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Abstract

Plasma phosphorylated tau 181 (P-tau181) and 217 (P-tau217) are indicators of both amyloid 

and tau pathology in clinical settings, but their performance in heterogeneous community-based 

populations is unclear. We examined P-tau181 and P-tau217 (N=1,329, aged 30 to 98 years), in 

the population-based Mayo Clinic Study of Aging. Continuous, unadjusted, plasma P-tau181 and 

P-tau217 predicted abnormal amyloid PET (AUROC=0.81–0.86) and tau PET entorhinal cortex 

(AUROC>0.80), but was less predictive of a tau PET temporal region of interest (AUROC<0.70). 

Multiple comorbidities were associated with higher plasma P-tau181 and P-tau217 levels; the 

difference between participants with versus without chronic kidney disease (CKD) was similar to 

participants with versus without elevated brain amyloid. The exclusion of participants with CKD 

and other comorbidities effected the establishment of a normal reference range and cut-points. 
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Understanding the impact of comorbidities on P-tau181 and P-tau217 levels is important for their 

future interpretation in the context of clinical screening, diagnosis, or prognosis at the population 

level.

Introduction

Several studies have reported that plasma phosphorylated tau 181 (P-tau181) and 217 (P-

tau217) are indicators of both amyloid and tau pathology across the clinical Alzheimer’s 

disease (AD) spectrum and can differentiate AD dementia from other neurodegenerative 

diseases including frontotemporal lobe dementia1–11. Some studies suggest that P-tau217 

has better discriminative accuracy for AD dementia than P-tau1815,8. However, these studies 

have primarily utilized clinical cohorts of patients with subjective memory complaints, mild 

cognitive impairment (MCI) or AD dementia. A major benefit of the use of blood-based 

biomarkers in screening for AD pathology, or diagnosis, is that collection of blood is less 

invasive and costly than cerebrospinal fluid or neuroimaging markers, and more feasible at 

the primary care levels where most individuals will present with cognitive symptoms12,13. 

Thus, there is a need to better understand the predictive value of plasma P-tau181 and 

P-tau217 in community-based populations.

Community-based studies are also more heterogenous, with participants often exhibiting 

more comorbidities than those enrolled in more clinically-based studies. As blood-based 

biomarkers of AD pathology enter clinical use, it is essential to understand what factors 

influence the levels of these blood biomarkers for interpretation of the results14,15. This 

is particularly important for the establishment of reference ranges. For example, it is 

important to understand whether levels differ with age and by sex, or whether conditions 

such as chronic kidney disease (CKD), which can affect the clearance of proteins, should be 

considered. Moreover, continuous plasma P-tau variables have been utilized for prediction of 

AD pathology in studies to date. The development of cutpoints for screening or diagnostic 

purposes is needed. Ultimately P-tau cutpoints will vary based on the specific assay and 

platform utilized. However, understanding who the reference population should be and 

whether certain medical conditions need to be considered in the interpretation of the plasma 

P-tau level will be relevant to all.

In the present analysis of 1,329 participants, aged 30 to 98 years, enrolled in the population-

based Mayo Clinic Study of Aging (MCSA), we had several goals. First, we sought to 

identify what factors (e.g., age, APOE, comorbidities) might affect the interpretation of 

plasma P-tau181 and P-tau217 in a large community-based sample. Second, we examined 

the predictive accuracy of continuous plasma P-tau181 and P-tau217 for amyloid and 

tau PET in a large community-based sample. Last, we determined whether the factors 

found to be associated with plasma P-tau181 and P-tau217 will need to be considered 

in the development of cutpoints for predicting amyloid and tau PET. To further examine 

the temporality of the P-tau biomarkers to AD pathology, we examined tau PET in the 

entorhinal cortex (ERC) to assess the earliest neurofibrillary tangle pathology, as well as tau 

PET in a meta region of interest (ROI) to assess an area slightly later affected.
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Results

Participant characteristics.

The characteristics of the 1,329 MCSA participants, by clinical diagnosis, are shown in 

Table 1. The median age (IQR; range) of the cohort was 73.2 (53.5, 81.3; 30.7, 97.9) 

years, 730 (54.9%) were male, and 26.6% had an APOE ε4 allele. There were 153 

(11.5%) participants with a clinical diagnosis of MCI and 15 (1.1%) with dementia (10 

AD dementia, 2 Lewy body dementia, 1 other dementia, and 2 indeterminate). Of the 1,329 

participants, 1,051 (79.1%) had a concurrent amyloid PET scan with the plasma P-tau 

measures. There were 495 (37.2%) participants with a concurrent tau PET scan, all of whom 

also had amyloid PET. We dichotomized participants as A+ based on a cutoff of >1.48 

standard uptake value ratio (SUVR) using the reliable worsening method16. Participants 

were dichotomized as T+ based on the tau PET temporal meta ROI defined as >1.29 SUVR 

and entorhinal cortex (ERC) defined as >1.27 SUVR based on autopsy diagnosis and Braak 

NFT stage17.

Plasma ptau with clinical diagnosis and amyloid or tau PET.

Plasma P-tau181 and P-tau217 were highly correlated (Spearman rho = 0.80, P < 0.001). 

Similar to previous reports, median levels of plasma P-tau181 and P-tau217 were higher 

among those with MCI versus CU (P-tau181: 1.61 versus 1.00, P < 0.001; P-tau217: 0.24 

versus 0.14, P < 0.001) or dementia versus CU (P-tau181: 2.04 versus 1.00, P < 0.001; 

P-tau217: 0.40 versus 0.14, P < 0.001). For dementia versus MCI, median levels of P-tau181 

(2.04 versus 1.61, P = 0.130) and P-tau217 (0.40 versus 0.24, P = 0.080) did not differ 

(Table 1). Further, within each clinical diagnosis (except for P-tau181 and dementia), both 

plasma P-tau181 and P-tau217 were significantly higher among those with elevated brain 

amyloid (A+) compared to those without (A−) (Table 2 and Extended Data Fig. 1). Among 

the CU and MCI participants with both amyloid and tau PET, P-tau181 and P-tau217 levels 

stratified by amyloid (A) and tau (T) (based on the tau PET temporal meta ROI) are shown 

in Extended Data Fig. 2 and Supplementary Table 1. Among CU and MCI combined and 

CU only, the A+T+ group had higher levels of both P-tau181 and P-tau217 compared to 

each of the three other groups (A−T−, A+T−, A−T+). Participants who were A+T− had 

significantly higher levels than A−T− and A−T+. Median levels of P-tau181 and P- tau217 

did not differ by AT status among MCI only, but the sample size was small (N = 32).

Accuracy of P-tau181 and P-tau217 for amyloid and tau PET.

Supplementary Tables 2–4 provide the accuracy of continuous measures of P-tau181 and 

P-tau217 for abnormal amyloid PET, tau PET temporal meta ROI, and ERC tau PET. Plasma 

P-tau217 more accurately predicted abnormal amyloid PET (A+) than P-tau181 (area under 

the receiver operating characteristic [AUROC]: 0.855 versus 0.805, P < 0.001). Although 

P-tau217 was also more predictive than P-tau181 for tau PET temporal meta ROI (AUROC 

0.694 versus 0.660, P = 0.133) and tau PET ERC (AUROC 0.857 versus 0.827, P = 0.155), 

the results were not statistically significant. Adding age, sex, and APOE to the model 

with either plasma P-tau181 or P-tau217 significantly increased the accuracy of predicting 

abnormal amyloid PET and tau PET ERC, but not tau PET temporal meta ROI. In fact, for 

tau PET temporal meta ROI, the combination of age, sex, and APOE was a significantly 
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better predictor than P-tau 181 (AUROC 0.788 versus 0.660, P < 0.001) or P-217 (AUROC 

0.788 versus 0.694, P < 0.001) alone.

Associations of plasma ptau with age.

Examining plasma P-tau181 and P-tau217 levels from the age of 30 to 98 years, both 

biomarkers increased with age starting between the ages of 65 and 70 (Fig. 1A). However, 

in additional analyses stratified by amyloid PET status, the increase in both P-tau markers 

with age was markedly increased for A+ compared to A− participants (Fig. 1B). There was 

a significant difference for slope of P-tau181 with age for A+ versus A− participants (0.43 

versus 0.06, P < 0.001). This corresponded to a 7.2-fold greater increase with age for A+ 

versus A− participants. For P-tau217, the slope was also higher for A+ versus A− (0.48 

versus 0.04, P < 0.001) such that P-tau217 levels increased with age 12 times faster in A+ 

participants compared to A− participants.

Associations of plasma ptau with other covariates.

We next examined the associations of plasma P-tau181 or P-tau217 with several health-

related factors, conditions, and APOE genotype. Plasma P-tau181 and P-tau217 were 

z-scored for comparison of the coefficients. The unadjusted, age- and sex-adjusted, and 

age-, sex- and amyloid PET-adjusted associations between z-scored P-tau181 or P-tau217 

with several factors were similar when including the entire sample (n = 1,329) and the subset 

of 1,051 with concurrent amyloid PET. To better provide an indication of the influence of 

each variable on z-scored plasma Ptau181 and P-tau217, we include the subset of those with 

amyloid PET to demonstrate the difference in P-tau levels between those who were and were 

not A+ (see Fig. 2). The unadjusted and age-, sex-, and amyloid PET-adjusted associations 

between plasma P-tau181 and P-tau217 among all participants are shown in Supplementary 

Table 5 and Supplementary Table 6; associations stratified by clinical diagnosis (CU and 

MCI/dementia) are shown in Supplementary Table 7.

Among all participants, CU only, and MCI only, those who had at least one APOE ε4 

allele had significantly higher P-tau181 and p-tau 217 measures compared to those without 

(Extended Data Fig. 3, Supplementary Table 5, and Supplementary Table 6). Chronic kidney 

disease (CKD), hypertension, stroke, or myocardial infarction (MI) were most strongly 

associated with higher plasma P-tau 181 and P-tau 217 levels. The mean P-tau181 level for 

those with versus without CKD (b = 0.81) was greater than the mean difference between 

those who were A+ versus A− (b = 0.72); the mean P-tau217 level was also elevated in those 

with CKD (b = 0.62 higher for CKD versus no CKD), but not as large as the difference 

between A+ and A− (b = 0.82 for A+ versus A−). Mean P-tau181 and P-tau217 levels 

were also elevated for those with versus without a history of clinical stroke (P-tau181: 

0.64; P-tau217: 0.60) and those with versus without a history of MI (P-tau181: 0.54; 

P-tau217: 0.51). Notably, additional adjustment for elevated amyloid PET did not change the 

association between any of these factors and plasma P-tau181 or P-tau217 levels.

There were no significant differences in plasma P-tau181 levels by sex in the entire cohort, 

or when subset by clinical diagnosis (Extended Data Fig. 4). Plasma P-tau217 levels were 

higher among males than females for the entire cohort (median [Q1, Q3] among males: 
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0.148 [0.116, 0.212], females: 0.137 [0.102, 0.210], P = 0.003) and among CU only (median 

[Q1, Q3] among males: 0.144 [0.115, 0.187], females: 0.131 [0.099, 0.185], P = 0.003). 

There were no sex differences in the MCI or dementia groups. Notably, after excluding 

participants with a diagnosis of CKD or a history of stroke or MI, the sex differences were 

slightly attenuated but plasma P-tau217 levels were still higher for males in the entire cohort 

(median [Q1, Q3] among males: 0.142 [0.112, 0.193], females: 0.131 [0.099, 0.191], P = 

0.01), and among CU participants (median [Q1, Q3] among males: 0.139 [0.110, 0.180], 

females: 0.127 [0.098, 0.179], P = 0.004).

When examining the effect of other variables on plasma P-tau181 and P-tau-217, a self- 

reported history of head trauma was associated with greater mean levels of P-tau217 (see 

Fig. 2, Supplementary Table 5, and Supplementary Table 6). Higher body mass index 

(BMI) and more years of education were associated with lower P-tau181 and P-tau217 in 

unadjusted models but were insignificant after age- and sex-adjustment. Similarly, diabetes, 

atrial fibrillation, and cancer were associated with higher P-tau181 and P-tau217 levels in 

unadjusted models but were no longer significant after adjustment for age and sex.

We further assessed the impact of CKD on the above associations. Because individuals 

with CKD often have hypertension and other comorbidities, we repeated the age- and sex- 

adjusted analyses after excluding the 98 participants with CKD (Extended Data Fig. 5, 

Supplementary Table 5, Supplementary Table 6). Although MI was still associated with 

elevated P-tau181 and Ptau217 levels, hypertension and stroke were not. Notably, having 

a high BMI was even more strongly associated with lower plasma P-tau181 and P-tau217 

levels.

Evaluation of cutpoints for plasma P-tau181 and P-tau217.

We next used the large number of CU and A− participants in the study to define a normal 

range for plasma P-tau181 and P-tau217 between ages 30–90. Abnormal plasma P-tau levels 

were defined as >1.96 standard deviations above the mean in patients who were CU and 

A−, after including and then excluding participants with a diagnosis of CKD or a history 

of MI or stroke. We evaluated the diagnostic interpretation pertaining to amyloid and tau 

pathology as measured by PET in the context of these two approaches for establishing 

normal ranges. The cutpoint for P-tau181 when including all participants was ≥1.75 pg/ml; 

it decreased by 10% to ≥1.57 pg/ml after excluding participants with any of the three 

comorbidities (Table 2 and Table 3). In contrast, the cutpoint for P-tau217 changed little 

when either including participants with comorbidities (≥0.26 pg/ml) or excluding those 

participants (≥0.25 pg/ml), a difference of 4%. The Youden Index was improved for all three 

PET outcomes when the normal range was established without participants with the three 

comorbidities known to effect biomarker levels. As expected with lower cutpoint values, 

sensitivity, and negative predictive value (NPV) were slightly increased and specificity and 

positive predictive value (PPV) slightly decreased. Table 4 provides the NPV and PPV of the 

cutpoints (after excluding participants with a diagnosis of CKD, MI or stroke) by age groups 

to demonstrate the impact of different prevalences of elevated brain amyloid on PPV and 

NPV.
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Discussion

In this study, we assessed factors that might affect the interpretation of the plasma markers 

at the population level, and we established normal ranges of plasma P-tau181 and P-tau217. 

We then examined their diagnostic use as a predictor of elevated amyloid and tau PET 

in a large community-based cohort. We had four main findings. First, plasma P-tau181 

and P-tau217 increased with age starting between the ages of 65 and 70 years, but the 

increase was most pronounced among those with elevated brain amyloid (A+). Second, 

multiple comorbidities were associated with higher plasma P-tau181 and P-tau217 levels; 

a diagnosis of CKD or a history of MI or clinical stroke had the largest effect on the 

plasma biomarkers. Third, the exclusion of participants with any of the three comorbidities 

(CKD, MI, stroke) had an effect on establishing a normal range for P-tau. Last, both P-tau 

measures were excellent predictors of elevated brain amyloid (AUROC>0.80) and ERC tau 

PET (AUROC>0.80) in a community-based cohort, but less so for a tau PET temporal meta 

ROI (AUROC<0.70).

Previous studies have shown correlations between increasing levels of plasma P-tau181 

and P-tau217 with increasing age18,19. However, studies have not assessed whether the 

associations with age differ by elevated brain amyloid. In the present study, we showed 

that the primary increase with age was among individuals with elevated brain amyloid. The 

small increases with age among those without elevated brain amyloid likely reflects the 

effects of aging-related comorbidities, as discussed below, or possibly sub-threshold levels 

of brain amyloid. Regardless, these results do suggest the utility of using amyloid-negative 

individuals across the age-span as a reference group for developing reference intervals and 

clinical decision limits.

Multiple comorbidities were found to be associated with elevated plasma P-tau181 and 

P-tau217 level, with a history of CKD, MI, and stroke having the biggest effect. Indeed, the 

difference in P-tau levels between those with and without elevated brain amyloid was almost 

the same as participants with versus without CKD. Going forward, it will be important to 

consider that the effect of some of the variables examined on the blood biomarker levels may 

be because they are risk factors for AD pathology whereas the influence of others may be 

due to physiological processes. For example, the effect of APOE on plasma P-tau181 and 

P-tau217 is likely due to the increased risk of amyloidosis associated with AD for those 

with an APOE ε4 allele and the specificity of these plasma P-tau markers for the 3R/4R 

tauopathy found in AD as compared to the 3R or 4R found in FTD. By comparison, CKD 

most likely has an impact on blood P-tau levels via a reduced clearance of proteins in the 

blood. CKD has also been shown to be associated with higher levels of plasma Aβ40, Aβ42, 

neurofilament light chain, and total tau15. It is less clear why participants with a history of 

MI or clinical stroke have elevated P-tau levels. Understanding the etiology and impact of 

each factor on the blood biomarker levels, will be important for their future interpretation 

in the context of clinical screening, diagnosis, or prognosis at the population level. If these 

factors are not considered, a patient could have a false-positive result.

Few studies have examined cutpoints for the plasma P-tau biomarkers, but this is a critical 

step before incorporating these biomarkers at the population level for clinical use. Because 
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cutpoints can differ based on the assay, P-tau isoform, and the specific diagnostic or 

prognostic use, the cutpoints identified in this study are not considered final by any means. 

Instead, our aim was to determine normal ranges and whether any of the comorbidities 

found to be associated with plasma P-tau would need to be considered. This single normal 

range can then be used universally for multiple diagnostic and prognostic interpretations 

across studies. Because we were focused on the population, we defined ‘abnormal’ P-tau as 

1.96 standard deviations above the mean (>97.5th percentile) among participants who were 

CU and A−, a commonly used method to develop reference intervals and clinical decision 

limits20–22. Compared to including all CU A−, excluding those with a history of CKD, MI, 

or stroke had a significant effect on the cutpoint for P-tau181, but less so for P-tau217. 

A potential explanation is the greater specificity of P-tau217 for AD pathology compared 

with P-tau181, which is exhibited through fold change differences in this study and other 

studies comparing large populations of CU A− vs AD A+4,19. Excluding the participants 

with a history of CKD, MI, or stroke resulted in higher Youden index, and higher AUROC 

for amyloid PET, temporal meta ROI tau PET, and ERC tau PET. These results suggest that 

CKD, MI, and stroke need to be considered in the interpretation of the plasma P-tau levels. 

One way may be by somehow adjusting the plasma markers for these factors (or creatinine 

clearance in the case of CKD) or developing cutpoints for use in the presence of various 

conditions or diseases. In addition, physician education of factors and how they affect the 

levels of these markers is needed to obtain the best interpretation.

Several studies have shown that plasma P-tau181 and P-tau217 are good predictors of 

elevated brain amyloid and tau, measured by PET1–11. However, these studies have 

generally been comprised of clinical samples, which tend to be younger and not as 

generalizable to the population. Additionally, different cutpoints were established for each 

specific outcome. In the present study, we also found that abnormal levels of plasma P-

tau181 and P-tau217 were predictive of amyloid PET (AUROC>0.80), with P-tau217 being 

significantly more accurate than P-tau181. This finding is similar to a recently published 

paper of 593 participants that reported P-tau217 was a greater predictor of amyloid PET 

than P-tau18123. With regards to tau PET, we found good prediction of both P-tau181 and 

P-tau217 for ERC tau PET (AUROC>0.80), but less so for a tau PET temporal meta ROI 

that included the ERC (AUROC<0.70). A potential explanation is that plasma P-tau changes 

occur earlier and are likely to precede Tau PET signal. Since the ERC is typically the earliest 

region affected by neurofibrillary tangles in AD and measurable by PET, it should show 

improved association with plasma P-tau compared with the regions that are affected later 

in the disease process and are included in the meta ROI. Indeed, this aligns with the best 

predictive value of plasma P-tau for amyloid PET because amyloid deposition is thought to 

prior to neurofibrillary tangles.

Key strengths of the study include the large sample size of community-based residents aged 

30–98 years old, large number of participants with concurrent plasma P-tau measures and 

amyloid (n = 1,051) and tau (n = 495), and the abstraction of comorbidities from medical 

record review as compared to self-report which is less reliable. However, a limitation of 

the study is that the cohort is primarily of European decent (>95%) and results may 

not be generalizable to other populations. It is important to assay plasma P-tau measures 

across diverse populations (including race/ethnicity and socioeconomic status [SES]) to 
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better determine what the reference intervals should be21. The prevalence and incidence of 

CKD, MI, and stroke differ by race/ethnicity, geography, and SES so the sampling of the 

population and consideration of these differences will be imperative.

Methods

Study participants.

The Mayo Clinic Study on Aging (MCSA) is a prospective population-based study 

examining the epidemiology of cognitive decline and risk of MCI among residents living 

in Olmsted County, Minnesota24. In 2004, Olmsted County residents between the ages 

of 70 and 89 were enumerated using the Rochester Epidemiology Project (REP) medical 

records-linkage system in an age- and sex-stratified random sampling design25. The study 

was extended to include those aged 50 and older in 2012, and to those 30 and older in 2015. 

The present analysis includes all participants with measures of both plasma P-tau181 and P-

tau217. The study was approved by Mayo Clinic and Olmsted Medical Center Institutional 

Review Boards. Written informed consent was obtained from all participants and a small 

remuneration was provided for their time.

Participant assessment.

MCSA visits include an interview by a study coordinator, physician examination, 

and neuropsychological testing24. Participant demographics (age, sex, and years of 

education) and medical history were ascertained at the in-clinic examination. The cognitive 

battery included 9 tests covering 4 domains: memory, language, executive function, 

and visuospatial. Sample-specific z-scores for all cognitive tests were calculated; domain-

specific z-scores were created by averaging the z-scores for the individual tests within 

each domain. A global cognitive z-score was created by averaging the z-scores of the four 

domains.

Participant demographics (age, sex, and years of education) were ascertained at the in-

clinic examination. Participants’ height (cm) and weight (kg) were measured and used to 

calculate body mass index (BMI) (kg/m2). Nurse abstractors confirmed medical conditions 

(hypertension, dyslipidemia, diabetes, stroke, myocardial infarction, atrial fibrillation, 

cancer, and chemotherapy) based on medical record review using the REP medical records-

linkage system25. CKD was determined using an electronic-based algorithm that incorporate 

all medical record information. The Charlson Comorbidity Index was also determined using 

the REP medical records-linkage system26. Depressive symptoms were assessed using the 

Beck Depression Inventory-II (BDI-II)27; participants with a score of ≥13 were considered 

to have depression. Anxiety symptoms were assessed using the Beck Anxiety Inventory 

(BAI)28. Apolipoprotein E (APOE) ε4 genotyping was performed from a blood sample.

Mild Cognitive Impairment (MCI) and dementia diagnoses.

Clinical diagnoses were determined by a consensus committee of those who evaluated 

each participant. Cognitive performance was compared with the age-adjusted scores of 

cognitively unimpaired (CU) individuals previously obtained using Mayo’s Older American 

Normative Studies29. Participants with scores around 1.0 SD below the age-specific mean in 
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the general population were considered for possible cognitive impairment. The operational 

definition of MCI was based on clinical judgment including a history from the patient and 

informant. Published criteria were used for the diagnosis: cognitive complaint, cognitive 

function not normal for age, essentially normal functional activities, no dementia30. A 

final decision was made after considering education, occupation, visual or hearing deficits, 

and reviewing all other participant information. The diagnosis of dementia was based on 

published criteria31. Participants who performed in the normal range and did not meet 

criteria for MCI or dementia were deemed CU. The consensus committee was blinded to 

blood P-tau and neuroimaging results when determining the clinical diagnosis, and also to 

clinical information and diagnoses from previous study visits.

Plasma P-tau 181 and P-tau217 assay.

Blood was collected in-clinic after an overnight fast. The blood was centrifuged, resulting 

plasma aliquoted, and stored at −80°C. Both P-tau181 and P-tau217 levels were measured 

in duplicate on the MSD platform by electrochemiluminescence using proprietary assays 

developed by Lilly Research Laboratories 11. Samples were diluted 1:2 and 50 uL of diluted 

sample was used for each replicate. The assay was performed on a streptavidin small spot 

plate using the Meso Scale Discovery platform. P-tau181 used Biotinylated-AT270 (mIgG1, 

1 ug/mL, Thermo Scientific cat. MN1050) as the capture and P-tau217 used Biotinylated-

IBA493 (anti-phosphorylated Thr217 tau monoclonal antibody developed by Lilly Research 

Laboratories, 0.5 ug/mL) as the capture. In this study, both assays used SULFO-4G10-E2 

(anti-tau monoclonal antibody developed by Lilly Research Laboratories, 0.02 ug/mL) as the 

detector. Each assay was calibrated using a unique synthetic P-tau peptide coupled with a 

polyethylene glycol linker to a second tau peptide matching amino acid 111–130 according 

to the Tau441 sequence numbering.

Amyloid and Tau PET imaging.

Aβ PiB-PET and Tau PET images were acquired using a PET/CT scanner (DRX, GE 

Healthcare) operating in 3-dimensional mode32. Pittsburgh compound B (PiB)–PET scan, 

consisting of 4 5-minute dynamic frames, was acquired from 40 to 60 minutes after 

injection33,34. Tau PET was performed using AV1451 and images were acquired from 80–

100 minutes after injection.

Quantitative image analyses for PiB and AV1451 were done using our in-house fully 

automated image processing pipeline35. A global cortical PiB-PET retention ratio was 

computed by calculating the median uptake over voxels in the prefrontal, orbitofrontal, 

parietal, temporal, anterior cingulate, and posterior cingulate/precuneus regions of interest 

for each participant and dividing this by the median uptake over voxels in the cerebellar 

crus. A tau PET temporal meta region of interest (ROI) included the amygdala, entorhinal 

cortex, fusiform, parahippocampal, and inferior temporal and middle temporal gyri. In 

addition, we also examined the entorhinal cortex (ERC) as a single ROI. No partial volume 

correction was used. The atlas and image recognition steps were based on a 3D T1-weighted 

volume MRI sequence. We dichotomized participants as A+ based on a cutoff of >1.48 

standard uptake value ratio (SUVR) using the reliable worsening method16. Participants 
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were dichotomized as T+ based on the tau PET temporal meta ROI defined as >1.29 SUVR 

and ERC defined as >1.27 SUVR based on autopsy diagnosis and Braak NFT stage17.

Statistical analyses.

Data were descriptively summarized using frequencies and percentages for categorical data 

and medians and interquartile ranges for continuous data. Data distributions across clinical 

diagnoses were compared using chi-square or Fisher exact tests (where appropriate) for 

categorical variables and Kruskal-Wallis tests for continuous variables. We summarized 

relevant variables including patient demographics, comorbidities, plasma biomarkers, and 

brain imaging data. We descriptively summarized mean plasma P-tau measures by patient 

age in 5-year categories beginning at age 30–34 through age 85+. We visually presented 

the mean P-tau181 and P-tau217 measures by age in the overall sample, and additionally 

by amyloid PET status (A− and A+). Boxplots of P-tau measures by diagnosis, abnormal 

amyloid PET, presence of APOE allele, abnormal A:T status, and sex were also created.

We analyzed the predicative accuracy of each biomarker as a continuous variable for 

abnormal amyloid PET, temporal meta ROI tau PET, and ERC tau PET using logistic 

regression models. Each biomarker was included in unadjusted, age adjusted, age/sex 

adjusted, and age/sex/APOE adjusted model. Models were fit overall and subset to CU 

only and MCI only. Direct AUROC measures between biomarkers were compared using the 

concordance function36.

Associations between baseline patient characteristics and P-tau181 or P-tau217 measures 

were analyzed using linear regression models. Covariates analyzed included age, sex, 

education, APOE, BMI, BDI depression, BAI score, smoking status, Charlson score, and 

comorbidities. Each covariate was included in an unadjusted model, as well as a model that 

additionally adjusted for the effects of age and gender. We performed these comparisons 

once overall and stratified by clinical diagnosis (CU only and MCI/DEM). We repeated the 

analyses after exclusion of participants with a diagnosis of CKD.

To determine the predictive accuracy of dichotomized P-tau181 and p-tau217 for abnormal 

amyloid PET, temporal meta ROI tau PET, and ERC tau PET, we estimated the sensitivity, 

specificity, PPV, NPV, Youden’s index, unadjusted area under the receiver operating curve 

(AUROC) (e.g., P-tau181 included as the only covariate), and age/sex adjusted AUROC 

(e.g., P-tau181 + Age + Sex) for each biomarker and for each outcome. To determine the 

cutpoint for each biomarker, we defined abnormal as 1.96 standard deviations above the 

mean in patients who were CU, A−, and without history or stroke, MI, or chronic kidney 

disease. We replicated the analysis and included all CU A− participants to determine the 

effect of the comorbidities on the cutpoint. All analyses were completed using SAS version 

9.4 (SAS Institute Inc., Cary, NC) and R version 3.6.2. A two-sided P-value < 0.05 was 

considered statistically significant.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.
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Data availability

Raw and analyzed de-identified data from the Mayo Clinic Study on Aging can be requested 

using the following link: https://ras-rdrs.mayo.edu/Request/IndexRequest. The request will 

be reviewed by the Mayo Clinic Study on Aging investigators and Mayo Clinic to verify 

whether the request is subject to any intellectual property or confidentiality obligations. A 

data sharing agreement must be obtained prior to release.

Code availability

No custom code or mathematical algorithm that was central to the conclusions was used in 

this study.

Extended Data

Extended Data Fig. 1. Plasma P-tau181 and P-tau217 levels by clinical diagnosis and amyloid 
PET status.
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Abnormal amyloid PET (A+) was defined as standard uptake value ratio (SUVR)>1.48 

using PiB-PET. P-values are from two-sided Wilcoxon rank-sum tests without adjustment 

for multiple comparisons. Box plots display the median, 25th percentile, 75th percentile 

(middle, bottom, and top bars of the box), and the whiskers go out to 1.5 times the 

interquartile range (75th percentile – 25th percentile) from the 25th and 75th percentile. CU, 

cognitively unimpaired; MCI, mild cognitive impairment; DEM, dementia.

Extended Data Fig. 2. Plasma P-tau181 and P-tau217 levels by clinical diagnosis and amyloid 
and tau PET status.
Abnormal amyloid PET (A+) was defined as standard uptake value ratio (SUVR)>1.48 

using PiB-PET. Abnormal tau PET (T+) meta region of interest (ROI) was defined as 

standard uptake value ratio (SUVR)≥1.29 using AV1451, and included the amygdala, 

entorhinal cortex, fusiform, parahippocampal, and inferior temporal and middle temporal 

gyri. P-values are from two-sided Kruskal-Wallis tests. Box plots display the median, 25th 

percentile, 75th percentile (middle, bottom, and top bars of the box), and the whiskers go out 
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to 1.5 times the interquartile range (75th percentile – 25th percentile) from the 25th and 75th 

percentile. CU, cognitively unimpaired; MCI, mild cognitive impairment.

Extended Data Fig. 3. Plasma P-tau181 and P-tau217 levels by presence of an APOE ε4 allele.
P-values are from two-sided Wilcoxon rank-sum tests without adjustment for multiple 

comparisons. Box plots display the median, 25th percentile, 75th percentile (middle, bottom, 

and top bars of the box), and the whiskers go out to 1.5 times the interquartile range (75th 

percentile – 25th percentile) from the 25th and 75th percentile. CU, cognitively unimpaired; 

MCI, mild cognitive impairment; DEM, dementia.
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Extended Data Fig. 4. Plasma P-tau181 and P-tau217 levels by sex.
P-values are from two-sided Wilcoxon rank-sum tests without adjustment for multiple 

comparisons. Box plots display the median, 25th percentile, 75th percentile (middle, bottom, 

and top bars of the box), and the whiskers go out to 1.5 times the interquartile range (75th 

percentile – 25th percentile) from the 25th and 75th percentile. CU, cognitively unimpaired; 

MCI, mild cognitive impairment; DEM, dementia.
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Extended Data Fig. 5. Forest plots of associations between multiple factors and plasma P-tau181 
and P-tau217 levels using linear regression after excluding all participants with chronic kidney 
disease (N=1231).
Black lines indicate univariable associations and red lines indicate associations after 

adjustment for age and sex. Means and 95% confidence intervals are provided. A+, Elevated 

amyloid PET; AFib, atrial fibrillation; BAI total, Beck Anxiety Inventory; BDI dep, Beck 

Depression Inventory; BMI, body mass index; Chemo, chemotherapy for those with a cancer 

diagnosis; CKD, chronic kidney disease; DM, diabetes mellitus; HTN, hypertension; MI, 

myocardial infarction.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Plasma P-tau181 and P-tau217 levels by age.
Fig. 1A shows the plasma P-tau181 and −217 levels by age alone. Fig. 1B shows the 

plasma P-tau181 and −217 levels by age and elevated brain amyloid based on PiB-PET>1.48 

standard uptake value ratio. Black indicates A− and red indicates A+. Data are presented as 

mean values +/− Standard error of the mean (SEM).
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Fig. 2. Forest plots of associations between multiple factors and plasma P-tau181 and P- tau217 
using linear regression among all participants (N=1329 unique biological participants).
Black lines indicate univariable associations, red lines indicate associations after adjustment 

for age and sex, and blue lines indicate associations after adjustment for age, sex, and 

amyloid PET. Means and 95% confidence intervals are provided. A+, Elevated amyloid 

PET; AFib, atrial fibrillation; BAI total, Beck Anxiety Inventory; BDI dep, Beck Depression 

Inventory; BMI, body mass index; Chemo, chemotherapy for those with a cancer diagnosis; 
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CKD, chronic kidney disease; DM, diabetes mellitus; HTN, hypertension; MI, myocardial 

infarction.
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