 
The proportion of participants in the intermediate-risk group, who 
would in practice be followed-up for confirmatory Aβ PET, was 7%. In 
contrast, while the other plasma BD- and total-p-Tau species achieved 
largely similar NPVs (94% to 96%) and PPVs (77% to 89%), the pro
portion of participants in the intermediate-risk group was substantially 
higher (20% to 57%). For example, plasma total-p-Tau217 (lower 
threshold: total-p-Tau217 ≤11.082 NPQ; higher threshold: total-p- 
Tau217 ≥11.729 NPQ) yielded NPV and PPV of 96% and 89% respec
tively. However, the proportion of participants in the intermediate-risk 
group was 23%.

3.5. Binary reference of plasma BD- and total-p-Tau species for abnormal 
amyloid pathology

We next derived binary reference point for PET Aβ+ by maximizing 
the Youden index (Supplementary Table 6 and Fig. 2B). For plasma BD- 
p-Tau217, a cut-off point of 11.691 NPQ yielded the highest Youden 
index, achieving a sensitivity and specificity of 92%, as well as NPV and 
PPV of 96% and 86% respectively. No other plasma BD- and total-p-Tau 
species reached >90% in both sensitivity and specificity, although these 
p-Tau species achieved high NPVs between 89% and 95%, as well as 
PPVs between 73% and 83%, except for total-p-Tau181 which yielded a 

Table 2 
Diagnostic performance of the brain-derived and total p-Tau species in identi
fying abnormal brain amyloid burden.

PET Aβþ¼ 74, PET Aβ- ¼
139

AUC (95% 
CI)

p-value when compared to BD-p- 
Tau217

BD-p-Tau217 0.965 
(0.942, 
0.987)

NA

BD-p-Tau181 0.937 
(0.904, 
0.969)

0.004

Total-p-Tau217 0.935 
(0.901, 
0.969)

0.003

BD-p-Tau231 0.926 
(0.889, 
0.964)

0.008

Total-p-Tau231 0.877 
(0.828, 
0.926)

<0.001

Total-p-Tau181 0.823 
(0.766, 
0.879)

<0.001

AUC and the associated 95% CI for each of the plasma BD-p-Tau (BD-p-Tau217, 
BD-p-Tau181, BD-p-Tau231) and total-p-Tau (total-p-Tau217, total-p-Tau181, 
total-p-Tau231) species, in predicting Aβ-PET positivity. Plasma BD-p-Tau217 
outperformed other BD-p-Tau and total-p-Tau species in detecting abnormal 
brain amyloid burden (p ≤ 0.008). p-values for comparison of AUCs were 
derived from DeLong tests.
Abbreviations: AUC, area under the receiver-operating characteristic (ROC) curve; 
BD, brain-derived; CI, confidence interval; PET, positron emission tomography.
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PPV of 57%.

3.6. Prognostic performance of the plasma BD-p-Tau217 reference ranges

We assessed the prognostic utility of the plasma BD-p-Tau217- 
derived three-range reference (Fig. 3). Participants underwent annual 
cognitive assessments for up to 5 years (mean [SD] follow-up duration =
52 [13] months, relative to blood collection). As compared with the 
low-risk group (n = 127), the high-risk group (n = 72) demonstrated 

worse cognitive performance at baseline for MMSE (β = − 3.74, p <
0.001) and CDR-SB (β = 2.17, p < 0.001). Longitudinally, cognitive 
performance decreased in both groups over time, with significantly 
higher rates in the high-risk group compared with the low-risk group 
(MMSE: β = − 0.822, p < 0.001; CDR-SB: β = 0.799, p < 0.001). We also 
assessed the prognostic utility of the plasma BD-p-Tau217-derived bi
nary reference (Supplementary Fig. 4). Similar results were observed: as 
compared with the low-risk group (n = 134), the high-risk group (n =
79) had poorer baseline cognitive performance (MMSE: β = − 3.29, p <

Fig. 2. Three-range reference and binary reference for Aβ-PET positivity using plasma BD-p-Tau217. 
Fig. 2. (A) Three-range reference and (B) binary reference for Aβ-PET positivity. Distribution of plasma BD-p-Tau217. The blue dots corresponded to individuals who 
are Aβ-PET negative and red dots to individuals who are Aβ-PET positive. In the three-range reference (A), the lower dashed line demonstrates where the 95% 
sensitivity low-risk threshold falls on the distribution, with the upper line corresponding to the 95% specificity high-risk threshold. In the binary reference (B), the 
dashed line demonstrates the threshold derived by maximizing Youden index. On the right of each graph, the flowchart demonstrated the overall accuracy of each 
workflow. 
Abbreviations: BD, brain-derived; NPQ, NULISA protein quantification; NPV, negative predictive value; PET, positron emission tomography; PPV, positive predictive value.
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0.001; CDR-SB: β = 1.77, p < 0.001) and faster cognitive decline (MMSE: 
β = − 0.742, p < 0.001; CDR-SB: β = 0.736, p < 0.001).

Finally, we assessed the utility of the plasma BD-p-Tau217-derived 
three-range reference for predicting risk of progression to dementia 
(Supplementary Table 7A and Supplementary Fig. 5A). Of the 151 non- 
dementia (CN and CIND) participants at baseline, 33 (22%) developed 
dementia (mean [SD] follow-up duration = 54 [11] months, relative to 
blood collection). 59% (23/39) of the high-risk group developed de
mentia compared to 8% (8/100) in the low-risk group, and 17% (2/12) 
in the intermediate-risk group. Cox regression (Supplementary 
Table 7A) showed an increased risk of progression to dementia in the 
high-risk group (hazard ratio [HR] = 5.62, 95% CI = 2.39 to 13.2, p <
0.001) compared to the low-risk group. Supplementary Fig. 5A depicts 
the Kaplan-Meier survival curve. We also evaluated the utility of the 
plasma BD-p-Tau217-derived binary reference (Supplementary Table 7B 

and Supplementary Fig. 5B). 53% (24/45) of the high-risk group 
developed dementia compared to 8% (9/106) in the low-risk group. Cox 
regression (Supplementary Table 7B) showed an increased risk of pro
gression to dementia in the high-risk group (hazard ratio [HR] = 5.29, 
95% CI = 2.38 to 11.8, p < 0.001). Supplementary Fig. 5B depicts the 
Kaplan-Meier survival curve.

4. Discussion

In this study of an Asian-based cohort of older people known to have 
high baseline CeVD burden [23], we present evidence that a novel 
biomarker, plasma brain-derived (BD)-p-Tau217 outperformed 
total-p-Tau217 as well as the BD- and total-p-Tau species of Tau181 and 
Tau231 in detecting brain amyloid pathology, with AUC = 0.965. 
Furthermore, individuals in the plasma BD-p-Tau217-derived high-risk 

Fig. 3. Prognostic performance of the plasma BD-p-Tau217-derived risk groups. 
Fig. 3. Associations between plasma BD-p-Tau217-derived risk groups with baseline and longitudinal cognitive performance. Trajectory plots indicate the mean 
longitudinal trajectories (solid line) of (A) MMSE and (B) CDR-SB, and associated 95% confidence intervals (shaded areas), estimated with linear-mixed effects 
models. Trajectories are stratified based on the plasma BD-p-Tau217-derived risk groups for PET Aβ positivity (low-risk [green] vs high-risk [red]; derived from the 
three-range reference), modeled with an interaction between risk groups and time. Models included random slopes and intercepts and were adjusted for age, sex, and 
years of education. For CDR-SB, shaded background regions indicate dementia severity categories based on CDR-SB thresholds from [42]: 2.5–4.0 (very mild), 
4.5–9.0 (mild), 9.5–15.5 (moderate), and 16.0–18.0 (severe). #Indicates longitudinal trajectories that are significantly different from low-risk group. 
Abbreviations: BD, brain-derived; MMSE, Mini-Mental State Examination; CDR-SB, Clinical Dementia Rating Sum of Boxes; PET, positron emission tomography.
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group exhibited faster, longitudinally-assessed cognitive decline.
With the recent approval of two blood p-Tau tests by the U.S. Food 

and Drug Administration (FDA) to aid in the diagnosis of AD [31], 
plasma p-Tau biomarkers with high diagnostic accuracy for detecting 
amyloid pathology have the potential to become accessible, 
cost-effective tools for AD evaluation in clinical settings. Among the 
plasma p-Tau species studied to date, p-Tau217 has emerged as the 
best-performing biomarker for detecting abnormal brain amyloid 
burden, with comparable performance across different assay platforms 
[2,3]. However, these widely used assays do not differentiate between 
brain-derived LMW Tau versus HMW Tau from PNS and other organs. In 
the case of studies on ALS highlighted in the Introduction section [20,
21], measurements of both BD- and total p-Tau217 might have shown 
differential alterations in the biomarkers, thus providing potentially 
useful information on stage / severity of degeneration of motor cortex 
and brainstem motor neurons as well as denervation at the neuromus
cular junction. In the case of AD, the use of BD-p-Tau217 putatively 
avoids the detection of p-Tau species secreted by peripheral organs (up 
to 80% of total Tau [32,33], also see Fig. 1C) which are not reflective of 
Tau status in the brain, thus enabling improved utility as the current 
study has shown. Indeed, the outstanding diagnostic performance of 
plasma BD-p-Tau217 in detecting abnormal brain amyloid burden was 
consistent in the main cohort (Table 2, n = 213) as well as in sensitivity 
analyses of smaller subsets (Supplementary Table 1, n = 114; Supple
mentary Table 3, n = 152). Notably, plasma BD-p-Tau217 was signifi
cantly better than total-p-Tau217 and other BD- and total-p-Tau species 
across these analyses, indicating the robustness of our findings (Fig. 1D). 
Our findings corroborate a recent study demonstrating that plasma 
BD-p-Tau217 outperforms total-p-Tau217 in detecting both amyloid and 
tau pathology [34].

We have previously summarized the possible mechanisms underly
ing large- and small-vessel disease, chronic cerebral hypoperfusion, and 
cerebrovascular injury [35]. Briefly, these mechanisms may involve 
interplay among neuroinflammation, oxidative stress, blood–brain bar
rier (BBB) dysfunction and breakdown, and neuronal injury and death. 
Consistent with this, we have previously reported that blood biomarkers 
such as glial fibrillary acidic protein [25] and neurofilament light chain 
[24] are associated with MRI measures of CeVD, including white matter 
hyperintensities. In the present study, although BD-p-Tau217 showed a 
higher AUC in the CeVD- group than in the CeVD+ group (0.994 versus 
0.952), its diagnostic performance remained high in both groups. The 
slightly lower AUC observed in the CeVD+ group may be related to 
variability in BBB permeability among CeVD+ participants, potentially 
leading to variable release of the p-Tau species into the peripheral cir
culation; however, this hypothesis requires further investigation. It is 
also at present unclear what proportion of Aβ- CIND participants will 
convert to amyloid positivity, or remain Aβ- and subsequently be diag
nosed as VCI. Follow-up studies with repeated, longitudinal blood 
biomarker measures are warranted.

This study also aimed to establish reference points for the NULISA 
plasma p-Tau markers based on abnormal amyloid pathology. We first 
evaluated a three-range approach using a threshold of 95% sensitivity 
and specificity, which is more stringent than the 90% sensitivity and 
specificity currently recommended by the Global CEO Initiative (GCI) on 
Alzheimer's disease for blood-based biomarkers to be used as diagnostic 
tests for amyloid pathology [30]. We observed that all p-Tau biomarkers 
achieved largely similar NPVs (94% to 97%) and PPVs (77% to 90%), 
with plasma BD-p-Tau217 showing the highest NPV and PPV of 97% and 
90%, respectively. When comparing the proportion of participants 
classified based on risk of amyloid positivity, plasma BD-p-Tau217 
resulted in only 7% of individuals determined as having intermediate 
risk which necessitates further confirmatory testing with CSF markers or 
amyloid PET, whereas other plasma BD-p-Tau and total-p-Tau species 
yielded at least 20% to 57% of participants in the intermediate risk zone. 
Since intermediate results are not informative of brain amyloid status, 
the GCI Workgroup recommended that a blood test should have 

intermediate values in no more than 15% of the cohort [30], a bench
mark met only by BD-p-Tau217 (Figs. 1E and 2).

The three-range threshold approach was introduced to enhance the 
overall performance of plasma biomarkers for identifying amyloid 
burden - however, this approach is not required if a single cut-off yields 
acceptable accuracy [30]. Using the conventional Youden index 
threshold for binary classification, plasma BD-p-Tau217 was the only 
biomarker with both sensitivity and specificity above 90% (specifically 
92%), thus meeting the GCI's recommended minimum benchmark of 
90%. In contrast, other plasma p-Tau species, including total-p-Tau217 
measured by NULISA or Simoa approached this benchmark but did not 
meet it, consistent with previous findings [2,12]. Additionally, the bi
nary plasma BD-p-Tau217 threshold yielded high NPV and PPV of 96% 
and 86%, respectively. Taken together, our data suggest that of the six 
biomarkers we evaluated in the current study, plasma BD-p-Tau217 
stood out as the only biomarker that achieved all the CGI Work
group’s proposed benchmarks for both the three-range and single cut-off 
diagnostic performance for brain amyloid pathology.

In this study, we further assessed the prognostic utility of plasma BD- 
p-Tau217-derived risk groups in predicting cognitive decline. Compared 
with the low-risk group, participants in the high-risk group, defined by 
either the three-range or binary approach, exhibited faster rates of 
cognitive decline (Figs. 1F and 3), as well as higher risk of progression to 
dementia (Supplementary Table 7 and Supplementary Fig. 5). This 
aligns with the association between AD pathology and subsequent 
neurodegeneration and cognitive decline [6]. While AD is the most 
common cause of cognitive impairment and dementia, co-pathologies 
such as cerebrovascular disease, alpha-synucleinopathy, TAR 
DNA-binding protein 43 (TDP-43) inclusions, and neuroinflammation 
are frequently observed in AD patients [36,37]. These co-pathologies 
may exacerbate disease trajectory, leading to more rapid cognitive 
decline [6,36–38]. In this context, it has recently been proposed that a 
multimodal biomarker profile that more comprehensively reflects 
diverse neuropathophysiological processes may enhance risk stratifica
tion and prognostication [6]. Future studies should therefore evaluate 
combinations of plasma BD-p-Tau217 with biomarkers of non-AD pa
thologies, as well as key pathophysiological processes, for predicting 
cognitive decline.

Several limitations were apparent in our study. First, the cohort is 
based in Asia, and further validation of current findings in larger, more 
diverse cohorts that more closely reflect the intended-use populations is 
warranted, since variable demographic factors, risk factors and comor
bidities may influence the clinical performance and applicability of 
blood biomarkers in specific populations [39]. Second, beyond amyloid 
PET, future studies should examine the utility of plasma BD-p-Tau217 in 
detecting Tau PET positivity. There is also growing interest in using 
plasma biomarkers, including plasma p-Tau217, to distinguish between 
the biological PET stages of AD [11,40], as proposed by the Revised 
Criteria for Diagnosis and Staging of Alzheimer's Disease [6]. Given the 
superior diagnostic performance of plasma BD-p-Tau217, it would be 
worthwhile to evaluate the performance and thresholds of this 
biomarker for predicting biological PET staging. Third, we recognize the 
variability in the time interval between blood collection and amyloid 
PET among participants, where blood collection occurred on or before 
PET imaging in the majority of the participants (specifically, in 203 
(95%) participants). However, given the progressive and relatively 
stable nature of amyloid PET findings, participants classified as PET Aβ- 
at the later imaging time point would reasonably be expected to have 
plasma biomarker results reflective of Aβ- from the earlier blood draw. 
Given the slow rate of brain amyloid accumulation [41], it is also 
plausible that participants classified as PET Aβ+ at the time of imaging 
would have been PET Aβ+ at the earlier blood collection. As a sensitivity 
analysis, we have confirmed that the AUC analyses in participants with 
amyloid PET within three years of blood collection (n = 114, Supple
mentary Table 1) corroborated the main findings that plasma 
BD-p-Tau217 outperformed other BD- and total-p-Tau species. 
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Nevertheless, future studies with shorter intervals between PET and 
blood collection, such as within a year, are needed to validate the su
perior performance of BD-p-Tau217 for detecting PET Aβ positivity and 
to support its potential clinical utility.

In conclusion, the findings of this study highlight the potential 
clinical utility of plasma BD-p-Tau217 for both diagnosis of amyloid 
pathology and prognosis of AD-associated cognitive impairments. Our 
results support rigorous validation of this biomarker in larger and more 
ethnically diverse cohorts with varying comorbidities and cerebrovas
cular disease profiles, particularly in light of the imminent adoption of 
blood biomarkers as part of the routine workup for AD-associated 
cognitive decline and dementia.
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Michael Schöll: Writing – review & editing, Methodology. Nicholas J. 
Ashton: Writing – review & editing, Methodology. Henrik Zetterberg: 
Writing – review & editing, Methodology. Christopher P. Chen: 
Writing – review & editing, Supervision, Methodology, Funding acqui
sition. Mitchell K.P. Lai: Writing – review & editing, Writing – original 
draft, Supervision, Methodology, Funding acquisition, Formal analysis, 
Data curation, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests:

Joyce Ruifen Chong reports travel was provided by Alamar Bio
sciences Inc. If there are other authors, they declare that they have no 
known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper.

Acknowledgments

We are grateful to the patients and their families for their partici
pation in this study. We acknowledge the coordinator and rater teams 
from the Memory, Ageing and Cognition Centre for assistance with 
participant recruitment and assessment. Fig. 1 was created in Bio
Render: Lai, M. (2026), https://BioRender.com/o89nhql. This study was 
supported by the Technology Access Program, Alamar Biosciences, Inc. 
which played no role in the writing of this manuscript or the decision to 
publish.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.tjpad.2026.100615.

References

[1] Rea Reyes RE, Wilson RE, Langhough RE, et al. Targeted proteomic biomarker 
profiling using NULISA in a cohort enriched with risk for Alzheimer's disease and 
related dementias. Alzheimers Dement 2025;21(5):e70166. https://doi.org/ 
10.1002/alz.70166.

[2] Therriault J, Brum WS, Trudel L, et al. Blood phosphorylated tau for the diagnosis 
of Alzheimer's disease: a systematic review and meta-analysis. Lancet Neurol 2025; 
24(9):740–52. https://doi.org/10.1016/s1474-4422(25)00227-3.

[3] Ashton NJ, Keshavan A, Brum WS, et al. The Alzheimer's association global 
biomarker standardization consortium (GBSC) plasma phospho-tau round robin 
study. Alzheimers Dement 2025;21(2):e14508. https://doi.org/10.1002/alz.14508 
[published Online First: 20250205].
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