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Main text
Alzheimer’s disease (AD), the most prevalent form of 
dementia, is characterized by deposits of two abnormal 
proteins, namely amyloid-β (Aβ) and tau, in the brain. 
There is growing evidence for the clinical significance of 
plasma phosphorylated tau (p-tau) assays in detecting 
AD pathology [1, 2], similar to CSF and positron emis-
sion tomography (PET) biomarkers. Currently avail-
able immunoassays for plasma p-tau detect C-terminally 
truncated p-tau containing the N-terminus to the mid-
domain (N-p-tau) [2]. Plasma p-tau levels quantified 

using these N-p-tau assays, such as p-tau181, p-tau217, 
and p-tau231, can accurately differentiate between AD 
pathology and other tauopathies with high diagnostic 
accuracy [1, 2] and help predict future cognitive decline 
from prodromal phases [3]. However, one of the signifi-
cant problems in the clinical use of N-p-tau assays is their 
inability to be a surrogate marker for tau burden in the 
brain given that the measurements obtained had a more 
pronounced association with amyloid PET than with tau 
PET [4]. Therefore, the need for developing blood-based 
tau biomarkers strongly correlated with PET-detectable 
tau accumulations in the brain without being affected by 
amyloid accumulation remains unmet.

The present study aimed to develop a novel plasma 
p-tau biomarker which could accurately reflect the AD-
type tau burden in the brain captured by tau PET without 
being affected by amyloid accumulation, and could thus 
be interchangeable with tau PET imaging. We developed 
a novel mid-region-directed p-tau181 assay to detect 
both N- and C-terminally truncated p-tau181 fragments 
(mid-p-tau181), and validated its usefulness. The plasma 
mid-p-tau181 assay exhibited high analytical perfor-
mance (Additional file  1: Supplementary Materials and 
Methods, Fig. S1–S5; Additional file  2: Tables S1–S5). 
The demographics of the study participants (n = 164) is 
shown in Additional file 2: Table S6.
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We found a significant linear correlation between 
the plasma mid-p-tau181 level and the retention of tau 
PET tracer (18F-florzorotau aka PM-PBB3/APN-1607) 
in patients with AD continuum (Fig.  1a–c). Voxel-
wise analyses revealed a positive correlation between 
plasma mid-p-tau181 level and tracer binding in the 
temporal and parietal cortices (Fig.  1a; P < 0.05, cor-
rected for family-wise error [FWE]). This finding was 
corroborated by three different tau region-of-interest 
(ROI) imaging analyses: (1) the temporal meta-ROI 
[5], (2) the AD tau score [6], and (3) tau imaging-based 
Braak staging [5] (Additional file 1: Fig. S6, see Supple-
mentary Methods for detailed procedures). The plasma 
mid-p-tau181 level showed significant linear correla-
tions with the temporal meta-ROI standardized uptake 
value ratio (SUVR) (Fig.  1b, r = 0.506; P = 0.0003), AD 
tau score (Fig. 1b, r = 0.556; P = 0.0003), and SUVRs in 
the Braak stages III/IV (Fig. 1c, r = 0.403; P = 0.003) and 
V/VI (Fig. 1c, r = 0.508; P = 0.0003) but not Braak stage 
I/II (r = 0.216; P = 0.149) ROIs. These findings clearly 
demonstrate that the plasma mid-p-tau181 level could 
accurately reflect AD-related tau accumulation that 
spreads from the entorhinal cortex to the inferior tem-
poral lobe and then to the parieto-occipital regions of 
the neocortex, but not tau accumulation in the Braak 
I/II region. Conversely, the conventional N-p-tau181 
assay (Simoa pTau-181 Advantage V2.1 kit, Quanterix, 
MA) showed no significant linear correlations with tau 
PET tracer retention (Fig.  1d–f ). Voxel-based analysis 
revealed no significant correlation between the plasma 
and imaging parameters in the temporal cortex upon 
correction for multiple comparisons (P < 0.05, FWE-
corrected). Moreover, none of the three ROI-based 
analyses showed significant linear correlations with 
N-p-tau181 level (P > 0.05 after Bonferroni’s correc-
tion). Instead, inverse U-shaped nonlinear correlations 
were shown (Fig. 1e, f ). The list of the Akaike Informa-
tion Criterion (AIC) values used for selecting the fitting 
model for each region can be found in Additional file 2: 
Table S7.

Next, plasma p-tau181 levels determined by either the 
pre-established (N-p-tau181) or newly developed (mid-
p-tau181) assay were assessed for association with 11C-
PiB amyloid-PET and 18F-florzorotau tau-PET measures 
of pathology (Fig. 1g, h) in cognitively normal (CN) and 
AD continuum. Results showed that the plasma mid-p-
tau181 level was more strongly associated with tau PET 
accumulation than with amyloid, while the plasma N-p-
tau181 level was more strongly associated with amyloid 
PET accumulation than with tau (Fig. 1g). Multiple linear 
regression analysis also revealed that the plasma mid-
p-tau181 level was significantly influenced only by tau 
PET accumulation (Amyloid PET: P = 0.056; Tau PET: 
P < 0.0001, adjusted R2 = 0.450). Meanwhile, the plasma 
N-p-tau181 level was influenced by both amyloid and 
tau PET accumulation (Amyloid PET: P = 0.002; Tau PET: 
P = 0.020, adjusted R2 = 0.420) (Fig. 1h, Additional file 2: 
Table S8).

Next, we conducted receiver operating characteristic 
(ROC) curve analyses to determine the cutoff level of 
each plasma p-tau181 assay for discriminating between 
positive and negative amyloid/tau PET. The PET find-
ing classification was based on the cutoff values of Cen-
tiloid, imaging-based Braak staging, temporal meta-ROI 
SUVR, and AD tau score (Supplementary Methods). The 
cutoff values for the temporal meta-ROI SUVR and AD 
tau score were determined using ROC curve analyses in 
the current and previous studies [6], respectively (Addi-
tional file  2: Table  S9). Results showed that both p-tau 
concentrations were higher in amyloid-positive or tau-
positive cases compared to negative cases (Additional 
file  1: Fig. S7; P < 0.0001). Furthermore, the area under 
the ROC curve values for each p-tau181 assay differen-
tiating between amyloid/tau PET positivity and negativ-
ity all exceeded approximately 0.85 (Additional file  2: 
Table  S10). The cut-off value of N-p-tau for amyloid 
positivity was 2.20, while those for tau positivity ranged 
from 2.20 to 3.19, showing overlap between amyloid and 
tau discrimination. In contrast, the cut-off value of mid-
p-tau for amyloid positivity was 0.749, while those for 

Fig. 1  Correlations of plasma mid-p-tau or N-p-tau level with tau or amyloid PET in the subjects with AD continuum. a The correlation 
between plasma mid-p-tau181 level and 18F-florzorotau tau PET is depicted through its topographical representation (P < 0.05, FWE-corrected). b, 
c Scatter plots of the correlation between plasma mid-p-tau181 level and tau PET tracer accumulation in each ROI. Pearson’s correlation analysis 
was employed to calculate the r and P values. Statistical significance was established at P < 0.0125, corrected for multiple comparisons using 
the Bonferroni method. Regression analysis, indicated by a straight or curved line, depicts the preferred model, with its goodness of fit quantified 
using the R2 value. d Topographical representation of the correlation between plasma N-p-tau181 level and tau PET (P < 0.05, uncorrected). e, f 
Scatter plots of the correlation between plasma N-p-tau181 level and tau PET tracer accumulation in each ROI. The procedure for the correlation 
analysis was the same as that in b and c. g Topographical representation of the correlations of each plasma p-tau181 assay with amyloid- (left 
column) and tau- (right column) PET in the CN and AD continuum cohort (P < 0.05, FWE-corrected). h Bar graphs illustrating beta coefficient values 
of amyloid and tau PET in multiple liner regression analysis with each p-tau assay. *P < 0.05, **P < 0.005, ****P < 0.0005. P-values were corrected 
for multiple comparisons using Bonferonni correction with the number of explanatory variables

(See figure on next page.)
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tau positivity ranged from 1.62 to 1.76, with no overlap 
between pathology. Furthermore, mid-p-tau181 showed 
substantially higher specificity for tau-PET positiv-
ity (average 89.7%) compared to amyloid-PET positiv-
ity (60.5%). Meanwhile, N-p-tau181 exhibited almost 
equivalent specificities for amyloid- and tau-PET positiv-
ity (76.7% vs average 83.5%, Additional file 2: Table S10). 
These results indicate that N-p-tau is influenced by 
both amyloid and tau, rising relatively early in the dis-
ease course, whereas mid-p-tau is influenced only by 
tau and rises at a later stage (Additional file  1: Fig. S8). 
Consequently, mid-p-tau181 proves to be a more spe-
cific biomarker for tau pathology, demonstrating robust 
discriminative power with reference to PET-based 
classifications.

The results of current study demonstrate that plasma 
mid-p-tau181 could accurately reflect the AD-type tau 
burden in the brain captured by florzolotau without 
being affected by amyloid accumulation, and could thus 
have a high correlation with tau PET imaging as a blood-
based biomarker for detecting and staging PET-detecta-
ble AD tau pathologies in the brain.

Most current approaches for quantifying soluble 
p-tau via immunoassay predominantly target tau forms 
phosphorylated at positions 181, 217, or 231 and bear-
ing N-terminal epitopes [2]. Various non-clinical and 
clinical studies have suggested that an increase in those 
p-tau species in biofluids could be strongly associated 
with Aβ aggregation [2, 4]. Therefore, concentrations of 
N-terminally intact p-tau measured using conventional 
assays have been recognized as not a genuine tau marker 
that reflects PET-visible tau aggregations [4]. A previous 
study demonstrated that all plasma p-tau species meas-
ured by N-p-tau assays were more tightly associated with 
amyloid PET than tau PET [4]. Conversely, our mid-p-
tau181 assay strongly correlated with tau but not amy-
loid PET indices in AD brains. A detailed consideration 
of the differences between our mid-p-tau181 assay and 
conventional N-p-tau assays is provided in Additional 
file  1: Fig. S9, S10, and Discussion. The differences in 
performance between these assays might be influenced 
by the fragmentation of tau associated with tangle evo-
lution. N-terminal and C-terminal cleavages occur in tau 
proteins insolubilized and deposited in the brain, which 
has been postulated to play a role in tangle evolution 
[7]. Conventional N-p-tau assays might be incapable of 
assessing N-terminally truncated tau species that appears 
with tangle maturation [7], whereas our mid-p-tau assay 
may be less affected by such truncation (Additional file 1: 
Fig. S5). Since 18F-florzolotau exerts high sensitivity and 
specificity for tau versus amyloid aggregates in the AD 
continuum [8], the plasma mid-p-tau181 measurement 
offers the blood-based proper “T” biomarker in the ATN 

framework, corresponding to the AD-type tau accumu-
lation in tau PET scans. Moreover, the characteristics of 
mid-p-tau181 suggest its usefulness as a biomarker for 
predicting the therapeutic response to current disease-
modifying therapies targeting Aβ. The plasma mid-p-
tau181 could discriminate between tau-positive and 
-negative subjects with specificity greater than 85% and 
had a significant linear correlation with tau PET tracer 
retention in patients in the AD continuum. Therefore, 
plasma mid-p-tau181 analysis could identify patients 
with low-to-moderate tau burden who are more likely to 
benefit from Aβ-targeting therapies [9].

A limitation of the present study was that the sample 
size was modest, and longitudinal data were lacking. As 
such, clinical cohort studies assessing neuroimaging- and 
fluid-based biomarkers with a larger scale are required to 
justify the present findings and are underway.

The present study has demonstrated the capability of 
the newly developed plasma mid-p-tau181 assay for pur-
suing the dynamics of tau fragments in association with 
the tangle formation and for the biological staging of AD. 
Although tau fragments in the CSF have been measured 
and shown to correlate with tau pathologies [10], there 
are still unmet needs for implementing comprehensively 
validated blood-based biomarkers that accurately reflect 
cerebral tau burden with minimal interference by amy-
loid deposition. Our novel mid-p-tau assay potentially 
offers a biomarker with high accessibility and function-
ality for evaluating the evolution of neurodegenerative 
tau pathogenesis that has been investigated only by PET. 
Notwithstanding the necessity for additional proofs, 
this technology will also be applicable to the selection 
of patients most suitable for anti-Aβ therapies and the 
examination of efficacies of tau-targeting therapies.
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ROI	� Region of interest
SUVR	� Standardized uptake value ratios
ROC	� Receiver operating characteristic
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