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ARTICLE OPEN

Plasma phosphorylated-tau181 as a predictive biomarker for
Alzheimer’s amyloid, tau and FDG PET status
Xue-Ning Shen1, Yu-Yuan Huang1, Shi-Dong Chen1, Yu Guo2, Lan Tan2, Qiang Dong 1, Jin-Tai Yu 1✉ and Alzheimer’s Disease
Neuroimaging Initiative*

© The Author(s) 2021

Plasma phosphorylated-tau181 (p-tau181) showed the potential for Alzheimer’s diagnosis and prognosis, but its role in detecting
cerebral pathologies is unclear. We aimed to evaluate whether it could serve as a marker for Alzheimer’s pathology in the brain. A
total of 1189 participants with plasma p-tau181 and PET data of amyloid, tau or FDG PET were included from ADNI. Cross-sectional
relationships of plasma p-tau181 with PET biomarkers were tested. Longitudinally, we further investigated whether different
p-tau181 levels at baseline predicted different progression of Alzheimer’s pathological changes in the brain. We found plasma
p-tau181 significantly correlated with brain amyloid (Spearman ρ= 0.45, P < 0.0001), tau (0.25, P= 0.0003), and FDG PET uptakes
(−0.37, P < 0.0001), and increased along the Alzheimer’s continuum. Individually, plasma p-tau181 could detect abnormal amyloid,
tau pathologies and hypometabolism in the brain, similar with or even better than clinical indicators. The diagnostic accuracy of
plasma p-tau181 elevated significantly when combined with clinical information (AUC= 0.814 for amyloid PET, 0.773 for tau PET,
and 0.708 for FDG PET). Relationships of plasma p-tau181 with brain pathologies were partly or entirely mediated by the
corresponding CSF biomarkers. Besides, individuals with abnormal plasma p-tau181 level (>18.85 pg/ml) at baseline had a higher
risk of pathological progression in brain amyloid (HR: 2.32, 95%CI 1.32–4.08) and FDG PET (3.21, 95%CI 2.06–5.01) status. Plasma
p-tau181 may be a sensitive screening test for detecting brain pathologies, and serve as a predictive biomarker for Alzheimer’s
pathophysiology.

Translational Psychiatry          (2021) 11:585 ; https://doi.org/10.1038/s41398-021-01709-9

BACKGROUND
Amyloid accumulation, tau deposits and neurodegeneration are
the most representative pathological features of Alzheimer’s
disease (AD). Detection of these pathologies are vital for screening
out the target population at risk among people with intact
cognition or mild cognitive impairment (MCI). Positron emission
tomography (PET) and cerebrospinal fluid (CSF) are considered to
be the most effective methods for detecting and tracking
pathological changes in the brain. However, PET neuroimaging
as a sensitive technique is hard to be added into the clinical
practice due to its huge cost and radioactive burden [1].
Measurements of CSF biomarkers are also difficult to be employed
in large-scale screening, because of its invasiveness and the harsh
requirement for skilled operators [2]. There is a substantial need
for less invasive and lower cost biomarkers in the periphery, which
could be used in the clinical routine and community screening.
Currently, more researchers engage in the discovery of plasma
biomarkers to implement the biological definition of AD and to
enrich the target population for clinical trials [3, 4].
Most studies focused on the correlations between plasma

amyloid-β (Aβ) and clinical or pathologic aspects of AD [5–8],
whereas a few recent researches have shifted the focus to
plasma phosphorylated-tau (p-tau) [9–11]. Though peripheral
measurements of the phosphorylated-tau were still difficult at

present because of its low concentration, recent studies have
demonstrated that detection of this marker may be promising
[3]. It is found that plasma p-tau showed similar trajectory with
the CSF p-tau [12]. AD patients had increased levels of p-tau in
the plasma, while the combination of plasma and CSF
corresponding tau protein could obviously improve diagnostic
accuracy [9]. Besides, plasma p-tau and its combination with
amyloid were both significantly correlated with tau deposition in
the brain [13].
Plasma p-tau181 is currently under consideration to be

implemented in the clinical practice, for that it was proved to
elevate along with the clinical severity of AD [10]. It also tended to
be a sensitive and specific predictor for brain amyloidosis and tau
pathology [10, 14], differentiating AD from other neurodegenera-
tive disorders [14]. Yet there lack either CSF/PET information or
longitudinal data in previous studies, which limited the full insight
into the potential role of plasma p-tau181 in the pathological
process of AD. In the present study, we aimed at exploring
whether the plasma p-tau181: (1) correlated with amyloid PET, tau
PET and FDG PET which represented brain neurodegeneration; (2)
differentiated between PET status or across clinical diagnosis in
AD continuum; (3) could be used as a screening test for detecting
abnormal pathological changes in the brain; (4) could predict
pathological progression.
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MATERIALS AND METHODS
ADNI database
The Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a global and
multi-centered research project that actively supports the investigation
and development of treatments that slow or stop the progression of AD.
Funded as a private-public partnership, ADNI began in 2004, recruiting
participants who are followed and reassessed over time. In this study,
researchers track the disease progression of AD dementia in the human
brain, along with genetic, neuroimaging, biomarkers and clinical informa-
tion. This longitudinal research was approved by institutional review
boards at each site, and written informed consent was obtained on human
experimentation at each institution. More detailed information could be
sought at http://adni.loni.usc.edu/study-design.

Recruitment criteria for participants
Participants from ADNI were enrolled in this study if they possessed
available data as below: (1) plasma p-tau181 data, (2) amyloid, tau, or FDG
PET data, (3) clinical, genetic information and neuropsychological assess-
ments. AD patients were diagnosed as with the Mini-Mental State
Examination (MMSE) score of between 20 and 26, a global Clinical Dementia
Rating of 0.5 or 1 and a sum-of-boxes Clinical Dementia Rating (CDR-SB) of
1.0–9.0, conforming to the National Institute of Neurological and Commu-
nication Disorders/Alzheimer’s Disease and Related Disorders Association
criteria [15]. Patients diagnosed as amnestic MCI were those with the MMSE
score of between 24 to 30 and a CDR-SB score of at least 0.5. MCI patients
were further dichotomized into progressive or stable MCI groups, in which
the former patients conversed to AD dementia in two years from the first
measurements of plasma p-tau181 whereas the latter patients remained
stable during this period. Cognitively normal controls were defined as those
who had the MMSE score no less than 24 and a CDR-SB score of 0 or 0.5.

Plasma and CSF biomarker collection and measurement
Plasma p-tau181 data from ADNI was provided by the Clinical
Neurochemistry Laboratory, University of Gothenburg, Sweden. Plasma
p-tau181 was generated by the Single Molecule array (Simoa) technique,
analyzing by an in-house assay that used the combination of two
monoclonal antibodies (Tau12 and AT270) [14]. Data of CSF Aβ1–42, t-tau,
and p-tau181 were from the Department of Pathology & Laboratory
Medicine and Center for Neurodegenerative Diseases Research, Perelman
School of Medicine University of Pennsylvania (UPenn). They used the
automated Roche Elecsys and cobas e immunoassay analyzer system.
These measurements followed a Roche Study Protocol at the UPenn/ADNI
Biomarker Laboratory, according to the preliminary kit manufacturer’s
instructions and as described in previous studies [1, 16]. Data of plasma
Aβ42/40 ratio were provided by the Bateman Lab using a high precision
assay with the anti-Aβ mid-domain antibody on the automated
immunoprecipitation platform (uploaded on June 2019).

PET imaging acquisition and processing
Data of brain amyloid PET were acquired by the florbetapir (AV-45) tracer,
and the summary data are regularly updated on the website of ADNI. The
native-space MRI scans of participants were segmented by the Freesurfer
(version 4.5.0). The mean uptakes of selected cortical and reference regions
were then measured with the florbetapir scans which were applied to the
MRI scans, correspondingly. Summary florbetapir standard uptake value
ratios (SUVRs) were generated by averaging uptake ratios across four
cortical regions (frontal, anterior/posterior cingulate, lateral parietal and
lateral temporal regions) and then normalizing it by the reference region
(whole cerebellum). Brain tau deposit was measured via the flortaucipir
(AV-1451) processing method from the Helen Wills Neuroscience Institute,
UC Berkeley and Lawrence Berkeley National Laboratory. We chose the
composite metaROI of bilateral entorhinal, amygdala, fusiform, parahippo-
campal, inferior, and middle temporal regions for the tau PET evaluation
[17]. To define the hypometabolic regions which were indicative of AD-
related pathological metabolic change, FDG PET data were selected. A set
of regions of interest (MetaROIs) were developed according to the
literature review of FDG-PET studies on AD and MCI [18, 19]. The average
counts of FDG PET across angular, temporal and posterior cingulate
regions were adopted. Data of structural MRI was obtained by the Siemens
Trio scanner and estimates of selected region volume were measured
using Free-surfer software. The cutoffs for categories of brain amyloid, tau,
and FDG PET were listed as below: 1.11 for florbetapir SUVR, 1.37 for
flortaucipir metaROI SUVR [20], and 1.21 for FDG PET [18].

Statistical analysis
All statistical analyses were conducted by R software (version 3.4.4).
Characteristics of the cohort were presented as mean (standard deviation,
SD) or number (percentage, %) when appropriate. Differences for
continuous variables cross groups were assessed by the Kruskal-Wallis
test and those for categorical data were evaluated by the chi-square test or
Cochran–Mantel–Haenszel test. The Spearman’s rank correlation tested
correlations of plasma p-tau181 with amyloid, tau, and FDG PET. The
receiver operating curves (ROCs) comparing cohort subsets provided the
area under the curves (AUCs) for a diagnosis of amyloid, tau, or FDG PET
positivity. AUC, sensitivity, specificity, positive predictive value (PPV) and
negative predictive value (NPV) at each optimal cutoff value were applied
to assess the biomarker performance. Logistic regression model analyses
were used when evaluating the diagnostic performance of plasma
p-tau181 combined with clinical and genetic information (age, gender,
years of education and APOE ɛ4 genotype). Differences between ROCs
were tested by the DeLong’s test. ROC curves and the logistic regression
(LR) analysis was carried out using the “OptimalCutpoints” and “pROC”
packages in R. We also explored whether the relationships between
plasma p-tau181 and PET biomarkers were mediated by CSF biomarkers,
including Aβ1-42, total tau (t-tau), and p-tau. Mediation analyses were
performed with the package “mediation” in R. Effects of CSF biomarkers
and plasma p-tau181 on PET biomarkers were tested in the linear
regression models, adjusted for age, gender, years of education and APOE
ɛ4 genotype. Baron and Kenny proposed the methods which supported
the linear regression models fitted [21]. For longitudinal analyses, baseline
plasma p-tau181 were roughly dichotomized (PTAU+/PTAU−) by defining
the cutoff that could best discriminate AD patients with Aβ-positivity from
those normal subjects with Aβ-negativity. The ending events were defined
as conversion from Aβ PET− to Aβ PET+, or conversion from FDG PET− to
FDG PET+. In longitudinal analyses, we excluded borderline cases and
reset the cutoffs that were ±5% from the original cutoffs to avoid drawing
conclusions based on borderline cases [22, 23]. Unadjusted Kaplan–Meier
plots were constructed to assess the risk of PTAU+/PTAU− groups
progressing from PET biomarker negativity to positivity. Besides, we ran
univariate and multivariate Cox proportional-hazards models to predict
pathological progression. Age, gender, years of education and APOE ɛ4
genotype were included as covariates in the multivariate models. The
statistical significance of all tests was set at a two-sided P value <0.05.

RESULTS
Description of the study cohort
Demographic characteristics of the study cohort are summarized in
Table 1, including clinical features and APOE genotype. A total of
1189 participants were enrolled, among which 1060 participants
had data of amyloid PET, 195 had tau PET and 1085 had FDG PET
(Table 1). Participants with abnormal uptake of PET tracer (PET+)
presented to be older than those without (P < 0.05). The FDG-PET+
group had a larger proportion of male participants than the FDG-
PET− group (P= 0.007), whereas amyloid-PET and tau-PET groups
did not show significant difference in gender ratios. All PET+
groups showed significantly higher proportions of APOE ɛ4 carriers
and poorer cognition performance, compared to the correspond-
ing PET− groups (Table 1). Amyloid-PET+ and FDG-PET+ groups
had more AD patients than PET− participants (28.0% versus 5.0%,
and 38.9% versus 4.2%, respectively; P < 0.05, Table 1).
Figure 1 demonstrated mean differences of plasma p-tau181

concentrations between PET groups and among diagnostic
groups. Amyloid-PET+ participants had increased levels of plasma
p-tau181 than amyloid-PET− individuals (21.6 ± 9.9 versus 14.4 ±
9.9 pg/ml, P < 0.0001; Fig. 1A). Tau-PET+ group showed a higher
level of plasma p-tau181 than the tau-PET− group (20.9 ± 7.8
versus 15.5 ± 9.3 pg/ml, P= 0.0003; Fig. 1B). FDG-PET+ individuals
also illustrated an elevated concentration compared with those
with FDG-PET− (21.4 ± 10.3 versus 16.2 ± 10.1 pg/ml, P < 0.0001;
Fig. 1C). AD patients (23.7 ± 8.8 pg/ml) and pMCI subjects (24.4 ±
15.4 pg/ml) had significantly higher levels of plasma p-tau181 than
sMCI subjects (17.5 ± 10.9 pg/ml) and CN individuals (17.1 ±
25.4 pg/ml) (P < 0.001), whereas no difference was found between
AD and pMCI patients (P > 0.05) (Fig. 1D). Considering amyloid
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status, individuals with Aβ-PET-positivity had increased plasma
p-tau181 compared with those with Aβ-PET-negativity, separately
in CN (18.0 ± 7.7 vs. 16.7 ± 30.2 pg/ml), sMCI (20.5 ± 9.7 vs. 13.9 ±
9.3 pg/ml), and pMCI (27.5 ± 16.3 vs. 12.6 ± 4.3 pg/ml) subgroups
(P < 0.05; Fig. 1E).

Relationships between plasma p-tau181 and PET biomarkers
As shown in Fig. 2, plasma p-tau181 was positively correlated with
the summary SUVRs of amyloid florbetapir tracer (Spearman ρ=
0.45, P < 0.0001; Fig. 2A) and tau flortaucipir tracer (Spearman ρ=
0.25, P= 0.0003; Fig. 2B). A significantly negative relationship was
demonstrated between plasma p-tau181 and FDG glucose
metabolism (Spearman ρ=−0.37, P < 0.0001; Fig. 2C).

Furthermore, plasma p-tau181 correlated significantly with the
cortical amyloid burden in Aβ-positive subjects (Spearman ρ=
0.30, P < 0.0001), while there was no statistical association in
Aβ-negative subjects (Spearman ρ=−0.017, P= 0.72). Separately
in subjects with or without abnormal tau deposition, no statistical
correlations were observed between plasma p-tau181 concentra-
tion and metaROI flortaucipir SUVR (Spearman ρ= 0.11, P= 0.59;
Spearman ρ= 0.14, P= 0.077, respectively). Among individuals
with reduced glucose metabolism, plasma p-tau181 had an
inverse link to metaROI FDG glucose metabolism (Spearman
ρ=−0.31, P < 0.0001). This link tended to be slightly weaker in
those without abnormal brain metabolism (Spearman ρ=−0.21,
P < 0.0001).

Fig. 1 Plasma p-tau181 plots for PET and clinical classification groups. Box plots of plasma p-tau181 concentration between amyloid PET
groups (A), tau PET groups (B), FDG PET groups (C), clinical diagnostic groups (D), or clinical classification combined with Aβ status (E). Raw
data are presented on the box-and-whisker plot background. The middle line represents the median, and the upper and lower lines represent
the first and third quartiles, respectively. Patients with mild cognitive impairment were excluded if they had a follow-up time less than 2 years.
CN cognitively normal control, sMCI stable mild cognitive impairment, pMCI progressive mild cognitive impairment, AD Alzheimer’s disease.

Table 1. Demographic features of the population in the present study.

Aβ-PET - Aβ-PET+ P value Tau PET - Tau PET+ P value FDG-PET - FDG-PET+ P value

N 500 560 - 171 24 - 671 414 -

Age, y 72.7 (7.7) 74.4 (7.2) <0.001 71.5 (7.1) 74.6 (5.7) 0.024 72.7 (7.3) 75.3 (7.6) <0.001

Gender, female 224 (44.8) 269 (48.0) 0.292 81 (47.4) 14 (58.3) 0.315 332 (49.5) 170 (41.1) 0.007

Education level, y 16.6 (2.5) 15.9 (2.8) <0.001 16.5 (2.6) 16.0 (3.0) 0.435 16.3 (2.6) 15.9 (2.8) 0.044

APOE ɛ4 carriers 104 (20.8) 359 (64.1) <0.001 60 (35.0) 14 (58.3) 0.033 234 (34.9) 240 (58.0) <0.001

MMSE score 28.5 (2.0) 26.5 (3.3) <0.001 28.4 (2.2) 26.3 (3.5) <0.001 28.5 (1.9) 25.7 (3.6) <0.001

CN/sMCI/pMCI/AD 245/222/8/25 116/218/69/157 <0.001 97/69/4/1 8/11/4/1 0.002 298/322/23/28 73/123/57/161 <0.001

Notes: Data are presented as mean (SD) or number (percentage) when appropriate. Abbreviations: Aβ, amyloid-β; PET, positron emission tomography; CN,
cognitively normal; sMCI, stable mild cognitive impairment; pMCI, progressive mild cognitive impairment; AD, Alzheimer’s disease.
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Discriminative accuracy of plasma p-tau181 for PET status
ROC analyses for plasma p-tau181 in discriminating brain
pathologic changes presented by PET biomarkers were shown in
Fig. 2. When we evaluated the diagnostic performance of plasma
p-tau181, the ROC curves demonstrated an AUC of 0.755 (95%CI
0.721–0.781) for discriminating Aβ PET-positivity versus PET-
negativity, an AUC of 0.728 (95%CI 0.642–0.814) for tau PET, and
that of 0.672 (95%CI 0.639–0.705) for FDG PET (Supplementary). In
the whole cohort sample, the adjusted models combining plasma
p-tau181 and clinical information (age, gender, years of education,
and APOE ɛ4 carriage) had moderately better performance for
Aβ-PET positivity versus negativity than the model only containing
clinical information (AUC 0.814 versus AUC 0.782, DeLong method
test P < 0.001; Fig. 2D). Similar, albeit slightly weaker, performance
was seen in predicting FDG PET status (AUC 0.708 versus AUC
0.686, DeLong method test P= 0.005; Fig. 2F). The comparison did
not reach conventional statistical significance for tau PET status
(AUC 0.773 versus AUC 0.733, DeLong method test P= 0.055; Fig.
2E). Concrete diagnostic performance (sensitivity, specificity, PPV,
and NPV) of each individual and combined models were shown in
the supplementary materials. Furthermore, we explored the
performance of plasma p-tau181 combined with Aβ42/40 ratio
in a subgroup of 183 subjects. Diagnostic accuracy had slight
increments using the combined plasma markers (for Aβ PET
status: AUC 0.701 vs. 0.786; for FDG PET status: AUC 0.607 vs.
0.642; no available data for tau PET). Given the small sample size,
results of this subgroup should be interpreted with caution.

CSF biomarkers statistically mediates the association between
plasma p-tau181 and PET biomarkers
We performed mediation analyses to investigate whether plasma
p-tau181 contributed to the prediction of Alzheimer’s pathologies
assessed by PET via biomarkers in CSF. We found that CSF
biomarkers, including Aβ1–42, p-tau, and t-tau, mediated the effect
of plasma p-tau181 on amyloid PET with 29.6%, 30.4%, and 38.0%
mediation, respectively (Fig. 3A). Using CSF p-tau or t-tau as the

predictors, the effect of plasma p-tau181 on tau PET showed a full
mediation (53.9% and 30.9%, respectively), as the effect was
reduced from highly significant (P < 0.0001) to reach or near non-
significance (P= 0.20, P= 0.046, respectively; Fig. 3B). However,
there was no mediating effect of CSF Aβ1–42 (Fig. 3B). Similarly,
these three kinds of CSF biomarkers all presented partial
mediation for the influence of plasma p-tau181 on FDG PET, with
moderate mediated proportions (28.8%, 30.4%, and 25.7%,
respectively; Fig. 3C).

Plasma p-tau181 predicts future amyloid and FDG PET
progression
Following the findings that increased plasma p-tau181 appeared
to correlated with changes in amyloid, tau, and FDG PET, we
further tested whether it could predict the pathological progres-
sion in the brain over time. Subsets of individuals with normal
amyloid, tau and FDG PET uptake were used to test whether
abnormal plasma p-tau181 at baseline could predict a subsequent
deterioration in pathologies. Participants with eligible plasma data
and clinical diagnosis were enrolled for evaluation of the cutoff
point for plasma p-tau181 after the procedures of quality control.
Descriptive characteristics of this cohort were described in the
Supplementary. ROC analyses of Aβ-positive AD patients versus
Aβ-negative normal controls provided the statistically optimal
cutoff for plasma p-tau181 (Supplementary). The cutoff for plasma
p-tau181 was 18.85 pg/ml with an AUC of 0.840 (95%CI 0.80–0.88;
sensitivity 81.1% and specificity 81.6%). This cutoff value had a
promising negative predictive value of 86.4%, and a logistic
regression AUC of 0.850 after adjusting for age, gender, years of
education and APOE genotype.
Participants with normal PET uptake at baseline were included

and categorized into two groups by the cut-point of plasma
p-tau181 (18.85 pg/ml). A subcohort of 438 individuals who had
normal Aβ PET at baseline underwent at least once Aβ PET scan
during follow-up periods. Fifty-four subjects (12.3%) converted to
Aβ PET-positive over the follow-up period while others remained

Fig. 2 Relationships of plasma p-tau181 concentration with brain PET uptakes. Scatter fitting curves (A–C) plot the associations of plasma
p-tau181 concentration with brain amyloid (A), tau (B), and FDG (C) PET uptakes. Statistical results were generated by the Spearman
correlation analyses, and the corresponding curves were roughly smoothed to show directionality. Blue points represent plasma p-tau181
levels of individuals with normal PET uptakes, whereas red points represent those of individuals with abnormal PET uptakes. ROC curves (D–F)
illustrate the performance of plasma p-tau181 in discriminating brain pathological changes (D for detecting the abnormal amyloid PET, E for
detecting the abnormal tau PET, and F for detecting the abnormal FDG PET). The blue line represents the performance of the clinical model,
consisting of age, gender, years of education, and APOE ɛ4 carriage. The red line represents the performance of the adjusted model which
combined plasma p-tau181 and the clinical indicators including age, gender, years of education, and APOE ɛ4 carriage. ROC receiver operating
characteristic; AUC area under the curve.
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negative. Among these, individuals with baseline abnormal
p-tau181 in the plasma (PTAU+) had a higher risk of conversion
from Aβ PET-negativity to PET-positivity (P= 0.0028, Fig. 4A),
compared with those with normal plasma levels of p-tau181 at

baseline (PTAU−). PTAU+ individuals had a larger proportion rate
than the PTAU− group (20.5% vs. 10.3%, Supplementary). A
subset of 456 individuals were FDG PET-normal at baseline, of
which 81 (17.8%) converted to FDG PET abnormality during the

Fig. 3 Mediation analyses with brain PET uptakes as pathological outcomes. The relationships of plasma p-tau181 with brain amyloid PET
uptake (A), tau PET uptake (B), and FDG PET uptake (C) were mediated by CSF biomarkers. IE indirect effect, DE direct effect.

Fig. 4 Relationships of baseline plasma p-tau181 level with the risk of pathological progression. Unadjusted Kaplan–Meier plots show the
risk of conversion from amyloid PET negative to amyloid PET positive (A), and from FDG PET negative to FDG PET positive (B) between
baseline plasma p-tau181 status. PTAU−, individuals with baseline plasma p-tau181 concentration less than 18.85 pg/ml; PTAU+, individuals
with baseline plasma p-tau181 concentration more than 18.85 pg/ml.

X.-N. Shen et al.

5

Translational Psychiatry          (2021) 11:585 



follow-up period. PTAU+ subjects showed an increased risk of
conversion to FDG PET abnormality compared with PTAU−
individuals (P < 0.0001, Fig. 4B; conversion rate: 30.7% vs. 12.0%,
Supplementary).

DISCUSSION
In the present study, we aimed to evaluate the potential role of
plasma p-tau181 in predicting brain amyloid, tau, and neurode-
generation pathologies presented by the PET technique. We
found that the plasma levels of p-tau181 elevated in response to
the deterioration of brain pathological changes in the process of
AD, which were partly or entirely mediated by CSF biomarkers.
Longitudinally, plasma p-tau181 could serve as a progression
marker for the Alzheimer’s pathological processes.
Our data comprehensively demonstrated that elevated

p-tau181 levels in the periphery were obviously correlated with
Alzheimer’s pathological changes in the brain, including abnormal
amyloid accumulation, tau deposition and neurodegeneration
presented by the decreased glucose metabolism in the brain.
Participants with abnormal amyloid, tau burden and hypometa-
bolism in the brain had significantly higher levels of plasma p-
tau181, in comparison to those who had normal PET uptakes.
Similar findings were proved in other studies which tested plasma
biomarkers including p-tau181 [10, 14, 24]. But differently, they
lack the evaluation of the possible relationship between plasma
p-tau181 and brain neurodegeneration, or chose cortical thickness
as the predictor for neuronal injury or neurodegeneration, and
reported diverse outcomes. Mielke et al. did not find the possible
correlation of plasma p-tau181 with cortical thickness in the AD-
featured brain regions [10], whereas the recent study suggested
that peripheral p-tau181 level predicted the hippocampal atrophy
during a 1-year follow-up period [14]. In our cohort, plasma
p-tau181 not only had a cross-sectional relationship with brain
neurodegeneration measured by glucose metabolism of metaR-
OIs, but also served as a predictor for neurodegenerative
progression. This finding replenished and validated the potential
role of plasma p-tau181 as a biomarker for Alzheimer’s
pathologies in the brain.
Plasma p-tau181 increased already in the preclinical and

prodromal stages of AD prior to the clinical cognitive deteriora-
tion, even when measuring plasma samples collected ahead of
negative tau PET scans. It has been previously proved that plasma
p-tau181 elevated along the Alzheimer’s continuum from
preclinical stage to clinical dementia phase [25, 26]. In the present
cohort, we categorized the MCI patients into stable MCI (sMCI) and
progressive MCI (pMCI) subgroups by whether they conversed to
AD dementia in a two-year follow-up period. The clinical
subdivision of MCI individuals helped to define the exact
distribution of plasma p-tau181 across diagnostic groups. AD
and pMCI patients had significantly higher levels of plasma
p-tau181 than sMCI patients and cognitively normal controls.
However, no difference was found between AD patients and pMCI
individuals. Thus, it was reasonable to suspect that the patholo-
gical increment of plasma p-tau181 occurred in the early stages of
the AD continuum, prior to the clinical cognitive deterioration. To
further explore this, we added brain Aβ pathology as a
stratification factor for that it was acknowledged as the most
featured pathology of AD. In both MCI patients and cognitively
normal controls, Aβ-positive individuals proved to have obviously
increased levels of plasma p-tau181 than Aβ-negative individuals.
Also, MCI patients with Aβ-positivity possessed an increment of
peripheral p-tau181 compared to cognitively normal controls with
Aβ-positivity. Other cohorts also explored the differences of
plasma tau measures by both clinical diagnosis and Aβ PET
[10, 14, 27], but they lacked analysis stratified by clinical
conversion and observed no statistical difference between the
CU A+ and A− groups or the CU and MCI A+ groups [10]. In total,

PET-positive individuals all showed significantly elevated concen-
trations of plasma p-tau181, with approximate increments of
30–50% compared to PET-negative groups. These observations
also implemented recent findings showing that plasma biomarker
profiles including p-tau181 could predict clinical progression in
preclinical and prodromal patients [25].
Both individually and combined with clinical indicators, plasma

p-tau181 significantly detected amyloid, tau and neurodegenera-
tion pathologies in the brain. In this cohort, we found the
relatively good performance of plasma p-tau181 for distinguishing
abnormal uptakes of Aβ, tau and FDG PET from the normal. These
performances were similar to or even better than the combined
diagnostic capacity of age, gender, education and APOE genotype
in discriminating PET abnormality from the normal. Moreover, the
combined model consisting of both plasma p-tau181 and clinical
indicators proved to be more accurate for Alzheimer’s pathologi-
cal definition than the model which merely had clinical informa-
tion. In our cohort, the predictive accuracy of plasma p-tau181 for
increased brain amyloid burden was very close to that from the
Mayo Clinic data [10], suggesting a stable discriminative
performance of plasma p-tau181 in different cohorts. We also
found that plasma p-tau181 could detect abnormal tau deposition
with moderate accuracy. This finding was in line with the recent
studies, which investigated the usefulness of plasma p-tau181 for
differential diagnosis [13, 25]. Janelidze et al. conducted ROC
analyses separately in Braak I-IV ROI and Braak V-VI ROI [28].
Compared with our cohort, their study reported slightly better
diagnostic performance of plasma p-tau181 in the Braak I-IV ROI
(AUC 0.86, 95%CI 0.80–0.92) which tends to represent the early
stage of tau pathology process in AD [28]. And the diagnostic
capacity demonstrated to grow even larger in the Braak V-VI ROI
(AUC 0.90, 95%CI 0.84–0.96) which indicated more severe tau
pathology [28]. The diagnostic performance of plasma p-tau181 in
our cohort was similar to that of Park et al., with both high
sensitivity (AUC 0.731, sensitivity 93.33%) [13]. Besides, plasma
p-tau181 showed moderate diagnostic ability in detecting
hypometabolism of metaROIs in the brain. When combined with
plasma β-amyloid, the diagnostic performance of plasma p-tau181
had only slight increase in detecting cerebral Alzheimer’s
pathologies. These results were similar to a previous study, which
provided that combination of plasma tau and β-amyloid might be
slightly better in predicting brain tau pathology and neurode-
generation [13]. These findings indicated that though single
plasma p-tau181 might not be the most preferred approach for
AD, it was highly efficient in detecting AD pathology. However,
considering the small sample size in both ours and the previous
study [13], comparisons of plasma p-tau181 and its combination
with other plasma markers are needed to be explored in more
large, multi-centered studies in the future. Additionally, in part or
in whole, we found that pathological changes of amyloid, tau in
CSF outstandingly mediated the role of peripheral p-tau181 in
detecting Alzheimer’s pathologies in the brain. These findings also
supported the previously published points of view that the
breakdown or dysfunction of the blood-brain barrier was
associated with the pathogenesis of complex multifactorial
diseased which included AD [29, 30]. All these findings indicated
an exciting role of peripheral p-tau181 for detecting Alzheimer’s
pathologies in the central nervous system.
Furthermore, our previous study has demonstrated that the

plasma p-tau181 could be utilized as a progression marker for
clinical conversion and cognitive decline [31], and the present
findings proved that it was also specific for the AD pathophysio-
logical processes. Individuals with abnormal plasma p-tau181
levels were at higher risk of deterioration of brain amyloidosis and
neurodegeneration exceeding the critical boundaries. Due to long
time intervals between plasma samples and tau PET scans in the
vast majority of participants, survival analyses were not conducted
for tau PET conversion. Additionally in a recent study by our team,
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we observed that plasma p-tau181 increased on the single patient
level over time as the disease progressed [32]. It was also
confirmed that plasma p-tau181 was longitudinally correlated
with AD-related CSF and PET neuroimaging biomarkers, both in
the whole population or in subgroups defined by ATN classifica-
tions and cognitive status [32]. Together, these findings supported
the effectiveness of plasma p-tau181 in monitoring pathological
changes during the course of AD. Previous studies mainly focused
on the conversion of clinical outcomes [25], but lack further
insight into the role of plasma p-tau181 in predicting the
pathological changes of AD. Our study filled the gap in this area,
and suggesting that the plasma p-tau181 had the potential to
serve as a sufficient biomarker for tracking the Alzheimer’s
pathological process. Future studies on tau PET are warranted to
expand validation results.
The present study has limitations. Though plasma biomarker

profiles have advantages over PET or CSF measurements, at
present, advance in this field was confined due to different
experimental methods, clinical population across laboratories and
lack of reproductivity. Our study cohort did not have individuals
due to non-AD dementia, which hampered the assessments of
plasma p-tau181 in discriminating AD versus other kinds of
dementia [3, 11]. There also lack sufficient longitudinal data to
further evaluate the potential role of plasma p-tau181 for
predicting brain tau deposits measured by PET. Besides in the
present cohort, only 24 subjects were defined as tau PET-positivity,
which limited the precise evaluation in detecting brain tau
deposition. Given the small sample size, more comprehensive
research in larger cohorts are required to define the diagnostic
potential of plasma p-tau181 for brain tau pathology.
In total, we suggested that plasma p-tau181 could be utilized as

the preliminary and practical test for the detection of Alzheimer’s
pathology. This measurement could help ruling out the patholo-
gical definition of AD, and guide the population screening and
therapy monitoring for disease-modifying trials. Future validation
research is demanded in larger, more diverse population to
confirm these findings and provide more insight into this plasma
biomarker over longer periods of disease progression.
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