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A B S T R A C T

Background: Plasma phosphorylated tau (p-tau) and β-amyloid (Aβ) are promising biomarkers for Alzheimer’s 
disease (AD). However, it remains unclear whether combining p-tau with Aβ provides better predictive perfor
mance than using p-tau alone.
Objectives: To evaluate the predictive utility of plasma p-tau and Aβ combinations for AD-related pathology, brain 
atrophy, and cognitive decline.
Design, setting, and participants: This study included 352 participants from the Greater-Bay Area Healthy Aging 
Brain Study (GHABS) cohort in China, classified into 227 Aβ-negative and 125 Aβ-positive individuals.
Measurements: Participants underwent Aβ positron emission tomography (PET) and plasma biomarker assess
ments. Plasma concentrations of p-tau181, p-tau217, p-tau231, Aβ42, and Aβ40 were quantified on the Quan
terix HD-X and Lumipulse G1200 platform.
Results: Among the individual plasma p-tau variants, p-tau217 consistently outperformed p-tau181 and p-tau231. 
The combination of p-tau biomarkers (p-tau181, p-tau217, and p-tau231) with Aβ42 or the Aβ42/40 ratio further 
improved discrimination between Aβ+/CU (cognitively unimpaired) and Aβ-/CU individuals. Both p-tau/Aβ42 
and p-tau/(Aβ42/40) exhibited slightly stronger or comparable associations with Aβ PET burden, baseline and 
longitudinal measures of hippocampal atrophy, AD-typical cortical thinning, and cognitive decline, relative to p- 
tau alone.
Conclusions: The head-to-head comparisons indicate that p-tau217 is the most robust biomarker among the 
variants tested, and p-tau/Aβ ratios perform comparably or slightly better than p-tau alone in reflecting AD 
pathology, potentially providing complementary information for early detection and monitoring of disease 
progression.

List of abbreviations: ad, alzheimer’s disease; Aβ, β-amyloid; Ci, cognitive impaired; Ci, confidence interval; Csf, cerebrospinal fluid; Cu, cognitively unimpaired; 
Ghabs, greater-bay-area healthy aging brain study; Glm, generalized linear models; Lc–ms, liquid chromatography-mass spectrometry; Moca-basic, montreal 
cognitive assessment basic; MCI, Mild Cognitive Impairment; MRI, Magnetic Resonance Imaging; PET, Positron Emission Tomography; p-tau, Phosphorylated Tau; 
rHCV, residual Hippocampal Volume; ROI, Region of Interest; SD, Standard Deviation; SUVR, Standardized Uptake Value Ratio.
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1. Introduction

Alzheimer’s disease (AD), the leading cause of dementia, poses a 
growing global health challenge in the context of aging populations 
worldwide [1,2]. It is neuropathologically characterized by the accu
mulation of extracellular β-amyloid (Aβ) plaques and intracellular 
neurofibrillary tangles consisting of hyperphosphorylated tau protein 
[3,4]. Early detection of these AD hallmarks before overt cognitive 
impairment is essential for identifying at-risk individuals suitable for 
disease-modifying therapies [5].

Over the past decade, blood-based biomarkers have emerged as 
promising tools for detecting and monitoring AD-related pathological 
changes [6,7]. Compared with cerebrospinal fluid (CSF) testing or 
positron emission tomography (PET) imaging, plasma biomarkers pro
vide a scalable and cost-effective alternative suitable for large-scale 
screening and longitudinal tracking [8]. Currently, the most 
well-established plasma biomarkers include the Aβ42/40 ratio [9–11] 
and phosphorylated tau (p-tau) variants [12–15]. Blood-based 
biomarker trajectories demonstrate that plasma Aβ42/40 and 
p-tau217 abnormalities are among the earliest detectable changes [11,
16,17]. These alterations are closely associated with subtle cerebral Aβ 
deposition. Liquid chromatography-mass spectrometry (LC–MS) assays 
have reported high concordance between plasma Aβ42/40 and Aβ PET 
positivity [11,18]. However, the modest dynamic range of plasma 
Aβ42/40 decline can limit its diagnostic accuracy, especially in early 
disease stages. In contrast, several novel immunoassays targeting spe
cific p-tau epitopes, such as p-tau181, p-tau217, and p-tau231, exhibit 
strong associations with AD pathophysiology. Notably, assays incorpo
rating p-tau217 show particularly high accuracy in detecting Aβ pa
thology, even in asymptomatic individuals [19]. Evidence from 
independent cohorts has shown that the diagnostic performance of 
plasma p-tau217 is comparable to that of CSF AD biomarkers [20,14]. 
Therefore, the revised criteria of AD frameworks recognize plasma 
p-tau217 assays with a minimum accuracy of 90 % for detecting Aβ PET 
abnormality in the intended-use population as acceptable biomarkers 
[3].

Recently, the United States Food and Drug Administration (FDA) has 
approved the Lumipulse plasma p-tau217/Aβ42 ratio and Roche plasma 
p-tau181 assays as commercially available tools for AD diagnosis in 
clinical practice, expanding the panel of clinically validated plasma 
biomarkers. Emerging evidence suggests that combining p-tau with Aβ 
measures may further improve diagnostic performance compared to p- 
tau alone [13,21–23]. However, widespread adoption of these bio
markers requires a better understanding of their associations with AD 
pathological alterations to yield more informative biomarker combina
tions. As these tests expand into global clinical practice, comparisons 
between the leading automated platforms, such as Quanterix’s Simoa 
and Fujirebio’s Lumipulse systems, become necessary. These platforms 
employ different immunoassay technologies, which may have varying 
systematic biases and analytical sensitivities. Therefore, determining 
their agreement is crucial for ensuring accurate interpretation across 
various settings and confirming the equivalence of biomarker results, 
regardless of the platform used.

In this study, we comprehensively investigated the change in three 
plasma p-tau biomarkers (p-tau181, p-tau217, and p-tau231) and their 
corresponding ratios to Aβ42, Aβ40, and Aβ42/40 across the AD con
tinuum using two fully automated platforms, Quanterix HD-X and 
Lumipulse G1200. We further assessed their associations with brain Aβ 
and tau accumulations, neurodegeneration, and cognitive decline in a 
well-characterized Chinese population of older adults. This study aims 
to determine the analyte stability and performance of different plasma p- 
tau/Aβ ratios and p-tau alone in detecting and monitoring AD-related 
pathology and cognitive decline.

2. Methods

2.1. Participants

This study utilized data from the Greater-Bay Area Healthy Aging 
Brain Study (GHABS) (ClinicalTrials.gov ID: NCT06183658), a longitu
dinal and prospective cohort study launched by the Shenzhen Bay 
Laboratory in May 2021 [24]. Detailed recruitment, exclusion, and in
clusion criteria of the GHABS cohort have been reported previously 
[24]. All participants completed cognitive assessments, genetic 
screening, and blood sample collection. Some of them further underwent 
baseline and longitudinal Aβ PET, tau PET, and magnetic resonance 
imaging (MRI) scans every 2 years. Participants were classified as 
cognitively unimpaired (CU), mild cognitive impairment (MCI), or de
mentia following the standard protocol of the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) [25]. In this study, cognitively impaired 
(CI) was defined as individuals with MCI or dementia. This study was 
approved by the Institutional Review Board of Shenzhen Bay Labora
tory, and all participants who met the inclusion requirements signed a 
written informed consent.

2.2. Plasma biomarker measurements

Plasma concentrations of p-tau181QX, Aβ42QX, and Aβ40QX were 
measured using commercial immunoassays on the Quanterix HD-X 
platform (pTau-181 V2 Advantage Kit, #103714; Neuro 4-Plex Re
agent kit, #103670). Plasma p-tau217GOT and p-tau231GOT were 
determined using in-house single molecular arrays (SIMOA) developed 
at the University of Gothenburg. Additional measurements of plasma p- 
tau217Fuji, Aβ42Fuji, and Aβ40Fuji were performed on the Lumipulse 
G1200 platform (Fujirebio). All biomarkers were tested in a double- 
blind manner at Shenzhen Bay Laboratory (Shenzhen, China).

2.3. MRI and PET imaging processing

Details on descriptions of MRI and PET imaging procedures in 
GHABS have been reported previously [24]. The structural MRI images 
were collected on 3.0T scanners and segmented into different cortical 
and subcortical regions of interest (ROIs) using Freesurfer (version 
7.2.0). The estimated intracranial volume was used to adjust bilateral 
hippocampal volume (HCV), and then the residual HCV (rHCV) was 
obtained by calculating the difference between raw HCV and the ex
pected HCV [4]. Temporal-metaROI cortical thickness was calculated as 
an area-weighted average of mean cortical thickness in AD-signature 
atrophy brain regions, including entorhinal, fusiform, inferior tempo
ral, and middle temporal cortices [26].

Aβ PET imaging was performed with two tracers [18F]-D3FSP (FSP) 
[27] or [18F]-florbetapir (FBP) [28], and tau PET imaging was per
formed with [18F]-flortaucipir (FTP) [29]. PET imaging was coregistered 
to their corresponding T1 structural MRI scans, and regional uptake 
values were extracted from 68 Freesurfer-defined cortical ROIs defined 
by the Desikan-Killiany atlas. A composite standardized uptake value 
ratio (SUVR) for Aβ burden was calculated from AD summary cortical 
regions, including frontal, cingulate, parietal, and temporal regions 
[30], with the brainstem used as a reference for FSP [27] or the whole 
cerebellum for FBP [31]. The accumulation of cortical tau tangles was 
evaluated using the SUVR in temporal meta-ROI regions, including the 
entorhinal, parahippocampal, fusiform, amygdala, and inferior tempo
ral and middle temporal regions, with the inferior cerebellum serving as 
the reference [32]. The cutoff of Aβ PET positivity was defined as 
composite SUVR > 0.78 for FSP or > 1.11 for FBP [33]. The cutoff of tau 
PET positivity was defined as temporal meta-ROI FTP SUVR > 1.27 [34].
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2.4. Statistical analysis

All statistical analyses were conducted in R version 4.4.2 (The R 
Foundation for Statistical Computing). Demographics and clinical 
characteristics of participants are summarized as mean (Standard De
viation (SD)) or number ( %). Comparisons between Aβ-negative (Aβ-) 
and Aβ-positive (Aβ+) groups were conducted by using Wilcoxon rank- 
sum tests or Fisher’s exact test at the significance level of p< 0.05 unless 
otherwise noted. Plasma biomarkers were log10-transformed before 
parametric analyses. We first compared the difference in plasma 
biomarker levels across different Aβ PET positivity and cognitive status 
groups using generalized linear models (GLM), adjusted for age and sex. 
The effect size estimates between groups were further computed using 
Cohen’s d, with absolute values shown. To further examine biomarker 
changes along Aβ plaque burden, participants with FSP PET were 
stratified by composite SUVR: Aβ- individuals were defined as Q0 
reference (n = 167), while Aβ-positive individuals (n = 106) were 
divided into SUVR quartiles (Q1–Q4). We evaluated the correlation 
between plasma biomarkers with Aβ PET and tau PET, as well as base
line levels and longitudinal changes of hippocampal volume, cortical 
thickness, and cognitive function using Pearson’s r correlation. These 
associations were further assessed by using GLM models, adjusted for 
age and sex (education was additionally controlled for cognitive 
outcomes).

3. Results

3.1. Demographics

This study included 352 participants from the GHABS cohort who 
underwent Aβ PET imaging, comprising 227 Aβ- and 125 Aβ+ in
dividuals. Among them, 142 participants further underwent tau PET 
scans. Plasma biomarkers were available for all participants, including 
Aβ42QX, Aβ40QX, p-tau181QX, p-tau217GOT, and p-tau231GOT. A subset 
of 255 participants was additionally analyzed using Lumipulse plasma 
assays (Aβ42Fuji, Aβ40Fuji, and p-tau217Fuji) for sensitivity validation. 
Demographic and clinical characteristics are summarized in Table 1 and 
Table S1. The mean age of all participants was 67.5 years, with com
parable sex distributions between Aβ− and Aβ+ groups. Regarding 
cognitive status, 82.8 % of Aβ- participants were CU, while 62.4 % of 
Aβ+ participants were diagnosed with CI. Additionally, 143 participants 
underwent longitudinal structural MRI scans with a mean follow-up 
duration of 1.26 years, and 214 underwent longitudinal cognitive as
sessments with a mean follow-up duration of 1.43 years.

3.2. Comparisons of plasma p-tau biomarkers and their ratio across the 
AD continuum

We first compared the levels of individual plasma p-tau biomarkers 
and their corresponding ratios to Aβ species across different Aβ posi
tivity and cognitive status groups. In terms of p-tau alone, all var
iants—p-tau181QX, p-tau231GOT, p-tau217GOT, and p-tau217Fuji—were 
significantly higher in both Aβ+/CU and Aβ+/CI groups compared to 
Aβ-/CU (Fig. 1). Notably, p-tau217GOT and p-tau217Fuji showed larger 
effect sizes than p-tau181QX and p-tau231GOT. For the combinations of 
plasma p-tau with Aβ peptides, all biomarkers in ratios were also higher 
in Aβ+/CU and Aβ+/CI, with the most pronounced effects observed for 
p-tau217-based ratios. Among CU individuals, p-tau ratios to Aβ42 or 
Aβ42/40 yielded larger effect size differences compared to p-tau alone. 
Specifically, in the Aβ+/CU group, the effect sizes relative to p-tau alone 
increased by 58.7 % for p-tau231GOT/Aβ42 and 60.9 % for p-tau231GOT/ 
(Aβ42/40) (Fig. 1B), followed by 44.2 % for p-tau181QX/Aβ42 and 53.8 
% for p-tau181QX/(Aβ42/40) (Fig. 1A), and last with 21.5 % for p- 
tau217GOT/Aβ42 and 15.9 % for p-tau217GOT/(Aβ42/40) (Fig. 1C). 
Similar improvements were observed with Lumipulse plasma assays: p- 
tau217Fuji/Aβ42 and p-tau217Fuji/(Aβ42/40) showed increases of 20.9 

% and 16.3 %, respectively (Fig. 1D). When participants were stratified 
by Aβ PET SUVR quartiles (Q0–Q4), all plasma p-tau biomarkers showed 
significantly higher levels from Q2 to Q4 groups, with p-tau217GOT and 
p-tau217Fuji exhibiting the greatest effect sizes (Fig. S1). Similarly, when 
expressed as ratios to Aβ42 or Aβ42/40, the effect sizes relative to Q0 
further increased, particularly in the Q2 group. These results suggest 
that combining Aβ42 and Aβ42/40 may improve the sensitivity of p-tau 
to subtle cerebral Aβ deposition, particularly in preclinical AD, with the 
most pronounced effect observed for p-tau217.

3.3. Associations of plasma p-tau biomarkers and their ratios with 
cerebral Aβ and tau accumulations

Next, we evaluated the association between plasma p-tau biomarkers 
and PET measures of cortical Aβ and tau aggregations. All p-tau bio
markers, both alone and as ratios to Aβ species, were significantly 
associated with cortical Aβ burden measured by FSP and FBP PET 
(Fig. 2A-B). p-tau217GOT and p-tau217Fuji correlated most strongly with 
Aβ PET, outperforming p-tau181QX and p-tau231GOT, regardless of 
cognitive status. When combining p-tau with Aβ42 or Aβ42/40, the ra
tios incorporating p-tau217 exhibited the strongest correlations with Aβ 
PET, which was comparable to p-tau217 alone. Additionally, these 
combinations further strengthened the correlations for p-tau181QX and 
p-tau231GOT. Concerning tau aggregations, p-tau217GOT and p- 
tau181QX showed similar correlation strengths with temporal-metaROI 
tau PET, and both were slightly stronger than p-tau231GOT but weaker 
than p-tau217Fuji (Fig. 2C). The strength of correlations with tau PET did 
not significantly alter depending on whether individual p-tau or their 
ratios to Aβ species were used. Overall, in contrast to p-tau alone, their 
combinations with Aβ42 or Aβ42/40 generally exhibit comparable or 

Table 1 
Demographic characteristics of participants.

All (n =
352)

Aβ- (n =
227)

Aβ+ (n =
125)

p-values

Age 67.5 (7.46) 66.8 (6.72) 68.8 (8.81) 0.032
Sex, female 214 (60.8) 134 (59.0) 80 (64.0) 0.425
Education 12.5 (3.9) 13.3 (3.6) 11.0 (3.9) < 0.001
Diagnose, CU/CI 235/117 188/39 47/78
APOE ε4, carrier 117 (33.2) 51 (22.5) 66 (52.8) < 0.001
Cortical 

Thickness
2.70 (0.15) 2.74 (0.10) 2.64 (0.20) < 0.001

Residual HCV − 0.44 
(1.05)

− 0.09 
(0.73)

− 1.08 (1.23) < 0.001

MoCA 23.1 (6.3) 25.5 (3.5) 18.6 (7.8) < 0.001
Plasma Aβ42QX 5.34 (1.39) 5.61 (1.43) 4.86 (1.17) < 0.001
Plasma Aβ40QX 91.3 (19.3) 90.4 (20.4) 93.0 (17.2) 0.110
Plasma p- 

tau217GOT
5.3 (3.1) 3.8 (1.6) 7.9 (3.5) < 0.001

Plasma p- 
tau231GOT

15.0 (5.4) 13.1 (4.0) 18.4 (5.9) < 0.001

321 participants had plasma p-tau181QX

Plasma p- 
tau181QX

2.45 (1.23) 1.96 (0.73) 3.31 (1.45) < 0.001

255 participants had Lumipulse plasma biomarkers
Plasma Aβ42Fuji 25.8 (4.8) 27.0 (4.4) 23.3 (4.5) < 0.001
Plasma Aβ40Fuji 269.3 

(40.6)
264.7 
(40.2)

278.5 (40.1) 0.020

Plasma p- 
tau217Fuji

0.210 
(0.27)

0.095 
(0.037)

0.451 
(0.375)

< 0.001

273 participants had D3FSP Aβ PET and 113 FBP Aβ PET
D3FSP Aβ PET 

SUVR
0.80 (0.15) 0.71 (0.04) 0.96 (0.14) <

0.001
FBP Aβ PET SUVR 0.73 (0.11) 0.68 (0.03) 0.91 (0.09) < 0.001
142 participants had Tau PET
Tau PET SUVR 1.32 (0.39) 1.12 (0.05) 1.57 (0.47) < 0.001

Data are presented as numbers ( %) or mean (SD).
Abbreviations: CI = Cognitive Impaired, CU = Cognitive Unimpaired, p-tau =
Phosphorated tau, HCV = Hippocampl Volume, MoCA = Montreal Cognitive 
Assessment, SUVR = Standardized Uptake Value Ratio, SD = Standard 
deviation.
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slightly stronger associations with Aβ pathology, especially for p-tau181 
and p-tau231, but do not influence the association with tau pathology in 
brains.

3.4. Association of plasma p-tau biomarkers and their ratio with 
neurodegeneration and cognitive decline

Finally, we explored the performance of plasma p-tau biomarkers in 
predicting cross-sectional and longitudinal changes in brain structure 
and cognitive function. As expected, all p-tau biomarkers, used both 
individually and in ratios, showed significant associations with baseline 
residual HCV, temporal-metaROI cortical thickness, and MoCA scores, 
with effects largely maintained in CI individuals (Fig. 3). Two p-tau217 

assays and their ratios consistently exhibited the highest strength of 
these correlations. Moreover, for p-tau181QX, p-tau231GOT, and p- 
tau217GOT, their ratios to Aβ42 and Aβ42/40 tended to show similar or 
slightly stronger correlations than the individual biomarkers, whereas 
the ratios to Aβ40 appeared relatively weaker. In contrast, individual p- 
tau217Fuji and its ratios showed comparable correlation strengths at 
baseline. Longitudinally, individual p-tau217Fuji and its ratios exhibited 
the strongest correlations with the rates of decline in residual HCV, 
temporal-metaROI cortical thickness, and MoCA scores, followed by p- 
tau217GOT and p-tau181QX, and p-tau231GOT was the weakest (Fig. 4). 
For decline rates of residual HCV and MoCA scores, the ratios of p- 
tau181QX, p-tau231GOT, and p-tau217GOT to Aβ42 and Aβ42/40 showed 
higher correlations than the individual biomarkers and their ratios to 

Fig. 1. Comparison of plasma p-tau and p-tau/Aβ ratio across the AD continuum. Plasma levels of p-tau181QX and p-tau181QX/Aβ ratios (A), p-tau231GOT and p- 
tau231GOT/Aβ ratios (B), p-tau217GOT and p-tau217GOT/Aβ ratios (C), and p-tau217Fuji and p-tau217Fuji/Aβ ratios (D) across groups defined by Aβ positivity and 
clinical diagnosis. The boxplots depict the median (horizontal bar), IQR (hinges), and 1.5 × IQR (whiskers). Each point represents an individual, and green dashed 
lines represent the median values of the Aβ– CU group. The Cohen’s d values are shown above the bar, and bolded numbers indicate statistical significance (p < 0.05) 
using GLMs, adjusted for age and sex. The exact p-values were corrected for multiple comparisons using the Benjamini–Hochberg approach. A-, Aβ PET negative; A+, 
Aβ PET positive; CU, cognitively unimpaired; CI, cognitively impaired.
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Aβ40. Regarding cortical thinning, only the ratios to Aβ42 and Aβ40 
showed slightly elevated correlation coefficients. Overall, the combi
nation of plasma p-tau with Aβ42 or Aβ42/40 appeared to modestly 
strengthen the associations with neurodegeneration and cognitive 
decline compared to using p-tau alone.

4. Discussion

In this study, we conducted a head-to-head comparison of three 
plasma p-tau biomarkers (p-tau181, p-tau231, and p-tau217) and their 

ratios to Aβ species (Aβ42, Aβ40, and Aβ42/40) across the AD contin
uum in a well-characterized community-based aging population, using 
fully automated assays on the Quanterix HD-X and Lumipulse G1200 
platforms. Our study found that plasma p-tau217 levels exhibited 
greater fold increases in Aβ+ groups, and stronger correlations with Aβ- 
PET, tau-PET, brain atrophy, and cognitive decline when compared to p- 
tau181 and p-tau231. Critically, when combining with Aβ biomarkers, 
the p-tau ratio to Aβ42 or Aβ42/40 showed moderately improved ability 
in distinguishing AD patients from controls and somewhat stronger 
correlations with Aβ pathology, brain atrophy, and cognitive decline, 

Fig. 2. Associations of plasma p-tau and p-tau/Aβ ratio with cerebral Aβ and tau deposition. Associations of plasma p-tau and p-tau/Aβ ratios with D3FSP Aβ-PET 
SUVR (A), FBP Aβ-PET SUVR (B), and FTP Tau-PET SUVR (C). The points and error bars represent Pearson’s R correlations and 95 % confidence intervals, 
respectively. Bolded numbers indicate statistical significance (p < 0.05) using GLM models, adjusted for age and sex.
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especially for p-tau181 and p-tau231. Overall, these findings suggest 
that plasma p-tau/Aβ42 and p-tau/(Aβ42/40) ratios may offer compa
rable or modestly enhanced utility for reflecting early AD-related pa
thology and cognitive decline.

Accurate plasma assays, particularly p-tau217 alone or in combina
tion, provide a simple alternative to CSF biomarkers as standalone 
diagnostic tests for AD, requiring a minimum accuracy of 90 % to 
identify abnormal Aβ PET in the intended-use population [3]. Our recent 
work demonstrated that plasma p-tau217 abnormality occurred earlier 

than other plasma p-tau and non-p-tau variants, along with worsening 
cortical Aβ plaque deposition [19], which was corroborated in the pre
sent study. In blood, the levels of p-tau181, p-tau231, and p-tau217 were 
all reported to increase in preclinical AD [35,15,36], while the fold 
changes between individuals with and without Aβ pathology were 
greater for p-tau217 relative to p-tau181 and p-tau231 [37–39]. This 
aligns with our findings that p-tau217 showed an approximately 2-fold 
higher effect size compared to p-tau181 and p-tau231 among CU in
dividuals. Previous studies have reported that plasma p-tau biomarkers 

Fig. 3. Associations of plasma p-tau and p-tau/Aβ ratio with baseline brain structure and cognitive function. Associations of plasma p-tau and p-tau/Aβ ratios with 
baseline rHCV (A), temporal-metaROI cortical thickness (B), and MoCA score (C). The points and error bars represent Pearson’s R correlations and 95 % confidence 
intervals, respectively. Bolded numbers indicate statistical significance (p < 0.05) using GLMs, adjusted for age, sex, and education for cognitive outcome. rHCV, 
residual Hippocampal Volume; MoCA, Montreal Cognitive Assessment.
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are capable of detecting both amyloid-β and tau pathologies in AD 
[40–42]. In line with these reports, our results demonstrated that plasma 
p-tau biomarkers, as well as their ratios to Aβ biomarkers, are signifi
cantly associated with brain amyloid-β and tau burdens across both CU 
and CI participants, with p-tau217 showing the strongest correlations. 
These results support that plasma p-tau217 serves as a highly sensitive 
and predictive biomarker for early AD pathology.

Additionally, we observed that Lumipulse plasma p-tau217 exhibited 
stronger associations with Aβ-PET, tau-PET, brain atrophy, and 

cognitive decline compared to ALZpath p-tau217. Similarly, the effect 
sizes of Aβ42 and Aβ42/40 measured by Lumipulse assays in Aβ+/CU 
were also higher than those measured by Quanterix assays (Fig. S2). 
These findings suggest that the Lumipulse immunoassays may provide 
robust performance and sensitivity in detecting AD-related pathological 
changes, potentially offering added value for both research and clinical 
applications. However, these findings require further validation in 
diverse cohorts.

Several studies have demonstrated that plasma p-tau to Aβ42 ratios 

Fig. 4. Associations of plasma p-tau and p-tau/Aβ ratio with longitudinal brain atrophy and cognitive decline. Associations of plasma p-tau and p-tau/Aβ ratios with 
slopes of rHCV (A), temporal-metaROI cortical thickness (B), and MoCA score (C). The points and error bars represent Pearson’s R correlations and 95 % confidence 
intervals, respectively. Bolded numbers indicate statistical significance (p < 0.05) using GLMs, adjusted for age, sex, and education for cognitive outcome. rHCV, 
residual Hippocampal Volume; MoCA, Montreal Cognitive Assessment.
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outperform individual biomarkers in identifying preclinical AD and 
predicting disease progression [43–46]. In line with these findings, our 
study showed that combining plasma p-tau with Aβ42 or the Aβ42/40 
ratio may modestly enhance the detection of AD pathology, especially 
for p-tau181 and p-tau231. Nevertheless, the addition of Aβ40 alone 
provides no further benefit, which may be due to the relatively small 
dynamic range of plasma Aβ40 and its limited association with amyloid 
plaque burden. The ratios of p-tau/Aβ42 likely integrate distinct but 
complementary pathological signals. Decreases in Aβ42 and Aβ42/40 
indicate amyloid deposition, and increases in p-tau levels reflect 
Aβ-related tau hyperphosphorylation [47,48]. Although plasma Aβ 
changes are modest in early disease stages, leading to substantial over
lap between individuals with and without pathology [18,49], the 
incorporation with p-tau biomarkers, which tend to respond earlier and 
more strongly to Aβ pathology, may help increase pathological contrast 
and modestly improve early diagnostic performance. While these find
ings support the clinical value of ratio-based biomarkers such as 
p-tau217/Aβ42, their implementation in real-world settings is not 
without challenges. Practical use of the p-tau217/Aβ42 ratio requires 
careful attention to pre-analytical sample handling. Studies show that 
although p-tau217 remains stable at room temperature and under 
refrigeration, Aβ42 and Aβ40 degrade rapidly, requiring immediate 
freezing of samples unless testing is performed within six hours of 
collection [50]. Therefore, standardization of assay protocols, including 
sample collection, storage, and processing procedures, will be essential 
for broader clinical translation.

A major strength of this study is that we systematically evaluated 
both established and emerging plasma p-tau biomarkers—including p- 
tau181, p-tau231, and p-tau217—individually and in combination with 
Aβ-related markers (Aβ42, Aβ40, and the Aβ42/40 ratio), enabling a 
comprehensive assessment of their performance in detecting AD-related 
pathology. Our study directly compared multiple p-tau isoforms and 
their respective ratios with diverse Aβ species, providing a more 
nuanced understanding of their relative performance in detecting early- 
stage AD. Furthermore, the use of two widely available platforms, 
Quanterix HD-X and Lumipulse G1200, also enhances the translational 
relevance of our findings by demonstrating consistency and potential 
applicability in varied clinical and laboratory settings. Building on our 
findings that provide a better understanding of the associations between 
plasma biomarker measurements and AD pathology, future studies 
should directly compare the diagnostic performance of p-tau and p-tau/ 
Aβ ratios for classifying key pathological stages (such as Aβ abnormality) 
across diverse clinical cohorts, especially in preclinical AD. It is essential 
for determining the optimal biomarker or combination for specific 
clinical practice and for informing the development of standardized 
diagnostics across various platforms.

Several limitations should be acknowledged. First, a subset of par
ticipants lacked p-tau217Fuji data due to sample availability or assay 
constraints, which may have introduced bias or reduced statistical 
power in some comparisons. Second, longitudinal PET data were not 
available, limiting our ability to track dynamic changes in Aβ and tau 
aggregations and to examine the temporal relationships between plasma 
biomarkers and disease progression. Third, the follow-up duration in our 
cohort was relatively short, restricting our ability to fully assess the 
predictive value of these biomarkers for long-term cognitive decline and 
clinical conversion. Finally, the variability of plasma biomarkers is 
influenced by residual confounding factors [51,52], such as vascular 
pathology and kidney dysfunction, beyond the demographics and clin
ical covariates adjusted for in this study. These factors should be noted in 
future observational studies. Thus, these findings should be further 
validated in larger and independent populations, especially those with 
longitudinal plasma and neuroimaging biomarker data. Moreover, our 
study focused on a Han Chinese aging population, which may limit the 
generalizability of our findings to individuals of other races or ethnic
ities, as plasma biomarkers may exhibit population-specific variation.

In conclusion, this study suggests that plasma p-tau217 is the most 

robust biomarker for AD-related pathological changes, outperforming 
plasma p-tau181 and p-tau231. The combinations with Aβ42 or the 
Aβ42/40 ratios may enhance the utility of p-tau in distinguishing Aβ 
deposition, neurodegeneration, and cognitive decline, particularly for p- 
tau181 and p-tau231. Our head-to-head comparisons underscore the 
potential relevance of plasma p-tau biomarkers, particularly when used 
in combination with Aβ42 or the Aβ42/40 ratio, as a sensitive and 
scalable biomarker for detecting early AD pathology, providing com
plementary information for early diagnosis and monitoring.
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